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Abstract: Transmissive dielectric wire grid polarizers tuned to 4.43 eV (Mg II line, 280 nm), an
important diagnostic line for solar physics, are presented in this communication. The polarizers
are based on TiO2 gratings and designed with a period of ∼140 nm (7143 lines/mm), 40 nm line
width (duty cycle of 0.286), and 100 nm line height. Several gratings are fabricated through
electron beam lithography combined with reactive ion etching, whereby two parameters in
the nanofabrication process are explored: e-beam dosage on the photoresist and TiO2 etching
time. Polarization of samples is optically characterized using a spectroscopic ellipsometer in
transmission mode, achieving the best result with an extinction ratio of ∼109 and a transmittance
of 16.4% at the target energy of 4.43 eV. The shape of the gratings is characterized through atomic
force microscopy (AFM) and scanning electron microscopy (SEM); the measured AFM profiles
are distorted by the tip geometry, hence a simple deconvolution procedure is implemented to
retrieve the real profile. By analysing the AFM and SEM profiles, we find that the real shapes
of the different gratings are close to the design, but with a larger duty cycle than the intended
value. With the real grating geometry, an improved model of the best sample was built with a
finite-difference time-domain (FDTD) method that matches the result obtained through optical
characterization.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Ultraviolet (UV) polarimetry is a crucial capability for future space-based ultraviolet missions,
as it can probe the radiation and magnetic fields of the solar atmosphere [1] and reveal structures
and processes in the interstellar medium, stellar systems and hot stars. UV uniquely traces hot
plasmas both in a continuum and through atoms, ions and molecules, and it is the key spectral
range to study high-mass and degenerate stars, interacting binaries, and the high energy processes
in accretion disks and hot gas. UV radiation is often polarized; astronomical polarization arises
from quantum mechanical effects such as Zeeman and/or Hanle, synchrotron and cyclotron
processes, scattering by electrons, polarizable molecules and dust grains, and dichroic extinction
by asymmetric dust grains [2].

Particularly, the study of the polarization fraction of the Mg II emission line (4.43 eV-280 nm)
is an important diagnostic to understand the effect of the magnetic fields in the solar atmosphere
[3]. Space polarimetry plays an important role in understanding the physical processes of the
coronal plasma in the energy transfer from the inner parts of the Sun to the outer space through
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the solar magnetic field effect. The corona is also the source of the solar wind that is sweeping
the Earth’s magnetosphere which in turn affects the space weather and humanity. So, the ability
to investigate the field changes accurately will help us to understand the basic underlying physics
and predict space weather events.

UV polarizers are fundamental components for polarimeters. Transmission wire grid polarizers
(WGPs) are zero-order sub-wavelength gratings which transmit radiation with the electric field
vector perpendicular to the lines (TM-polarized radiation) and absorb the radiation with the
electric field parallel to the lines (TE-polarized radiation). WGPs present many advantages in
comparison with traditional polarizers (which are based on Brewster’s angle operation, crystal
birefringence, or on multilayer coatings) such as low-weight, compactness along with a planar
structure which greatly eases their integration in other devices, operation at normal incidence with
no beam deviation, large acceptance angles, and they do not require of long propagation distances.
Furthermore, the WGPs developed in this work are fully dielectric, i.e. the materials used in these
devices are transparent to both visible and IR radiation. This fundamental property addresses
an usual requirement for solar-observation optical systems, so that heat can be “controlled” and
damped elsewhere, as even if there is a cold mirror coating on the primary or both primary and
secondary mirrors, the thermal load downstream is still important due to cold mirror leakage
(for instance, see Fig. 8 in Ref. [4]). The dielectric composition of the polarizers is not only
important to control the heat, it also implies further advantages with respect of metallic WGPs,
as TiO2 is a very stable oxide with good mechanical properties and can operate under very harsh
environments. The implementation of UV dielectric WGP’s in future space polarimeters will
increase the throughput and reduce the cost of future missions in a very effective way.
Transmission WGPs for the IR and visible ranges are nowadays commercially available, and

for some applications they have almost fully displaced traditional polarizers. However, the
technology maturity level in the deep ultraviolet (DUV) range is lower as the nanofabrication
of high-aspect ratio gratings with a line width of few dozens of nanometres is still a challenge.
Presently, there are several research articles reporting nanofabrication of metallic WGPs for
DUV [5,6], but few reporting dielectric WGPs operating in the same spectral range. Asano
et al. [7] developed DUV WGPs based on Cr2O3 fabricated through double patterning DUV
photolithography. Gardner et al. [8] patented UV WGPs based on TiO2 and Nb2O5, through
electron beam lithography. Siefke et al. [9] reported large field of view DUVWGPs based on
TiO2 fabricated through self-aligned double patterning electron beam lithography [10].

