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Abstract—The core of spectrometers for deep space exploration
in the far-infrared spectral range is a diffraction grating optimized
for a defined range of wavelengths. This contribution presents an in-
depth analysis of the fabrication, morphological characterization,
and spectral efficiency verification of this type of gratings operating
in the THz range. Two different manufacturing techniques were
used: the first one was laser ablation and microstructuring with a
five-axis femtosecond laser system, and the second one was a tradi-
tional micromachining technique using milling tools. The gratings
have a blazed geometry with saw-tooth profiles that enhances the
efficiency of the diffracted order of interest, m = 1, at the TM
polarization mode, and within a spectral range between 70 and
114 m. The morphological features of the fabricated gratings were
measured by confocal microscopy and analyzed using topographic
parameters. The measured averaged profiles were used to compute
the diffraction efficiency of the fabricated gratings and to compare
the actual manufactured profiles against the experimental results.
Our measurement setup fixes the wavelength of the illuminating
source to six values between 60 and 120 pm (2.5 and 4.7 THz). At
each of these spectral lines, we have scanned the angle of incidence
between 20° and 75°. This angular range includes the nominal
value of the angle of incidence, 6;,. = 57°. The experimental
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values of efficiency can be easily compared with those resulting
from computation, where the efficiency is calculated for each one
of the available wavelengths as a function of the angle of incidence.
This approach has allowed us to validate the design and conclude
that gratings fabricated using femtosecond laser ablation perform
better than those obtained through micromachining processes. In
any case, both manufacturing techniques generate gratings above
the validation threshold for diffraction efficiency, > 0.65.

Index Terms—Computational electromagnetism, diffraction
efficiency, diffraction gratings, far-IR optics, terahertz (THz)
optics.

I. INTRODUCTION

DVANCES in cosmology and astrophysics research imply
A the efficient detection of electromagnetic radiation in the
terahertz (THz) range. Radiation from space provides relevant
information about distant galaxies and the birth and evolution
of stars and planetary systems. Half of the energy produced
by star-forming activity is emitted through the infrared part of
the spectrum (8—1000 pm) [1], [2]. The longer the wavelength
of the radiation analyzed, the further away it comes from. In
addition, it is believed that a significant amount of carbon in
space exists as large molecules known as polycyclic aromatic
hydrocarbons, although they have not been directly observed [3].
These compounds have far-infrared (FIR) vibrational transitions
whose detection would contribute to the better knowledge of the
chemistry in the formation of stars and planets. Factors, such as
the atmosphere opacity of the Earth force these observations to
be carried out on space missions.

So, a future observatory would be a large space telescope
including a FIR spectrometer. In the THz radiation range, from
30-100 microns, the development of high-performance instru-
mentation presents a challenge, as those already evaluated in
the Space Infrared telescope for Cosmology and Astrophysics
(SPICA) mission proposal, that already incorporated a FIR
spectrometer, Spica far-infrared instrument (SAFARI) [4]. The
received radiation had to be directed toward a spectrometer
composed of four modules, each operating in a different range
of wavelengths. Some of the authors have been in charge of
the development of the spectrometer module [5] operating in
the 70-114 pm range (2.6—4 THz). Although the mission was
canceled due to technological immaturity, astronomers have not
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ceased their interest in analyzing radiation at these wavelengths,
suggesting the implementation of FIR spectrometers in the
future space missions [6], [7], [8].

This is why advances in the design and fabrication of diffrac-
tion gratings in the THz range are key preparing the technology
for new challenges when they come.

