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Abstract Gratings are essential components in different
high performance optical set-ups such as spectrometers in
space missions or ultrashort-pulse laser compression ar-
rangements. Often such kinds of applications require grat-
ings operating close to the technological accessible limits
of today’s fabrication technology. Typical critical parame-
ters are the diffraction efficiency and its polarization depen-
dency, the wave-front error introduced by the grating, and
the stray-light performance. Additionally, space applications
have specific environmental requirements and laser applica-
tion typically demand a high damage threshold. All these
properties need to be controlled precisely on rather large
grating areas. Grating sizes of 200 mm or even above are
not unusual anymore. The paper provides a review on how
such high performance gratings can be realized by electron-
beam lithography and accompanying technologies. The ap-
proaches are demonstrated by different examples. The first
example is the design and fabrication of the grating for the
Radial-Velocity-Spectrometer of the GAIA-mission of the
ESA. The second grating is a reflective pulse compression
element with no wavelength resonances due to an optimized
design. The last example shows a three level blazed grating
in resonance domain with a diffraction efficiency of approx-
imately 86 %.
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1 Introduction

Even about 200 years after the first grating spectrometer
built by Joseph von Fraunhofer, exciting grating effects are
still discovered and investigated. Diffraction gratings have
not lost anything of their importance; they are key elements
for a huge number of applications. The field of grating appli-
cations stretches from dispersing elements in spectrometers
over beam-splitting elements to pulse-compression gratings
for the manipulation of ultrashort laser pulses. The develop-
ments in modern lithographic fabrication technologies, es-
pecially the advances in resolution and accuracy of e-beam
lithography, opened the way for the realization of subwave-
length sized effective media structures. Exploiting this novel
design freedom effective medium structures can be used
beneficially in the realization of high performance diffrac-
tion gratings (see Fig. 1) for real applications.

In this paper, we will discuss the developed technology,
based on electron beam lithography, used to fabricate such
advanced diffraction gratings and show some examples.

2 Electron beam based technology

The core of our fabrication technology is the electron beam
lithography process. The system installed at IOF Jena is
a Vistec SB350 OS (Vistec Electron beam GmbH, Jena),
which has been developed and specially adapted to require-
ments of optical applications. In fact, the letters OS stand
for “optics special.” The machine can handle substrate sizes
up to an extension of 310 mm and 15 mm thickness, and
achieves very high overlay accuracy and writing speed. The
minimum feature size achievable is smaller than 50 nm, the
address grid is 1 nm, and the overlay accuracy in case of a
multiexposure process is better than 30 nm.
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Fig. 1 Example profiles for the use of effective media structures in
advanced diffraction gratings

Fig. 2 Binary grating fabrication flow

The standard process flow for the fabrication of a binary
optics structure is sketched in Fig. 2. The substrate, usu-
ally made of fused silica, is covered with an 80 nm thick
chromium layer, on top of which an e-beam resist layer is
coated (see Fig. 2(I)). The microstructure geometry is trans-
ferred to the resist by electron beam lithography and suc-
cessive development of the exposed areas (see Fig. 2(II)). In
the next step, the structured resist layer is used as a mask to
transfer the pattern into the chromium layer by means of an
RIE process (see Fig. 2(III)). After removing the resist, the
patterned chromium layer serves as hard mask for the final
deep etching into the substrate (see Fig. 2(IV–V)). Finally,
the chromium layer is removed from the top of the grating.

To reduce the e-beam writing time, we use chemically
amplified resists (CARs) like FEP171 (Fuji-Film). In the ex-
posure data preparation, a structure dependent bias value is
considered in order to account for the variation in the final
lateral dimensions due to the different process steps.