In this work we use the emergent technology of dielectric UV WGPs to address the technical
need of efficient polarizers for solar physics. Hence, we report dielectric WGPs tuned to 4.43 eV.
Gratings of WGPs are designed with a period of 140 nm, 40 nm line width, and 100 nm line
height. The material selection along with the design strategy have been already presented in
our previous work [11]. In summary, Section 3.1 in Ref. [11] reports the experimental optical
constants of TiO2 in the DUV range. Section 3.2 in Ref. [11] introduces phenomenologically the
function � = |" | · Im("), where " is the complex dielectric function, and where the maximization
of � in a given spectral range is the criteria to select the best material for WGPs. Thus, the
values of � function for several oxides at 4.43 eV are computed and compared in Ref. [11], Fig.
2; the conclusion is that TiO2 is the best choice for WGPs at 4.43 eV. Then, Section 3.3 in the
same reference depicts how Rytov’s effective medium theory [12] (EMT) is used to obtain a
tentative set of parameter values for the gratings, following the design procedure reported by
Liao and Zhao [13]. Afterwards, and starting with the parameters obtained from the EMT, a
polished design is presented using a finite-difference time-domain (FDTD) method, which is
more accurate than EMT but very time-consuming.

The gratings for this work have been fabricated through electron beam lithography combined
with several etching procedures; we have investigated the effect on the optical performance
of two parameters in the nanofabrication, dosage on the photoresist and TiO2 etching time.
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We present the experimental TE and TM transmittances of gratings fabricated with different
parameters. Then, we study the gratings through AFM and SEM to gain an insight into the real
geometric structure of TiO2 lines. Afterwards, we have built a realistic geometric model for the
best-performance sample that better matched the experimental optical data.

2. Nanofabrication

WGPs in the present work have been fabricated using electron beam lithography followed by a
double reactive ion etching procedure. The fabrication process is sketched in Fig. 1.

Fig. 1. Sketch of the nanofabrication main steps. This sketch is not to scale.

TiO2 thin films were deposited with pulsed laser deposition system (PLD) at the Singapore
Synchrotron Light Source (SSLS); the PLD system is integrated in SUV beamline [14] at SSLS.
TiO2 targets with a purity of 99.999% from LATECH were ablated with a solid state laser
operating at 266 nm, with pulse frequencies of 10Hz and laser power of 100 mJ/mm2. The
deposition chamber was pumped by turbo molecular and diaphragm pumps; in order to accelerate
degassing, deposition chamber was baked out up to ∼140°C for several days. Base pressure was
7·10−9 Torr. The angle of incidence of the laser on target was 45°, and the target-to-substrate
distance was ∼100mm. Target rastering and rotation was used in order to uniformly ablate the
entire target surface. TiO2 thin films were deposited on 10mm x10mm x1mm double-side
polished UV-grade fused silica (JGS-1) substrates from LATECH, with a surface roughness of
less than 3 Å. Fused silica substrates were selected as they are transparent and are not birefringent
at 4.43 eV. Substrates rotated during reposition at ∼29 deg/s. An Inconel alloy absorber was
in contact with the backside of substrate, and it was heated with a 140 W infrared laser heater.
Films were deposited on substrates heated at 500 °C. Despite this high deposition temperature,
XRD measurements (not shown) indicated that TiO2 films were amorphous. Heating and cooling
rates were set to 15 °C/min. Substrate temperature was controlled with an optical pyrometer.
Deposition was made in O2 partial pressure of 10 mTorr, which was regulated by a mass flow
controller. Thickness of TiO2 films as a function of number of laser shots was previously
calibrated through ellipsometry. Two samples, NUS1 and NUS2, were deposited with a TiO2
film thickness of 99 nm and 101 nm, measured a posteriori by ellipsometry. The optical constants
of TiO2 films deposited following the procedure described above have been reported in Ref. [11].