The typical design for a space spectrometer is made around
customized diffraction gratings. These gratings diffract radiation
toward a given angular direction depending on the wavelength
and some other geometrical parameters. The ratio between the
period and the wavelength determines the number of available
diffraction orders. In our case, the grating has a period with
dimensions in the same range as the wavelength of the incoming
radiation, becoming a subwavelength grating for a portion of the
spectral range of interest [9]. Consequently, the grating operates
with only one diffraction order, apart from the zero order. Blazed
diffraction grating profiles are typically chosen to diffract most
of the incident energy into the desired diffraction order. Then, the
detailed design of a grating for space instrumentation depends
on many factors. Some are optical, like the resolution, efficiency,
and spectral range, but others are related to the demanding
space conditions: vibrations, vacuum, and temperature. In fact,
in the THz range, the spectral instrument must be cooled to
4K to mitigate self-emission concerning the sky background
signal. A detailed analysis of the design constraints of this
type of gratings has already been made [10]. Computational
electromagnetism tools demonstrated their relevant role in eval-
vating the efficiency of the designed grating in terms of its
characteristic parameters. This analysis seems mandatory when
involving subwavelength gratings, as the one treated in this
contribution. Rigorous coupled-wave analysis [11] and finite
element method [12] (FEM) were used, looking for a design
that maximizes the efficiency in the whole spectral range. This
numerical analysis may also consider departures from the ideal
geometry and conditions that could produce a degradation in
the nominal performance of the element. Even though com-
putational electromagnetism is a reliable tool for optimizing
and analyzing the response of blazed THz gratings, experimen-
tal measurements are essential to demonstrate and verify the
performance parameters of the fabricated gratings. Therefore,
after Section II, we focus on the experimental validation of our
designs, measuring the diffraction efficiency and comparing it
with the results derived from simulation. The rest of this article is
organized as follows: In Section II, we present the fundamentals
of blazed gratings applicable to our case. In Section III, we
analyze the morphological parameters for the gratings fabricated
using two technologies: 1) laser ablation; and 2) micromachined.
Here, we have obtained the mean and standard deviation of
the fabricated topography and we have compared it with the
nominal one. The measurements have been made using confocal
microscopy across selected regions, evenly distributed on the
surface of the grating to have a better idea of the homogeneity
of the manufacturing process on the whole 5 x 4 cm? fabricated
area. Section IV presents the experimental measurement of the
diffraction efficiency for six available wavelengths and a quite
wide range in the angle of incidence. The results obtained from
the experiment are compared to those obtained from simulations

Fig. 1. Metallic grating has a period d, a height h, and a triangular profile
characterized by the blaze angle -, and the slant angle 3. The incident beam
subtends an angle 6;,,. with respect to the normal to the grating plane (horizon-
tal). The orders of diffraction reflect with an angle given by (1). In this figure, we
have followed the sign convention of the geometrical optics, meaning that 6;,,c,
and 0, are positive, meanwhile, 6y is negative. Angles v and (3 are considered
positive.

TABLE I
INITIAL REQUIREMENTS AND MORPHOLOGICAL PARAMETERS OF THE
DESIGNED DIFFRACTION GRATING

Variable Value
Spectral range [70 - 114] pm
Diffraction order, m 1
Polarization Transversal Magnetic (TM)
Total diffraction angle, A6, 30° — 40°
Diffraction efficiency, n > 65 %
Angle of incidence, i, 57°
Spectral resolution (A/AN\) 200
Grating period, d 76 pm
Blaze angle, ~y 23.5°
Slant angle, 10°
Height, h 30.7 pm

when considering the actual fabricated profile. At this point, we
could see that the element fabricated using laser ablation outper-
forms the micromachined grating. In any case, both fabricated
gratings behave above performance for the nominal operation
conditions. Finally, Section V concludes this article.

II. FUNDAMENTALS

The dispersive properties of a diffraction grating are governed
by the well-known grating equation