To fabricate multilevel structures, the standard approach
is to divide the desired profile into a combination of binary
substructures, which are fabricated by repeated application
of the above described binary fabrication process [1]. This

approach becomes problematic with shrinking features size
and periods of the structures, where the alignment errors be-
tween two exposures become more important. To overcome
this problem, two different approaches for the fabrication of
multilevel grating have been developed at Fraunhofer IOF.
The first, named “three resist layer technology” is a sim-
ple modification of the standard approach. Here, after the
etching of the first binary structure, an additional layer of
conventional photoresist is used as a planarization for the
chromium and resist coating of the second binary process
step to aid the accurate patterning of the second layer [2]. In
the second approach, the “relaxed alignment technology,” a
uniquely coded chromium mask (which contains all lateral
pattern information) is used for all process steps in order to
avoid alignment errors [3].

With the e-beam based technology described here several
gratings, binary and multilevel, have been successfully fab-
ricated. In the following, three examples will be described
in detail.

3 High performance grating examples

The three different examples described in the following are
high performance diffraction gratings with special require-
ments on design and technology. At first, the special design
considerations and fabrication issues of a spectrometer grat-
ing for the space mission GAIA [4] is discussed. Secondly,
in Sect. 3.2, we report about the design and fabrication of
a reflection grating suppressing resonances by an optimized
reflector design, suitable for spectroscopic or laser applica-
tions. Finally, a three-level grating in the resonance domain
is discussed.

3.1 GAIA spectrometer grating

Specially tailored spectrometer gratings are required for
many earth-observations or scientific space missions. The
realization of such kinds of gratings is extremely demanding
because multiple requirements have to be satisfied simulta-
neously. In particular, critical parameters are the diffraction
efficiency and its polarization dependency, the wave-front
error introduced by the grating, stray-light performance, and
usability in a space environment. To achieve the optimal
performance of the grating, it is essential to include tech-
nological considerations and specifications already into the
design. We demonstrate this approach by the design and fab-
rication of the grating for the Radial-Velocity-Spectrometer
(RVS) of the GAIA-mission of the European Space Agency
(ESA). The corresponding instrument is dedicated to the
measurement of the star distances for objects located in our
home galaxy down to a relative brightness of m = 18 light
magnitude. The distance measurement is based on a char-
acterization of the red-shift of a calcium triple spectral line
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Table 1 Required optical parameters of the spectrometer grating for
the GAIA-Satellite of the ESA

Parameter Value

Grating period 3.15 µm

Wavelength range 847 nm . . .874 nm

Diffraction efficiency +1st order >70 % (>77 % goal)

Polarization sensitivity |ηTE−ηTM|
ηTE+ηTM

<7 %

Angle of incidence 4.5°

Wave-front error <5 nm (rms) on each
50 mm × 42 mm sub-aperture

Grating size 160 mm × 208 mm

group in the wavelength range λ = 847 . . .874 nm. In or-
der to achieve the desired sensitivity, there is a combination
of requirements to be fulfilled by the spectrometer grating,
which makes it an extremely demanding optical element. An
overview of the specification and requirements for the grat-
ing is given in Table 1.

Most of the requirements might be satisfied by gratings
realized by any standard technology if they are considered
alone, but their simultaneous implementation makes the fab-
rication extremely difficult. To achieve the blazing effect for
a quasinormal incidence configuration, a linear phase modu-
lation of the incident wave within one grating period is nec-
essary. It is well known that this can be achieved by blazed
gratings with a three-dimensional surface profile of the grat-
ing, i.e., a saw-tooth like structure or a stepwise approxima-
tion of it. However, the smaller the grating period, the more
difficult the fabrication of such a 3D-structure becomes. For
such small periods, typically the blazed profile can be ap-
proximated by a multilevel structure which can be fabricated
by multiple succeeding binary patterning steps. However, if
the alignment of the different lithography steps with respect
to each other is not perfect the resulting structure can ex-
hibit a considerable amount of stray-light, the diffraction ef-
ficiency is reduced, and also the quality of the transmitted
wave-front is disturbed. As a result, the requirements men-
tioned in the above table will not be achieved with this tech-
nology, especially not on the whole grating area.