Both samples NUS1 and NUS2 were transferred to IMRE laboratories (A*STAR, Singapore)
for patterning. First, both samples were coated with a 40-nm thickness layer of Cr. Then, a
negative photoresist (Hydrogen silsesquioxane, HSQ) was spin-coated at 8000 rpm to get a
∼100 nm thickness layer. After, samples were baked at 120 °C for 2 mins followed by a second
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bake at 180 °C for 3 mins; HSQ photoresist was exposed immediately after coating the samples.
Twelve patterned fields of 100 µm x 100 µm size were created in each sample, each one with
a different dwell time, ranging from 0.75 µs/dot to 1.3 µs/dot with a step of 0.05 µs/dot. As
the electron beam current was fixed to 100 pA, the dosages ranged from 0.75 µs·100 pA/dot to
1.3 µs·100 pA /dot. This dosage map is important as the duty cycle of the final structures will
significantly depend on this parameter [15]. Then, the photoresist was developed using TMAH
(25% diluted) for 60 seconds. On top of each field, a triangular fiducial marker was patterned
with the same exposure time for both identification purposes and also to test the etching depths.
Figure 2 shows optical images of sample NUS2 with the distribution of the patterned fields.

 
Fig. 2. Optical microscopy image of sample NUS2, (a) with the patterned HSQ photoresist
on top of Cr/TiO2/Substrate, and (b) after Cr wet etching (final sample). Fields size are 100
µm x 100 µm. The inverted triangles on top of each patterned fields are fiducial markers.

The same pattern was drawn in both samples. The pattern was transferred from the photoresist
to the underlying Cr layer using inductively-coupled plasma reactive ion etching (ICP-RIE) with
Cl2/O2 chemistry. Then, the pattern was subsequently transferred from the Cr mask to the TiO2
layer by ICP-RIE with CHF3 chemistry. Once the TiO2 film was patterned, an O2 stripper was
introduced to remove the passivation layer that grew around the pattern, which was acting as a
“protective” layer against the Cr wet etchant. Finally, HSQ and Cr etch masks were removed after
1-hour of Cr wet etch. One challenge in the nanofabrication process is that the CF3 chemistry
used to transfer the pattern from the Cr mask to TiO2 can also etch the substrate (fused silica),
due to the poor etching selectivity between TiO2 and SiO2. Even though TiO2 etching rate was
tested beforehand on samples deposited on Si wafers, we decided to use different etching times
for each sample. Thus, sample NUS1 was etched for 4 minutes, and sample NUS2 was etched
for 3 minutes and 30 seconds. TiO2 etching time is an important parameter, because if TiO2 is
under-etched, it would cause dramatic errors in our characterization procedure as will be shown
in the next subsection, aside from a transmittance decrease. If TiO2 is over-etched and the pattern
is extended to a length of the substrate, it yields an incontrollable effect on the performance of
the device, slightly reducing or enhancing the polarization depending on the thickness of the
substrate etched.
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3. Optical characterization

The small size of the patterned fields, 100 µm x 100 µm, represented a challenge for optical
characterization; thus, the following characterization methodology was implemented: Each
sample NUS1 and NUS2 was placed facing down against a 150-µm circular pinhole, with the
normal of the grating surface pointing at the pinhole. The pinhole was mounted in an aluminium
disk housing, with the corners of the substrate sitting on the housing, and with an air gap between
the pinhole and the gratings of 600 µm. Each measured field within samples NUS1 or NUS2 was
individually aligned with the pinhole aperture with an optical microscope. The alignment was as
follows: We placed the desired patterned field, located in the second surface of the substrate,
in the centre of the shadow of the pinhole. Then, the corners of the sample were glued to the
housing, and a second observation was done after gluing the sample to ensure that the alignment
was kept. Figure 3(a) presents a sketch explaining the experimental set-up.

