High efficiency blazed gratings in resonance domain

Dissertation
zur Erlangung des akademischen Grades
Doktor-Ingenieur (Dr.-Ing.)

Friedrich-Schiller-Universität Jena

vorgelegt dem Rat der Physikalisch-Astronomischen Fakultät
der Friedrich-Schiller-Universität Jena
von M. Sc.-Engineer Maria Oliva
geboren am 09.01.1980 in Caltanissetta

Gutachter:

1. Prof. Dr. Andreas Tünnermann, Friedrich-Schiller-Universität Jena

2. Prof. Dr. Hartmut Bartelt, Friedrich-Schiller-Universität Jena

3. Prof. Dr. Toralf Scharf, Ecole Polytechnique Fédérale de Lausanne

Tag der Disputation: 04.12.2014

If you cannot explain it simply,
you do not understand it
well enough.
A.Einstein

Contents
Introduction
1 Blazed diffraction gratings
1.1 Diffraction gratings . . . . . . . . . . . . . . . . . . . . . . . .
1.2 Blazed diffraction gratings . . . . . . . . . . . . . . . . . . . .
1.2.1 Blazed diffraction gratings in scalar domain . . . . . .
1.2.2 Blazed diffraction gratings in resonance domain . . . .
1.2.2.1 Binary blazed gratings . . . . . . . . . . . . .
1.2.2.2 Parametrically optimized multilevel gratings
1.3 Fabrication technologies . . . . . . . . . . . . . . . . . . . . .
1.3.1 Continuous profile grating fabrication methods . . . .
1.3.2 Binary Optics Technology . . . . . . . . . . . . . . . .

1

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

3
3
5
5
9
9
13
14
14
15

2 Design and novel analysis concept of blazed gratings in resonance domain
2.1 Three-level grating (substrate to air) . . . . . . . . . . . . . . . . . . . .
2.1.1 Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.1.2 Physical model for the interpretation of the high efficiency . . . .
2.2 Effective-medium enhanced three-level grating (air to substrate) . . . . .
2.2.1 Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2.2 Modal analysis for the interpretation of the high efficiency . . . .

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

19
20
21
22
28
29
31

gratings
. . . . .
. . . . .
. . . . .
. . . . .

.
.
.
.

.
.
.
.

35
35
40
41
44

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

49
49
50
50
54
59
62
65
65
66
66
69
71

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

3 New technological approaches for the fabrication of multilevel blazed
3.1 Standard multistep-binary optics technology . . . . . . . . . . . . .
3.2 Three-resist Layer Technology . . . . . . . . . . . . . . . . . . . . .
3.3 Relaxed Alignment Technology . . . . . . . . . . . . . . . . . . . .
3.4 Atomic Layer Deposition (ALD) Enhanced Technology . . . . . . .
4

Grating fabrication results and discussion
4.1 General technological specifications for the grating fabrication
4.2 Three-level grating . . . . . . . . . . . . . . . . . . . . . . . .
4.2.1 Standard technology samples . . . . . . . . . . . . . .
4.2.2 Three-resist Layer Technology samples . . . . . . . . .
4.2.3 Relaxed Alignment Technology samples . . . . . . . .
4.2.4 Comparison of the three technologies and discussion .
4.3 Effective-medium enhanced three level grating . . . . . . . . .
4.3.1 Standard technology samples . . . . . . . . . . . . . .
4.3.2 ALD enhanced technology samples . . . . . . . . . . .
4.3.2.1 Normal incidence sample . . . . . . . . . . .
4.3.2.2 Close to normal incidence sample . . . . . . .
4.3.3 Results discussion . . . . . . . . . . . . . . . . . . . .