d(sin Oipe + sin 0,,) = ma (1

where d is the grating period, A is the wavelength, and m
is the diffractive order that appears at 6, when the angle of
incidence is 6;,.. These angles are referenced relative to the
line perpendicular to the diffraction grating’s surface. Blazed
gratings add a couple of new angles, v and /3 (blaze and slant
angles, respectively), that describe the geometry of a saw-tooth
profile (see Fig. 1) and are related to the maximum height of
the profile, 4 [10]. Blazing enhances the irradiance diffracted at
the desired order, which in our case corresponds to m = 1. The
nominal parameters of our design are presented in Table I.
Usually, the triangular saw-tooth shape has been realized as a
staircase structure in a multilevel diffraction grating [13], [14],
but shadowing effects appear [15] when the period is close
to the operating wavelength. Traditionally, the manufacture of
diffraction gratings has been carried out in two steps. The first
step consists of making molds, either with lithography [16] or
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by diamond-cutting tools [17]. The second step involves the
replication of the profile in polymers or glass. Gray scale e-beam
lithographic and etching processes have also been used to draw
staircase structures on silicon substrates [18]. Some authors
have tested laser ablation techniques to transfer particles from a
metallic target to a glass substrate, thus forming the diffraction
grating [19]. Reflective diffraction gratings are traditionally
made by depositing a metallic coating like gold, aluminum, or
silver on an optic substrate and ruling parallel grooves in the
surface [20], [21].

However, for space applications, metallic substrates are the
most suitable option. Particularly, aluminum alloy 6061T tol-
erates temperature gradients due to its flat thermal expansion
coefficient and high thermal conductivity [22], [23]. This alloy
is more resistant to corrosion than 7075 due to the lower amount
of copper in its composition and easier to machine [24].

Several grating configurations have been implemented in
previous space instruments. For example, two reflective Lit-
trow configuration gratings were used for the field-imaging
far-infrared line spectrometer (FIFI LS) for the Stratospheric
Observatory for Infrared Astronomy (SOFIA) airborne obser-
vatory, operating at first and second orders [25], [26]. Alter-
natively, the Photoconductor Array Camera and Spectrometer
(PACS) instrument [27] on the Herschel space observatory uses
a single diffraction grating that covers the entire spectral range
(55-210 pm) and works in the first three orders of diffraction
with an efficiency larger than 0.6. In our case, the proposed
grating works in a shorter spectral range than PACS and with
a single diffraction order. These designs reach efficiency values
higher than 90% for the ideal design [10] and, as we will show
along this contribution, this figure is greater than 75% for the
fabricated gratings.

Table I resumes the initial specifications for the grating given
by the spectrometer constraints. The parameters of the diffrac-
tion grating profile were optimized considering the fabrication
limitations and the fulfillment of the specifications [10]. The ex-
perimental diffraction efficiency for all the wavelengths should
be over 65% to meet SPICA sensitivity requirements. Another
requirement is related to the state of polarization of the light
reaching the grating. For a better performance, we have chosen
the TM component. Working with this polarization implies
utilizing a blazed geometry with a saw-tooth profile, enhanc-
ing diffraction efficiency [28]. The design of the spectrometer
limits the angle of incidence to 57° and the spectral resolution
X/AX = 200. The resulting designed metallic grating has a
period d = 76 pum, a blaze angle v = 23.5°, and a slant angle
B = 10°. The spectral resolution conditions, A/AA, implies
the illumination of 200 periods for m = 1, meaning that the
illumination spot on the grating should be larger than 15.2 mm
along the direction of the period.

III. MANUFACTURING AND GRATING PROFILE
CHARACTERIZATION

Different methods of fabrication of blaze gratings have
been proposed, including micromachined [29] or laser fabrica-
tion [30]. With the conditions presented in Table I, a metallic
diffraction grating made of aluminum was manufactured by

Fig. 2. Topography obtained from confocal microscopy for the grating man-
ufactured using micromachining techniques by (a) milling and (b) femtosecond
laser ablation.

the company Arquimea Advanced Systems (Madrid) by mi-
cromilling. This is a subtractive manufacturing process that uses
a rotating cutting tool to remove material by chip removal. The
machine used is a high-performance machining center, brand
MIKRON, which uses a 5000-6000-r/min spindle rotating and
moves in the three Cartesian axes with millesimal precision
while the workpiece remains fixed to the work table. To achieve
the desired angle and height, the custom-sharpened tool, with a
tip angle of 67.17°, dips 42 microns in each pass. Two passes
are made in each direction before moving on to the next profile.
The machine is placed on an insulated slab and the external
temperature is controlled within a range of 20+2 °C.