Fig. 3. (a) Sketch of the experimental set-up (not to scale). Examples of the field selection
through alignment with a pinhole aperture in sample NUS1. Pinhole was aligned with fields
1.30 µs/dot (b), 1.05 µs/dot (c) and 0.75 µs/dot (d). In these pictures, microscope was focused
at the second face of the substrate (substrates were facing down); pinhole apertures can be
seen as black circles.
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Pictures with examples of patterned fields aligned with the pinhole are also shown in Fig. 3.
The back side of the pinhole housing was attached to the ellipsometer sample holder using a
vacuum chuck, so that the normal of the back side of substrates was pointing at the polarization
arm. Samples were characterized by transmission spectrometry in the 3-6 eV range using a
Woollam VASE ellipsometer in transmission mode. To obtain TE and TM polarizations, the
polarizer in the polarization arm was oriented perpendicular and parallel to the lines in the
grating, respectively. Fields patterned with a dosage of 1.30, 1.05, and 0.75 µs·100 pA/dot were
characterized in samples NUS1 and NUS2. The steps followed for the characterisation procedure
are detailed below:

1-The transmittance of the bare pinhole (with no sample attached) was measured as a baseline;
measurements performed in steps 2 and 3 are normalized to this baseline.
2-Fields patterned with the dosages 1.30 µs·100 pA/dot, 1.05 µs·100 pA/dot and 0.75 µs·100

pA/dot on samples NUS1 and NUS2 were individually aligned with the pinhole as described
above, and subsequently, TE and TM polarization were measured in the 3-6 eV range. The
polarization of the incident photon beam was selected by rotating the polarizer in the polarization
arm in the directions either perpendicular or parallel to TiO2 lines. The alignment between the
incident polarization and the grating was verified through additional measurements with the
polarizer both at 45° and at -45° with respect to the grating direction, obtaining overlapping
curves.

3-The pinhole was aligned off-field, i.e., in a substrate location without gratings (not shown in
Fig. 3), and TE and TM transmittances of the bare substrates were also measured. We noticed
that both curves overlapped, which means that the ellipsometer delivers highly unpolarized
radiation in the 3-6 eV range. As it will be shown in the next subsection, there is no TiO2 on top
of the substrate in the off-field due to the over-etch.

4-Then, ifwe defineFa=104 µm2 as the area of the patternedfields,PHa=(150/2)2·�=1.76714·104

µm2 as the area of the pinhole, Tgrating
M as the unknown TM transmittance of the patterned field,

and Tsubstrate
M as the measured TM transmittance of the substrate (off-field, as described in step 3),

then the measured transmittance of a patterned field aligned with the pinhole (measured in step
2), Tmeasured

M , can be expressed as:

Tmeasured
M (E) =

Fa · Tgrating
M (E) + (PHa − Fa) · Tsubstrate

M (E)
PHa

(1)

By inverting the equation, we can calculate the TM transmittance of the patterned field as a
function of measured or known values:

Tgrating
M (E) =

PHa · Tmeasured
M (E) − (PHa − Fa) · Tsubstrate

M (E)
Fa

(2)

A similar procedure was followed for TE polarization. This procedure neglects the small effect
of the beam inclination (∼1°) due to the use of a convergent lens. By using a general method for
error propagation, the estimated uncertainty at 4.43eV for TM and TE data obtained from Eq. (2)
is ∼1.9% relative.

4. Results

TM and TE Transmittance of fields patterned with a dosage of 1.30, 1.05, and 0.75 µs·100 pA/dot
dosages along with the design presented in Ref. [11] are displayed in Fig. 4 (sample NUS1) and
Fig. 5 (sample NUS2).
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Fig. 4. Experimental TE and TM transmittances obtained for sample NUS1 in fields
patterned with dwells of 1.30 µs/dot, 1.05 µs/dot, and 0.75 µs/dot, both in linear and
logarithm scales. The design from Ref. [11] is also presented.
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Fig. 5. Experimental TE and TM transmittances obtained for sample NUS2 in the fields
patterned with dwells of 1.30 µs/dot, 1.05 µs/dot, and 0.75 µs/dot, both in linear and logarithm
scales. The design from Ref. [11] is also presented.
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Figure 6 displays the polarization ratio (TM/TE) and the modulation factor µ of the measured
fields. The modulation factor is described by the following equation:

� =
TM − TE
TM + TE

(3)

Fig. 6. Experimental values of the polarization ratio TM/TE for samples NUS1 (a) and
NUS2 (b). Modulation factor µ, as described in Eq. (3), is presented for fields in NUS1 (c)
and in NUS2 (d). The design is also presented.