An alternative approach for the realization of efficient
diffraction gratings is based on the modulation of the ef-
fective refractive index within the grating period by a binary
subwavelength structure. This method of realizing highly ef-
ficient diffraction gratings by an effective index blaze has
been experimentally demonstrated for instance by [5, 6].

The subwavelength features within the grating period are
not resolved by the incident light, which instead is expe-
riencing an effective refractive index averaged from the in-
dices ns and ne of the substrate material and the environment
(typically air), respectively. The particular effective index is
a nontrivial function of the local fill-factor and typically also
depends on the polarization of the light.

Fig. 3 GAIA spectrometer grating. (a) Optimized 1D effective
medium structure. (b) Calculated diffraction efficiency as a function
of the incidence angle for two orthogonal polarizations

From the technological point of view, the important ad-
vantage of this approach is the one step lithographic fabri-
cation of the structure. There is no need for multiple succes-
sive and precisely aligned lithography steps as they would
be required for the fabrication of multilevel profiles [1].

However, there is also a potential draw back of the ef-
fective index approach. The required aspect ratio, i.e., the
ratio of structure depth to smallest feature width, is typi-
cally very high in such structures, especially if the grating
is supposed to operate in the visible or near infrared spec-
tral region. Then the required structures quickly approach
the limits of the available fabrication technologies.

For the realization of the GAIA spectrometer grating, we
thus developed an approach for the relaxation of the fabri-
cation demands based on a combination of 1D and 2D sub-
wavelength structures within one grating period. This par-
ticular example shall be used for the comparison of the re-
laxation potential of the transition from a pure 1D binary
effective medium structure to a combination of 1D and 2D
subwavelength features.

In a first grating design, we optimized a pure 1D binary
blazed structure using a rigorous coupled wave algorithm
(RCWA). The resulting structure, made of 5 bars within one
grating period, is sketched in Fig. 3(a) together with a graph
showing the angular dependency of the diffraction efficiency
for TE- and TM-polarization at a wavelength of λ = 860 nm.

The required depth of the structure is h = 1.83 µm. As
can be seen from the sketch, the smallest lateral bar width
is 80 nm. Together with the required depth, this leads to
an aspect ratio (structure height/width) of approximately 23,
which is extremely difficult to fabricate.

In order to achieve a good homogeneity in the whole grat-
ing area, it is necessary to relax the demands on the fabri-
cation process especially by reducing the high aspect ratio
of the structures. We consider that for the optical function
what is actually important is the local effective refractive
index and this depends on the field overlap with the grat-
ing bars and grooves. Thus, the relevant parameter is the
local filling factor and its variation across the grating pe-
riod. Based on this idea, we extend the concept of the pure
1D grating structure to a 2D pattern. The smallest 1D bars
have been replaced with 2D pillars, generating an additional
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Fig. 4 GAIA spectrometer grating. (a) Optimized 1D–2D structure for
the binary effective medium grating. (b) Comparison of the calculated
diffraction efficiency of the two different grating types as a function of
the incidence angle for two orthogonal polarizations

periodic structure along the y-direction of the grating hav-
ing a sub-wavelength periodicity of py = 600 nm. Due to
the sub-wavelength periodicity of this additional pattern in
y-direction, it does not generate additional diffraction or-
ders in this direction. By keeping the local fill-factor almost
constant, this approach leads to 2D pillars instead of 1D bars
with a considerably larger lateral feature size, thus being less
demanding from a technological point of view. The result-
ing grating pattern is a combination of wide 1D bars and 2D
pillars.

This combined 1D–2D pattern has been again optimized
by a RCWA-algorithm with a constraint about the small-
est lateral feature size of 200 nm (see Fig. 4). The structure
depth of the optimized grating remains at about h = 1.8 µm.
Thus, the aspect ratio is reduced from 23 in the pure 1D
case to only 9 in the 1D–2D case leading to a much eas-
ier fabrication process. The optimized grating structure is
shown in Fig. 4(a) together with a comparison of the effi-
ciency performance of the two different grating types. It is
clearly to be seen that the efficiency performance is simi-
lar to the pure 1D-grating but the minimum feature sizes are
larger. The maximum theoretical efficiency for the incident
angle of 4.5° is approximately 85 % for both polarization
directions.