Besides this micromachined fabrication, Microrelleus, S.L.
(Barcelona) has engraved a 4 x 5 cm? grating by high-accuracy
laser micromachining with a femtosecond laser system. The
laser source used in this fabrication was Satsuma HP3 (Ampli-
tude, Inc, San Francisco, CA, USA) integrated into a five-axis
laser center, which emits 250 fs pulses at 1064 nm. The output
beam diameter is 0.015 mm with a rounded shape. A 63-mm
lens system has been used to focus the beam. The profile of
both gratings was measured by confocal microscopy (Confocal
Imaging Profiler PLy, SENSOFAR). The topographic maps are
presented in Fig. 2. These maps reveal that the micromilled
profile [see Fig. 2(a)] departs more than the laser-etched [see
Fig. 2(b)] from the saw-tooth nominal geometry.

To determine the homogeneity of the profiles over the com-
plete area of the diffraction gratings, the geometry of the en-
graved saw-tooth profile has been measured on 2.36 x 1.98 mm?
rectangles at nine locations regularly distributed on the gratings
(see inset in Fig. 3). For each line that is measured, approxi-
mately 30 saw-tooth profiles are obtained. This results in ap-
proximately 90 000 characterized profiles in each region, as the
scan is generated with 686-nm steps.

Fig. 4 shows two violin plots depicting the statistical dis-
tribution of height (top) and period (bottom) across the nine
measured regions in the manufactured gratings located at the
positions marked in the inset of Fig. 3. These distributions are
shown in blue (left) for the diffraction grating manufactured by
micromilling and in red (right) for the grating manufactured by
laser. Each violin plot includes three dashed lines representing
the first quartile, median, and third quartile of each region.
The data dispersion is qualitatively indicated by the width of
the violin plot, with a greater width corresponding to higher
dispersion. For a quantitative analysis, the plot features a solid
line that represents the nominal value of h. The position marked
as “mean” shows the mean values and standard deviations of the
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Fig. 3. Saw-tooth ideal profile (red) compared with the measured parameters

of the two diffraction gratings. The blue line corresponds to the micromachined
grating, while the black line represents the laser-engraved grating. The inset
in the figure shows the nine regions along the entire grating where statistical
measurements were taken.
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Fig. 4. Height (top) and period (bottom) distributions for the two diffraction
gratings plotted on a violin plot in nine different regions plus an additional
plot showing the average of all the regions. The blue plot corresponds to the
micromachined grating, while the red plot corresponds to the laser-manufactured
grating. A dashed line across the graph represents the nominal values of both
parameters. Within each violin plot, we have represented three dashed lines: the
central line is the median value of each plot, meanwhile the outer lines delimit
the first and third quartiles.

entire gratings. The height distribution graph shows that the aver-
age of the grating manufactured by micromachined is larger than
that of the laser-manufactured grating. In addition, the larger
shaded area and greater width of the violin plots indicate greater
variability in the profile heights of the micromachined grating.
The data distributions in the different regions of both gratings are
symmetrical concerning the center of the distributions, except
in region #1 of the milled grating, where a concentration of

TABLE II
MORPHOLOGICAL PARAMETERS OF THE SAW-TOOTH PROFILES

Ideal Profile Real Profile Real Profile
Laser Ablated ~ Micromachined
Period, d [pm] 76 76+ 3 76+ 4
Height, h [pm] 30.7 28+ 2 3143
Blaze angle, v [°] 235 23.1£0.1 26.5+0.1
Slant angle 3 [°] 10 18+1 2342

profiles with anomalous heights is observed. The plots of the
laser-fabricated grating show that the heights in the regions
corresponding to the upper part of the grating (regions 1-4)
are higher than in the lower part of the grating (regions 6-9).
The laser-engraved surface has a shorter average height than the
micromachined grating. In the period distribution plot, as in the
case of height, the widths of the violin plots and the standard
deviation of the milled grating are larger, indicating greater
variability in period values. The interquartile range is smaller for
the laser-machined grating than for the micromachined grating.
This means that there is less dispersion around the median. For
both gratings, the distribution of the period values is similar,
except in region #1 of the milled grating. Here, due to manufac-
turing defects, profiles with periods of smaller dimensions than
those designed appear. The two manufacturing methods produce
periods of similar dimensions along the complete grating. When
comparing both fabrication methods, we find that the laser
ablation technique generates profiles with better homogeneity,
lower standard deviation, and closer to the nominal values.