Table 1 summarizes the experimental values of TM, TE, TM/TE, and µ obtained at 4.43 eV
for the measured samples. An ideal polarizer should have simultaneously µ∼1 with the largest
possible value of TM polarization. Hence, the best sample is the field patterned with 1.05 µs·100
pA/dot dose in NUS2, with TM=16.4%, TM/TE=109.2, and µ=0.98 at 4.43 eV. Overall, we find
several trends: all samples are properly tuned to 4.43 eV, which indicates that gratings periods
must be close to the intended value of 140 nm, along with no significant change in TiO2 optical
constants after the patterning process. Also, all samples show a lower transmittance than in the
design, indicating duty cycles larger than the indented value of 0.286. In general, TM increases
when dose decreases, and transmittances of gratings in NUS1 are higher than in NUS2, which
agrees with the differences in TiO2 etching time. Moreover, an inverse polarization effect can be
seen in all samples in the range ∼3.4-3.8 eV, where TE polarization is higher than TM polarization
yielding negative values of µ. Regarding noise in experimental data, it increases towards 6 eV, as
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the ellipsometer throughput decreases because the focusing optics become absorbent. Figure
5 shows that all polarizers are transparent below the TiO2 cut-off energy (∼3.6 eV). As TiO2
remains transparent down to 0.15 eV [16], the heat removal is accomplished by transmitting the
visible and infrared energy, which can be harmlessly absorbed downstream by a heat dump. In
comparison, a similar WGP but made of W instead of TiO2 with the same nominal grating profile
would have had an absorption of ∼25% at 1064 nm (wavelength selected as an example); this
absorption would have catastrophic consequences when the metallic grating be exposed to very
high intensities.

Table 1. Experimental TM, TE, TM/TE and µ values obtained at 4.43 eV.

Sample Field TM (%) TE (%) TM/TE µ

NUS1
1.30 µs/dot 27.02 10.75 2.51 0.43

1.05 µs/dot 23.05 4.39 5.25 0.68

0.75 µs/dot 31.17 1.46 21.35 0.91

NUS2
1.30 µs/dot 15.04 0.42 35.81 0.95

1.05 µs/dot 16.38 0.15 109.20 0.98

0.75 µs/dot 24.79 4.58 5.41 0.69

The efficient polarization shown by the best sample along with the dielectric properties make
these polarizers as ideal candidates for future space polarimeters. The proposed nanostructures
could be scaled to coat substrates up to 6” diameter; this large area patterning capability is already
a standard in many electron beam writing tools. No issues are also foreseen for a hypothetical
space qualification process, as TiO2 has proven to be a reliable and stable coating material with a
long flight heritage.
Recently, the study of the optical and electronic structures of doped TiO2 and strontium-

niobium oxide have unveiled the presence of resonant excitons at ∼4.6 eV [17] and at ∼4.4 eV
[18], respectively, which are very close to Mg II line. The fascinating fact that these resonant
excitons can be spectrally tuned via doping or via oxygen control during deposition, respectively,
gives a new research direction for the future development of dielectric nanostructured polarizers
in this challenging spectral range.

5. Gratings topography

In order to better understand themismatch between the optical measurements and the design shown
in the previous subsection and to gain an insight of the actual grating profile, we characterized
the gratings through AFM and SEM. We used a Bruker Dimension Icon AFM (with ScanAsyst
mode) with a TESPA-v2 tip [19]. For each field, two scans of sizes 5 µm x 5 µm and 500 nm
x 500 nm were performed. The geometry values obtained in this subsection of TiO2 lines with
1.30, 1.20, 1.05, 0.90 and 0.75 µs·100 pA/dot dosages in both samples NUS1 and NUS2 are
shown in Table 2.

Figure 7(a) shows an example of a surface profile 3D representation of the NUS2, 1.05 µs/dot
sample. Grating periods were obtained from the 1D-power spectral density (PSD) function
calculated from the 5 µm x 5 µm scans. Calculations were performed with WSxM software
[20]. Figure 7(b) displays the 1D-PSD function for selected fields in samples NUS1 and NUS2,
plotted all together; here the 1D-PSD function is displayed as a function of distances (or period),
instead of frequencies, which is the usual way. All samples show a peak located at p=142.8 nm,
close to the designed value of p=140 nm. These peaks are relatively narrow, which indicate a
good period uniformity in all samples over the 5 µm x 5 µm scan area. Besides, several parasitic
peaks located at submultiples of the grating period (p/2, p/3, p/4. . . ) can also be noticed. The
measured topography of the 500 nm x 500 nm scans was affected by the tip geometry; hence
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Table 2. Geometry parameters obtained for the patterned TiO2 grating.