Conclusions

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

75

I

Bibliography

79

A Perfect blazed gratings in resonance domain

A-1

B Publications

B-3

C Acknowledgments

C-5

D Short Curriculum Vitae

D-7

E Ehrenwörtliche Erklärung

E-9

II

Introduction
"It is difficult to point to another single device that has brought more important experimental information to every field of science than the diffraction grating. The physicist, the astronomer, the chemist, the biologist,
the metallurgist, all use it as a routine tool of unsurpassed accuracy and
precision, as a detector of atomic species to determine the characteristics of heavenly bodies and the presence of atmospheres in the planets, to
study the structures of molecules and atoms, and to obtain a thousand and
one items of information without which modern science would be greatly
handicapped." [1].
This statement of Sir Harrison perfectly points out the importance of diffraction gratings and
it explains the reason why after almost 200 years from the first experiment of Joseph von
Fraunhofer [2], diffraction gratings are still an attractive research field. Nowadays, diffraction
gratings can be found in several industrial applications. For example, they are used as dispersing elements in spectrometers, beam-splitting elements, imaging system [3], pulse-compression
gratings for the manipulation of ultrashort laser pulses.
In the family of diffraction gratings, the blazed gratings have a key role for their property
to redirect the incident light highly efficient in only one diffraction order. Such gratings can
operate both in reflection and in transmission. Typically, transmission diffraction gratings are
preferred because of their higher flexibility in being used in different optical setups.
However, in resonance domain (i.e. grating period close to wavelength), where the highest dispersion of light can be achieved, the transmission blazed gratings are still not widely used. The
reason is because in the past the technology was not capable to fabricate such elements with
sufficient quality. In 1997 Lowen and Popov wrote "Transmission gratings are excluded from
high dispersion application...because of the impossibility to manufacture small period grating
(600gr/mm)1 ..." [4]; and also ten years later Gross still affirmed that the technology to manufacture such blazed structures was not available [5]. For these reasons, in many applications,
transmission gratings have been replaced by reflection ones (due the reduced depth required).
Furthermore, the most optical setups have been build up in Littrow or close to Littrow configuration2 in order to achieve the higher efficiency possible with binary gratings.
1
2

gr/mm: grooves/millimeter
In Littrow configuration the angle of the diffracted order coincides with the incidence one

1

In the last years, the improvements in resolution and accuracy of the lithographic technologies,
allow to reconsider such statements and to open the possibility to fabricate highly dispersive
transmission blazed gratings. The further development in this field is now based on a close
synergy between design and fabrication capabilities.

Aim and structure of this thesis
The scope of this work is to design and develop suitable fabrication technologies for high efficient
1D transmission blazed gratings in the resonance domain. The gratings have to work at normal
or close to normal incidence, additionally the area of the elements has to be large enough to be
used in industrial applications. The normal incidence is required in complex optical setups in
order to build up compact or easy-to use systems [6, 7].
Due to the industrial application purpose, the work is focused on monolithic fused silica transmission gratings. The choice of fused silica as grating material, is related to its good transmission properties in the visible spectral region and to the goal to fabricate gratings [8] with a
good homogeneity on relative large area (> 10mm2 ). Even if 15 years ago in [9] Lalanne wrote
that there was no way to fabricate binary blazed gratings in glass, nowadays the fused silica
microstructuring is actually a mature and reliable technology.
Furthermore, new kind of multilevel blazed structures can be optimized and fabricated by means
of technological approaches adapted to the peculiar grating profile.
This thesis is structured as follows:
In Chapter 1 the blazed gratings are introduced with emphasis on design and fabrication solutions for gratings working in resonance domain.
In Chapter 2, two grating configurations are analyzed. The optimized designs are discussed and
physical interpretation for the high diffraction efficiency performances are provided.
The Chapter 3 is dedicated to the technology for the fabrication of multilevel structures. The
standard approach with its limitations is first discussed, and new technological approaches are
proposed in order to over come such limitations.
In Chapter 4, the results of fabrication of both designed gratings by means of different technological approaches is presented and discussed.

2

1 Blazed diffraction gratings
The first chapter contains an overview about blazed transmission diffraction gratings.
The physical properties, the design concepts, and the available fabrication techniques are discussed, with emphasis on resonance domain.
The two main design options available in this domain are presented and discussed in more
detail, i.e. the binary blazed gratings and the multilevel gratings.
In the final part of the chapter, the technologies to fabricate such grating profiles in fused silica
are introduced.

1.1 Diffraction gratings
One of the most general definitions of a diffraction grating is given by Born and Wolf [10],
defining a diffraction grating as any arrangement which imposes a periodic variation of amplitude or phase, on an incident wave. Typically, however, this arrangement is periodic itself,
therefore, the common definition of a diffraction grating is that of a periodic optical structure,
which diffracts the light incident on its surface.
Each period of the grating can be considered as a source for the reflected and/or transmitted
light. The light scattered from each single source interferes constructively only in determinate
angular directions, depending exclusively on the illumination wavelength and period of the grating. This simple optical functionality gives to the diffraction grating its fundamental role in
Physics experimentation [11].
The optical structures belonging to this definition are very copious and heterogeneous. Their
classification is based on several criteria, according to geometry, material, efficiency behavior,
operating bandwidth, application, and fabrication method. A quite exhaustive classification of
gratings can be found in [4, 5, 12]; the classification includes classical grating types, as echelle
gratings or ruled gratings, and relative novel types, such as effective medium gratings [13–15].
This thesis, as already discussed in the introduction, is focused on 1D (fused-silica) surface relief
transmission gratings, consequently the discussion about diffraction gratings in this introduction chapter is focused on such kind of gratings. Considering, for example, the binary gratings
schematically shown in Fig. 1.1. The different directions θm , in which the incident light is
diffracted, namely diffraction orders, are for given illumination determined by the period of the
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Figure 1.1: 1D transmission-diffraction grating: light redistribution for a incidence angle θ=30◦ , normal
incidence. The figure is a schematic representation for a fused transmission grating. The period is 1 µm. The
grating is illuminated from air by λ= 650 nm . (For the clarity of the representation, the reflection orders are
not drawn.)