When including the variability of the geometrical parameters
measured by confocal microscopy, we can add the observed
standard deviation to the averaged profiles already shown in
Fig. 3. These plots also confirm that the grating fabricated
using laser ablation (represented in black) is closer to the ideal
profile, meanwhile the micromachined grating has more ripples
and larger variations in the profile, which also departs more
from the nominal case, especially at the apex of the saw-tooth
profile. Table II summarizes these discrepancies between the
morphological parameters (height, period, blazed, and slant
angles) manufactured gratings and the ideal profile. We can see
how both gratings deviate from the designed one, as shown by
the distribution of periods and heights and the calculated average
profile. In fact, the slant angle 3 is about twice the nominal
value for both gratings. This means that these manufacturing
techniques fail to reproduce the peak of the topography, showing
a value of the slant angle that should be considered as a limitation
of the fabrication and included in the optimization of the design.
Therefore, new designs for the ideal profiles should contain
slant angles according to this. For the grating produced by
micromachined techniques, these deviations are much more pro-
nounced. The dimensions of the laser-ablated grating are close
to the design profile. Due to the uniformity of the manufactured
profiles, the standard deviation of the measured values is smaller
for the laser-manufactured grating than for the micromachined
one.

IV. SPECTRAL DIFFRACTIVE EFFICIENCY MEASUREMENT

The THz range presents significant challenges for the ex-
perimental validation of optical components due to the limited
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Detection
System

Fig. 5. Experimental setup used to measure the diffraction efficiency of the
fabricated gratings. The sample is placed in the center of a goniometer. A
polarized and collimated laser beam is directed toward the diffraction grating
(red path), the diffracted beam is then collected by the off-axis parabolic mirror
(blue path) and focused on the pyroelectric detector (green path). The rotating
platform allows the detection system to collect the diffractive orders of interest.

instrumentation available in this spectral region. The scarcity
and expense of reliable radiation sources are crucial issues. Our
approach has used monochromatic THz sources. Fig. 5 shows
the experimental setup. The radiation emission system (TeraCas-
cade 1000, LYTID SA) is based on a state-of-the-art quantum
cascade technology and has six chips at selected wavelengths
(63.83,73.17,76.92, 88.02, 103.5, and 120.0 m). The average
power output for each band is higher than 1 mW. As far as
the diffraction grating was designed to work optimally in the
70-114-pm range, only four of the six laser sources emit within
this spectral range. However, we expanded the wavelength range
to include all six laser emission sources. While some of the
values may not yield good results in the diffraction efficiency,
they will serve to validate the simulations and check the relia-
bility of the experimental setup. An automated beam collimator
module prepares the 25-mm diameter collimated output beam.
The electrically modulated signal was sent to the amplifier. The
measurements were taken after a minimum warm-up period of
30 min to achieve a stable signal. A wire grid polarizer (wire of
5-pm diameter and 22-pm wire spacing) (Pure- WavePolarizers
Ltd.) allowed us to select the TM component reaching the
grating.

The setup is composed of two independent rotating platforms.
The outer rotating breadboard has a central aperture to place a
goniometer directly on the optical bench which allows the inner
goniometer to be fixed while the outer rotating platform moves.
The diffraction grating was placed in the inner goniometer on
a nonmoving mount with lateral and vertical fixings to ensure
its position, so that the radiation from the laser source hits the
diffraction grating at the intended angle. The detection system
is installed on the outer rotation stage, which, together with the
central rotation system, is used to gather the diffractive orders
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Fig. 6. Diffraction efficiency versus wavelength for the laser engraved grating
(black) and the traditionally micromachined grating (blue). The lines in red are
for the ideal profile. The solid curves represent the theoretical efficiency of first
diffraction order of the profiles. The dashed curve is the theoretical zeroth-order
efficiency. The cross and dots represent the maximum diffraction efficiency val-
ues of the zeroth and first orders, respectively. The green shaded area represents
efficiencies above the 65% threshold set by the system requirements, while the
darker shade indicates the wavelength range for which the design was optimized.
The experimental values of the efficiency for A = 103.5 pum coincide, and the
symbols overlap.