Sample Field (dwell)
Grating parameters

Period (nm)
[AFM]

TiO2 height (nm)
[Ellipsometry]

w (nm) [AFM /
SEM]

hover−etch (nm)
[AFM / SEM]

NUS1

1.30 µs/dot 142.8 99 90 28

1.20 µs/dot 142.8 99 77 40

1.05 µs/dot 142.8 99 76 52

0.90 µs/dot 142.8 99 70 32

0.75 µs/dot 142.8 99 59 56

NUS2

1.30 µs/dot 142.8 101 103 / 97 13 / 146

1.20 µs/dot 142.8 101 99 7

1.05 µs/dot 142.8 101 83 / 84 11 / 123

0.90 µs/dot 142.8 101 83 15

0.75 µs/dot 142.8 101 73 /75 10 / 107

a deconvolution was required to calculate the real wire geometry. The deconvolution was
done as follows: The real profile function for each sample, RP(x), was expressed as a Fourier
series, RP(x; Cj, x0) =

˝n
j=0 Cj · e2�i(x−x0)j/p, with p (period) fixed to 142.8 nm for all samples, as

determined from Fig. 7(b). We use the notation where the parameters of a function are given
within the same brackets as the free variable, but separated from the latter by a semicolon; hence,
in RP(x; Cj), x is the free variable, Cj are the unknown parameters, and x0 is a parameter to take
into account offsets in x. The tip function, Tip(x), was built with piecewise function:

Tip(x; a) =

8>>>>>>>><
>>>>>>>>:

0, x < − f

a
� x

f + 1
�
,−f ≥ x ≥ 0

a
�
−x
f2 + 1

�
, 0 < x ≤ f2

0, x > f2

(4)

where a is the extension of the tip, and f = a · tan�1, f2 = a · tan�2, and �1 = 25◦, �2 = 17.5◦
are defined according to the TESPA-v2 tip specifications [19]. The tilt of the tip when it sits
on the sample’s surface is ignored. Then, the convolved profile function, CP(x; Cj, x0), can be
expressed as:

CP(x; Cj, x0) =
1
N

Õn

j=0
Cj ∫

∞
−∞ e

2� i(x−x0−t)j
p Tip(t)dt (5)

The convolved profile function CP(x; Cj, x0) has x0 and Cj as free parameters. N is a
normalization parameter and equals the area of Tip(x), so that N =

(f+f2)
2a , and hence, a turns

irrelevant. The integral of Eq. (5) can be solved algebraically, and subsequently the function
CP(x; Cj, x0) can be used to fit the profile measured with AFM. For this purpose, we used the
algebraic software MAPLE 2016 and its advanced nonlinear fit package to solve the integral and
fit the parameters, with n truncated to 6. Once the coefficient Cj were obtained from the fitting,
the real profile function is recovered by computing the real part of RP(x).
The analysis of the TiO2 deconvolved profiles given in Table 2 unveils what was hinted in

the optical characterization subsection: the width (w) of the TiO2 lines (and hence, the duty
cycle) is, in general, larger than the target value of 40 nm, yielding a lower device transmittance,
even though there is the benefit of a slightly enhanced rejection of TE polarization for some
samples. Fields patterned with a higher dosage present larger w values than fields patterned
with lower dosages, which might be a fingerprint of photoresist overexposure leading to larger
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Fig. 7. (a) 3D representation of sample NUS2, field field 1.05 µs/dot surface topography.
(b) 1D-PSDs as a function of period obtained from the 5 µm x 5 µm AFM scans of fields
patterned with 1.30 µs/dot, 1.05 µs/dot, and 0.75 µs/dot dwell times in both samples NUS1
and NUS2, plotted together in logarithm scale. SEM images showing the grating profiles of
fields 1.30 µs/dot (c) and 1.05 µs/dot (d) in sample NUS2. Scales of SEM pictures (100 nm)
are indicated on the lower right corner.