For the fabrication of the spectrometer grating, a com-
bination of lithography and reactive ion etching (RIE) pro-
cesses has been used as described in the Sect. 2 of this paper
(see Fig. 2).

Achieving a high and polarization independent diffrac-
tion efficiency strongly depends on the accurate realization
of the lateral features of the subwavelength pattern. If the
bar width deviates from the design values, the efficiency for
one of the polarization directions will increase or decrease.
Therefore, an extensive optimization of the fabrication tech-
nology was necessary. First, a number of different grating
designs were realized as gratings with a smaller size of only
30 mm × 30 mm in order to investigate how fabrication
tolerances affect the achievable optical performance. From
the different sample gratings, the most promising pattern
geometry has been chosen for the realization of a full-size

Fig. 5 GAIA spectrometer grating. (a) SEM-image of the fused silica
grating structure fabricated by electron-beam lithography and reactive
ion etching. (b) Photograph of the “Flight Model” of the grating

grating model. By including intermediate results from the
technology optimization into a redesign of the grating struc-
ture made it possible to further simplify the grating structure
without degrading the optical performance. As a result, the
final grating pattern has a sub-structure within one grating
period consisting of three 1D-bars and only one row of pil-
lars, as shown in the SEM picture of Fig. 5(a). Their lateral
feature sizes have been optimized in a close loop between
the achieved experimental results and theoretical calcula-
tions, which considered also additional fabrication effects
like the etch-depth dependence from the local groove width
(the so called RIE-lag). One of the full-size “Flight Model”
gratings fabricated at IOF is shown in Fig. 5(b).

For these gratings, specially polished 9′′ sized substrates
were used in order to obtain a wave-front error in the sub-
apertures below 5 nm (rms) and a polarization independent
diffraction efficiency above 80 %.

The measured efficiency, the polarization sensitivity, and
the wave-front accuracy shown in Fig. 6 fulfill all the re-
quired specifications.

3.2 Resonance-free reflection gratings

The second type of grating that we discuss in this paper
is an optimized reflection grating. Reflection gratings are
preferable in several applications compared to the transmis-
sion ones due to the reduced material interaction and addi-
tional freedom for the optical design. Especially, the combi-
nation of gratings and dielectric mirrors are promising due
to their low losses, and consequently high diffraction effi-
ciencies. Using such a setup, almost 100 % diffraction effi-
ciency can be achieved with a spectral bandwidth of several
10 nm or more and additional polarization-independency,
depending on the specific setup. However, such kinds of
multilayer dielectric gratings are challenged by the occur-
rence of guided mode resonances, which become noticeable
as singular drops in the diffraction efficiency (cf. Fig. 7(a)).

The physical origin of the observed resonance features in
the spectral response of the grating can be traced back to the
excitation of guided modes in the dielectric layer stack used
as reflector. Indeed, it is found that the coupling between the
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Fig. 6 GAIA spectrometer grating. (a) Average efficiency. (b) Polarization sensitivity. (c) Wave-front accuracy

Fig. 7 (a) Diffraction efficiency
for TE polarized light of a
standard grating with 800 nm
grating period and a regular
reflector stack of λ/4 layers.
The grating is illuminated at an
incidence angle of 40.07°
(Littrow angle for
λ = 1030 nm). (b) Effective
refractive indices (βi/k0)
calculated for the modes of the
stack-waveguide without
grating. The corresponding
excitation by the grating
predicts the observed
resonances. (c) Electrical field
profiles calculated for the
grating structure the resonant
wavelengths. The field profile
allows the common
classification of the involved
stack modes according to their
nodal structure

modes of the grating and the waveguide is weak. Therefore,
the resonant wavelengths can be predicted with high accu-
racy by the condition,

βi = kinc
x + m

2π

Λ
, (1)

where βi is a guided mode of the dielectric stack (without
grating), kinc

x is the wave vector of the incident wave paral-
lel to the interface, m is an integer labeling the diffraction
orders of the grating, and Λ the grating period.