of interest (m = 0, 1). The diffracted beam is focused by a 2”
gold-coated off-axis parabolic mirror on a pyroelectric detector
(THz 20, Sensor und Lasertechnik). This detector has 20 mm
of aperture and a responsivity of 140 V/W at a frequency of 1.4
THz. This detector sends its signal to a current preamplifier. The
amplified signal is then read with a lock-in amplifier (Stanford
Research Systems, SR830), with a 10-MS2 input impedance and
sensitivity of 2 nV, modulation frequency of 18 Hz and 50%
duty cycle.

An additional visible light emitting diode (LED) was used as
an illumination source to properly align the setup with the help
of another off-axis-parabolic mirror and some viewing screens.

The diffraction efficiency of order m, 7,,,, is the ratio between
the optical power contained in that order, P,,, that propagates
away from the grating and the incident optical power P,

mc

In our experimental setup, 7, is the ratio between two signals
acquired by the detector. P, is the signal obtained when the
detector collects the diffractive order m at the given diffraction
angle, 6, with an angle of incidence 6;,.. The denominator
in (2), Py, corresponds to the signal obtained with the same
geometry but replacing the grating with a reference mirror. Op-
erationally, when the system is adjusted to measure the selected
diffraction order, we move the detection arm to obtain read-outs
at angles close to the expected diffraction angle. Then, these
points are used to fit a Gaussian and obtain the maximum of
the signal, that is taken as the detected power of the radiation
reflected by the grating at the given order.

A first experimental validation has been made by measuring
the efficiencies 79 and 77; when the angle of incidence is set to
the nominal value, 6;,. = 57° (see Table I). To do that, we took a
series of ten measurements for five wavelengths: four inside the
spectral range of interest and a fifth one at a shorter wavelength
(A = 63.83 um). The results are presented in Fig. 6, where the
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shaded region represents the spectral range of interest above the
efficiency threshold, 9¢nreshola = 0.65, obtained for m = 1. In
this plot, the black and blue dots are for the measured 7; for
the laser-ablated and micromachined gratings, respectively. The
error bars corresponding to the standard deviation of the ten dif-
ferent measurements for each frequency are included, although
they are only noticeable at the 73-micron wavelength, perhaps
due to possible instability of the signal emission of this laser.
Fig. 6 also contains the results obtained from simulations based
on the measured profiles (in blue for the micromachined grating
and in black for the laser-ablated grating), and the calculated
efficiencies for the ideal profile (in red). The morphological is-
sues detected in the previous section—Ilarge profile irregularity,
increased values of the blaze and slant angles, and the presence of
a flat surface at the beginning of the profile slope—can result in
a significant drop in the diffractive efficiency. This problem was
already addressed [10] by calculating the diffractive efficiency
of grating having a profile that is the average of the manufactured
grating profiles measured by confocal microscopy. In this article,
we have followed the same approach using a better dataset ob-
tained from a wider sample analysis. The grating manufactured
by laser ablation exhibits higher efficiencies at the first order,
m = 1, at shorter wavelengths, decreasing at longer wavelengths
(see solid black line in Fig. 6). On the other hand, the grating
manufactured using micromachined (solid blue line in Fig. 6)
displays the opposite behavior, with better efficiency at longer
wavelengths. This behavior is caused by the departure in the
values of the blazed angle v and the slant angle 8 from the
ideal values (see Table II). In a previous publication [10], we
analyzed the dependence of the spectral efficiency in terms of
these two angles. This previous study explains the behavior
seen in Fig. 6. When the slant angle increases, the maximum
of the spectral efficiency blueshifts. At the same time, this
maximum moves to longer wavelengths when increasing the
blazed angle. Our micromachined grating has larger-than-ideal
slant angles. On the other hand, the laser engraved grating has
a blazed angle slightly smaller than the ideal one, meanwhile,
the micromachined grating shows a blazed angle significantly
larger. All this together, helps to understand the spectral behavior
of the efficiency shown in Fig. 6. For both fabricated gratings, the
simulated efficiency is above 0.8 within the whole spectral range.
Although computational electromagnetism is a quite reliable
tool to optimize and analyze the design of optical components,
their validation always needs an experimental verification of
their performance. Then, merging all these findings, it can be
concluded that both fabrication approaches generate diffraction
gratings with performance above the threshold ; > 0.65. How-
ever, the experimental results show that the laser-ablation man-
ufacturing produces gratings with better optical performance,
in terms of 7; (171 > 0.86), than the micromachined gratings
(m > 0.76).