duty cycles (as the photoresist is negative). The effect of TiO2 etching time can be seen if NUS1
and NUS2 samples are compared for the same dosages, as NUS2 presents in general larger w
values than NUS1. As for the substrate over-etched depth (hover−etch,), fields patterned in sample
NUS1 present larger over-etch depths (28 to 56 nm) than fields in sample NUS2 (7 to 15 nm).
This result agrees with differences of TiO2 etching time between samples NUS1 and NUS2.
Nevertheless, it has to be pointed out that the calculated hover−etch obtained from AFM images is
underestimated for all samples, as the AFM tip is unable to reach the bottom of the grooves. To
verify the AFM reconstruction of selected fields in sample NUS2 and to find the real hover−etch
values, topography images of the gratings were taken with a JEOL JSM6700F Field Emission
Scanning Electron Microscope. Gratings were coated with a very thin film (∼2 nm) layer of Pt to
avoid sample charging. Figures 7(c) and 7(d) show SEM images of NUS2 sample, fields 1.3
µs/dot and 1.05 µs/dot, respectively, which are the best samples in terms of optical performance.
SEM images indicate a slightly trapezoidal, quasi-rectangular shape of the TiO2 lines. Lines
widths obtained from SEM images for sample NUS2, fields 1.30, 1.05, and 0.75 µs /dot are 97,
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84 and 75 nm, respectively, which are quite similar of those obtained from AFM, and the same
applies to grating periods (∼143 nm). Regarding the substrate over-etch depths, as expected, the
retrieved SEM values are larger than the ones calculated through AFM, ranging from 107 to
146 nm. This information is also summarized in Table 2.

6. Improved model

The best result among those shown in subsection 4 is given by the field patterned with a dosage
of 1.05 µs·100 pA/dot in NUS2. With the knowledge of the real grating geometry acquired from
the analysis performed in the last subsection, an improved model for this sample using a more
realistic grating profile than the design displayed in [11] has been implemented in optiFDTD
software [21]. The optical behavior of TE and TM obtained from the improved model are
displayed in Fig. 8.

Fig. 8. TE and TM transmittances of the improved model for sample NUS2, field 1.05
µs/dot, in linear and logarithmic scales, along with experimental data. The inset shows a
layout of the improved model, reproducing the real grating profile shown in Fig. 7(d) with
two ridges for the FDTD simulations.

In general, the improved model reproduces the main features of the experimental data. It shows
a good match with the experimental TM polarization. In contrast, model presents TE values ∼1.6
times lower than experimental data at 4.43 eV, and the mismatch is even larger at higher energies.
Several hypotheses could explain this mismatch in TE. For instance, the slightly trapezoidal shape
(as seen in most of the grating lines in Fig. 7(d) used in the improved model is quite simplistic,
particularly in the region of the over-etched substrate, and might not be representative across the
full area of the grating, as SEM images were taken at the edges of the patterned fields. Substrate
over-etching might play a role in this mismatch as it can (moderately) enhance or reduce the
TE component, depending on the substrate etched depth. Another possibility is the presence of
contaminants after the patterning process which can decrease the TE rejection, as impurities are
probably less absorbent than TiO2 at 4.43 eV. Additionally, we have neglected the effect of the
(small) beam inclination in the polarization calculation due to the use of micro focusing optics.
The beam inclination is known to degrade the performance of WGPs [22] and hence increase
TE. Leaving aside the differences in TE, the improved model also shows an inverse polarization
effect between 3.5 to 3.8 eV.
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7. Conclusions

We report dielectric WGPs tuned at 4.43 eV (280 nm, Mg II line). Polarizers are based on TiO2
lines patterned on fused silica substrates. Gratings were patterned through e-beam lithography
combined with different etchings. Two parameters have been explored in nanofabrication:
photoresist dosage and TiO2 etching time. Despite the small size of the patterned fields, this work
presents a novel optical characterization methodology for the polarization of the patterns by using
an ellipsometer operating in transmission mode and a precision pinhole. The best result was
achieved for the sample patterned with 1.05 µs·100 pA/dot dosage on photoresist and TiO2 etched
for 3 min 30 seconds, with a TM/TE polarization ratio of 109.3 and TM transmittance of 16.4%.
Analysis of AFM and SEM profiles shows that i) the period of all samples is ∼143 nm, ii) the
duty cycle of samples increases with photoresist dosage, and iii) duty cycle decreases when TiO2
etching time increases. SEM images also indicated that substrates were over-etched. An improved
optical model for the best sample was built with a FDTD method using the grating geometry
obtained from AFM and SEM analysis, obtaining an acceptable match with the experimental
data and reproducing the main features of the best sample.
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