If the primary goal is either to avoid the formation of res-
onances, reduce their number in a certain spectral interval
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Fig. 8 Construction of the
merit function. The averaged
Poynting-vector component
parallel to the interface is
compared to a heuristically
constructed gauge curve
enforcing an exponential decay
for the resonance-free case

Fig. 9 (a) Diffraction efficiency
for TE polarized light of a
standard grating (red curve &
design (b)) and a grating with
the resonances removed (green
curve & design (c)). Both
gratings have a period of
875 nm and are illuminated at
an incidence angle of 36.05°
(Littrow angle for
λ = 1030 nm). (d) FIB
Cross-section of a fabricated
reflection grating with aperiodic
reflector-stack. The platinum
layer visible on top of is needed
for the focused ion beam cut
process

or at least reduce their impact by quenching them below an
acceptable width, knowing the resonant wavelengths is not
enough. The only way to avoid resonances which can be
directly derived from the resonance condition (1) is a sig-
nificant reduction of the grating period, as suggested in [7].
However, such an approach is often found to be incompati-
ble with the application requirements.

We, therefore, analyzed the formation of such guided
mode resonances in dielectric reflection gratings in a little
more detail to find a criterion for their evaluation and rating,
such that this criterion can be directly used in the optimiza-
tion of the grating structure. In order to be useful for the
optimization, the rating criterion or merit function should
especially provide a reasonable spectral width for the de-
tection of resonances. For this reason, criteria based on the
diffraction efficiency have been turned down early since the
bandwidth of the resonances can vary quite drastically and
especially become extremely narrow. Instead, we focused on
the physical effects accompanying the formation of a reso-
nance, more precisely on the characteristic enhancement of
the electromagnetic fields (and derived quantities) inside the
dielectric stack (cf. Fig. 7(c)). Different criteria (fields, en-
ergy density, and pointing vector) have been investigated.

The most reliable way of identifying resonances has been
found by using a merit function based on the analysis of the
Poynting-vector inside the grating. It is based on the expec-
tation that outside of a resonance the fields and the point-
ing vector should decay from the grating bottom into the
stack. The merit function is constructed heuristically from
the pointing vector component parallel to the interface. Prac-
tically, the overshoot of the computed Poynting-vector with
respect to a parameterized exponential decay is measured
for the detection and evaluation of the resonance (cf. Fig. 8).
We tested this merit function successfully for the detection
of resonances. The detection bandwidth is found to be a least
one order of magnitude larger than the efficiency drop.

Using this merit function and going beyond the common
design of a simple dielectric reflector formed by stacked
double layers of λ/4 optical thicknesses, we exploit all
structural degrees of freedom by a combined optimization
of grating and layer stack. Indeed, the resonances can be re-
moved successfully using this approach as shown in Fig. 9.
In Fig. 9(b) and (c), the designs of a standard and resonance-
free dielectric reflection grating are shown, respectively.

The aperiodicity of the layer stack is fundamental for the
resonances elimination as it allows the tailoring of the stack
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Fig. 10 (a) Effective refractive
indices (βi/k0) and grating
excitation calculated for a
grating with a 875 nm period
and a regular reflector stack as
shown in Fig. 9(a). (b) As
above, for an optimized
aperiodic layer stack
suppressing the guided mode
resonances in the central
wavelength interval

modes. Figure 10 shows the stack modes of the gratings
structures in Fig. 9(b) and (c). It is obvious that the aperiod-
icity reduces the number excitable resonances by shifting the
stack modes appropriately. Thereby, the grating efficiency is
typically slightly reduced as can be seen in comparison of
the red and green curves in Fig. 9(a).