The availability of the goniometric setup and the lack of a
continuously tunable source suggested measuring 7 in terms
of the angle of incidence for the six available wavelengths
to obtain more experimental data points. These measurements
are useful for better understanding the angular limitations
of the gratings and for comparing the experimental results
with those obtained from the simulations. The computational

Micromachined

Fig.7. Polardiagram of the diffraction efficiency versus the angle of incidence,
Oinc at six wavelengths for (a) the micromachined grating and (b) the laser
ablated grating. Each annulus sector corresponds to a specific wavelength and
is represented by a different color. These regions contain the threshold level
n = 0.65, to check when the experimental results are above the requirement in
efficiency. The angular axis indicates the angle of incidence for each measure-
ment. The thick and thin solid lines represent the simulated efficiency of the first
(m = 1) and zeroth (m = 0) diffraction orders, respectively. These efficiencies
have been calculated by modeling measured profiles that are slightly different for
each fabrication method. The large and small dots are the measured efficiencies
for m = 1 and m = 0, respectively.

electromagnetism model has been refined to average the re-
sponse of the grating using profiles from three portions of the
gratings: Position #5 (central), Position #1 (superior), and Posi-
tion #8 (inferior). (See inset in Fig. 3.). Also, instead of using an
average profile that is repeated periodically, we have considered
a large portion of data by including a profile containing eight
periods of the grating extracted from the topographical measure-
ments. (See Fig. 3.). Our model takes these eight periods and
generates a supercell that is repeated periodically. The results
from simulations for orders m = 0, 1, along with the experimen-
tal values have been represented as polar plots in Figs. 7(a) and
(b) for the six wavelengths of incident radiation available at the
laboratory and for the micromachined and laser-ablated gratings,
respectively. Each section of the polar plot corresponds to one
wavelength. Besides the data obtained from the computational
electromagnetism package, experimental measures were done
to verify the diffraction behavior of the two gratings. To obtain
these measurements, the grating was positioned in the mount and
set to the angle of incidence using the goniometer. The diffracted
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energy was measured at different points around the theoretical
diffraction angle, and the maximum value was obtained after a
fitting of these measurements with a Gaussian distribution. The
measurement at some angles of incidence was forbidden due to
the occlusion of the laser beam by the detection system. The
polar diagram shows the theoretical diffraction efficiency of the
mean profile calculated by the FEM method (colored lines) for
0 and 1 orders versus the experimental values measured for each
angle of incidence (dots). The thick lines and large dots are for
m = 1, and the thin lines and small dots are for m = 0. The
experimental measurements are in accordance with the trend
predicted by the theoretical ones, but there are discrepancies in
the magnitude of the efficiency. The experimental values of 7;
are lower than the simulated ones, meanwhile, the differences
between measured and simulated efficiencies are smaller for
no. The simulated results agree better with the experimental
data at longer wavelengths, where X is much larger than the
surface irregularities. These irregularities are also responsible
for scattering that subtracts power from the angular direction
corresponding to the diffractive mode. Despite these differences,
experimental measurements show that the laser-made grating
is more efficient than the grating micromachined by milling.
Besides, the efficiencies for both gratings are above the nominal
threshold for a wide angular range, including the operational
angle of incidence, 0, = 57°.

V. CONCLUSION

The spectrometers for space instrumentation in the THz
range use customized diffraction gratings as dispersive ele-
ments. Besides the extreme environmental conditions (vacuum,
temperature, mechanical vibrations, etc.), due to the spectral and
power characteristics of the available observable radiation, these
gratings have to perform with the highest possible diffraction
efficiency for a given spectral range, a predefined polarization
component, and the angle of incidence prescribed by the design.
In our case, the grating takes the form of a metallic blazed
grating, where the period and saw-tooth parameters have been
previously analyzed and set for an optimum design when 6y, =
57°, A € [70 — 114] pm, m = 1, and efficiency n; > 0.65.

Although computational electromagnetism is a quite conve-
nient tool to study the dependence of the efficiency with the
geometrical and material parameters, the actual validation of
the elements has to come from experimental measurements. At
the same time, the designed geometry has to be transferred to a
substrate using the available fabrication tools. We have chosen
two techniques: 1) laser ablation; and 2) micromachined to fab-
ricate aluminum blazed gratings with a period d = 76 pm, and
a blazed angle of 23.5°. These gratings have been thoughtfully
characterized both morphologically and optically. Confocal mi-
croscopy has been used to measure the fabricated topography.
From these measurements, we have found that the nominal
period has been reproduced quite well with a slightly greater
standard deviation for the micromachined (d = 76 £ 4 ym) grat-
ing than for the laser-ablated one (d = 76 £ 3 um). However, the
blazed angle is much larger for the micromachined version, with
the slant angle below the intended design for both fabrications
types. Also, when plotting the average profile, we have seen

how the laser-ablation fabrication provides profiles closer to the
nominal one, meanwhile, micromachined gratings show strong
discrepancies in the form of microgrooves. In both geometries,
the apex of the saw-tooth profiles has been poorly reproduced.
The morphological characterization has been used to refine
the computational model and include actual topographies from
various regions on the grating. Then, the spectral and angular
efficiency evaluations have been recalculated.

Moreover, our fabricated gratings have been experimentally
tested for six wavelengths in the THz region. The measure-
ment setup has been adapted to obtain reliable values of the
efficiencies for the zero and first orders of diffraction. These
measurements have been compared to the simulated results in
two cases of interest. In the first one, we have fixed the angle of
incidence and obtained the efficiency for the five wavelengths
available for this configuration. Four of them fall within the
range of interest of the spatial spectrometer where these gratings
have to be implemented. The results show that the measured
efficiencies are well above the threshold 77, = 0.65. The second
round of measurements fixed the wavelength and measured the
efficiency in terms of the angle of incidence for the available
range of the goniometer. This range has encountered some
forbidden intervals where the optical setup at the detection arm is
obscured by the laser source. The experimental results have also
been compared with the simulated ones. The comparison shows
that, for most of the angular range, the efficiency is above the
threshold. Also, these data help to understand the limits to mimic
the experiment using our computational tools. As it happened
with the morphological characterization, we have found that
the laser-ablated grating behaves better, with higher efficiency,
than the micromachined element. This better performance can
be directly related to the close resemblance, except for the
slant angle (see Table II), of the laser engraved grating to the
ideal topography. The discrepancies between measurement and
simulation may be due to scattering from the microgrooves
and the deviation from the nominal saw-tooth profile at the
apex. As a consequence, we have seen how the slant angle
B of the fabricated gratings, is about twice the ideal value.
This discrepancy appeared for both manufacturing techniques.
Therefore, it could be considered as a fabrication constraint that
should be included in the optimization process.

In summary, we have numerically and experimentally vali-
dated two aluminum blazed gratings to perform above require-
ments as dispersive elements in a THz spectrometer for space
instrumentation. Laser ablation produces superior gratings both
morphologically and optically, 77; > 0.86, meaning that this fab-
rication tool should be chosen for the fabrication of high-quality
gratings.
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