Several resonance-free gratings, with different periods
have been successfully fabricated by electron beam lithog-
raphy and RIE etching into a silicon dioxide layer deposited
on the top of the dielectric mirror layers. The FIB (Focused
Ion Beam) image of Fig. 9(c) shows the profile of one of the
fabricated grating profiles.

Such type of gratings having a period of p = 667 nm was
successfully adapted for the NIR-spectrometer grating for
the space mission Sentinel IV [8].

3.3 Highly efficient three level grating in resonance domain

The last grating presented here is a multilevel blazed grat-
ing working at normal incidence in resonance domain (small
period-to-wavelength ratio). In such configurations, blazed
gratings with a continuous profile as well as traditional mul-
tilevel gratings with equidistant phase levels show remark-
able efficiency losses due to the shadowing effect [9]. The

shadowing can be avoided using simple binary optical ele-
ments, but their single order efficiency at normal incidence is
below 50 % due to symmetry reasons. To achieve a high ef-
ficiency at normal incidence, it is possible to perform a para-
metric optimization of the width and height of the different
phase levels of a multilevel element [9]. We optimized the
profile for a three-level grating in fused silica working at λ =
633 nm at normal incidence operating at the interface from
substrate to air. The grating period p = 1.266 µm is two
times the operating wavelength (633 nm). The optimized
profile consists of an upper bar with a rather large height
(∼778 nm) and a small width (200 nm) and a lower bar
with moderate filling factor as well as aspect ratio (height
∼394 nm, width ∼580 nm). The high efficiency can be un-
derstood by a three-beam interference mechanism by con-
sidering the grating divided in two binary sub-gratings [2]
both acting as beam splitting elements.

The three different technological approaches [10] al-
ready described for multilevel element fabrication have been
tested for the fabrication of the grating in order to over-
come inaccuracies and artifacts in the profile. The results of
these fabrication tests have shown that all technologies are
appropriate, but for the profile accuracy the most suitable
approach is the “three-resist layer” technology.



796 U.D. Zeitner et al.

Fig. 11 Characterization of the grating. (a) Simulation and mea-
surement of the 1st order diffraction efficiency vs. incidence angle.
(b) AFM measurement of the three-level grating

In Fig. 11, the efficiency measurement and the AFM pro-
file of a grating fabricated with this technological approach
is shown. The measured diffraction efficiency of approxi-
mately 86 % at normal incidence is in very good agreement
with the simulation as shown in Fig. 11(a). The atomic force
microscopy measurement shows an almost perfect grating
profile without any artifacts (see Fig. 11(b)) revealing that
the proposed process is well suited for the fabrication of high
quality resonance domain gratings.

4 Conclusions

Modern electron-beam lithography offers the required high
accuracy, resolution, and especially a unique flexibility for
the realization of high performance microstructured opti-
cal elements such as gratings for spaceborne spectrome-
ters. Such applications often have a collection of extreme
demands on the efficiency, polarization dependency, wave-
front quality, stray-light level, and environmental conditions
on the gratings. In order to fulfill all requirements at the
same time novel grating concepts are necessary, which are

not accessible by alternative grating fabrication technolo-
gies. In the current paper, we reported about the realization
of three different types of gratings: (1) a binary-blazed trans-
mission grating based on a subwavelength effective refrac-
tive index pattern for the spectrometer of the GAIA-satellite,
(2) a resonance-free dielectric transmission grating for the
Earth observation mission Sentinel IV, and (3) a three-level
transmission grating in the resonance domain showing a
high efficiency at normal incidence.

All examples do exhibit different unconventional grating
features, which are hard to achieve by gratings realized by
ruling or interference lithography due to lag of flexibility in
shaping the grating profile with the required accuracy. These
examples demonstrate the huge potential of electron beam
lithography for the improvement of grating performance in
different directions.
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