structure. For a one-dimensional grating, they can be calculated by the grating equation
sin(θm ) =

1
nmed

(−nsup sin(θ) + m

λ0
) ,
p

(Eq.1.1)

where m is the the diffraction order considered, nmed the refractive index of the propagation
medium, nsup the refractive index of the superstrat, λ0 the illumination wavelength in vacuum,
θ the incidence angle, and p the period of the grating, respectively.
The number of the diffraction orders, physically possible, is related to the ratio between the
illumination wavelength λ0 and period p, as easily derivable from Eq.1.1.
If the incident light is in air (n=1) and the diffraction orders are propagating in air as well, the
grating equation Eq.1.1 can be written as
λ0
) .
p

(Eq.1.2)

.

(Eq.1.3)

sin(θm ) = (−sin(θ) + m
In case of normal incidence, the equation becomes
sin(θm ) = m

λ0
p

If the angle of the diffracted order coincides with the incidence one (θ=θm ), in the so called
Littrow configuration, the grating equation Eq.1.1, can be written as
2sin(θL ) = (m

λ0
) ,
p

(Eq.1.4)

and θL is the Littrow angle for the mth diffraction order.
The Littrow configuration is well known and used in several optical setups, because binary
gratings achieve an extremum of the efficiency in this mounting, due to a symmetry condition
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[16]. The efficiency, i.e. the redistribution of the energy of the incident light between the
diffraction orders can be calculated by scalar or rigorous diffraction theory [5, 17], depending
on the dimensions of the diffractive structure with respect to the wavelength. The diffraction
efficiency is related to the profile of the grating [18–20].

1.2 Blazed diffraction gratings
A blazed grating is a diffraction grating, which through its profile can efficiently redirect the
incident light into only one single diffraction order. The direction of this order is called blazing
direction. The blazed order can be a low or high diffraction order, but, if not differently specified, it is referred to the first order. Traditionally, the typical profile associated with a blazed
grating is a sawtooth-shaped profile with a linear slope within the grating period.
The ratio between the grating period p and the illuminating wavelength λ determines the domain, scalar or resonance, where the grating is working and influences the optimal structure
profile. The structure profiles are designed and optimized to redirect the light for a specific
wavelength usually in the blazing direction with the highest achievable efficiency. In resonance
domain, i.e. for ratio λ/p ≤ 10, rigorous methods are required for the calculation of the efficiency.
Also for blazed gratings, the efficiency depends on the grating profile [21]. In theory, a properly
designed surface relief phase grating (i.e. a linear sawtooth profile with the appropriate depth)
can achieve in the scalar domain 100% efficiency in the first diffraction order [22]. In the resonance domain, the sawtooth profile grating is not the most efficient solution, but other kind of
structures can accomplish the blazing effects, as for example, the lamellar gratings [23].
In the following sections, the scalar and resonance domain and the respective grating design
solutions for maximizing the diffraction efficiency are discussed.

1.2.1 Blazed diffraction gratings in scalar domain
The domain where the scalar theory of diffraction [10] is valid, is called scalar domain. This
required, in general that the lateral dimensions of the optical component under considerations
are much larger than the operating wavelength. The fundamental assumption on which the
scalar approximation is based is that the light vectorial field components do not interacts and
mix each others, and thus it is sufficient for the light-structure interaction to consider one scalar
field component only. Consequently, the polarization effects can be neglected for the calculation
of the efficiency.
Following this assumption, in the scalar domain, the far field distribution of an incident plane
wave on a grating is given by the Fourier transform of the transmittance function of the grating
itself [22].

6
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The transmittance function characterizes a grating, containing information about its profile
and period. It describes how the optical component modifies the amplitude and the phase of
a wavefront propagating through the component and can be approximated by the TEA (thin
element approximation).
As example, the simplest case to analyse, among the blazed element family, is a linear sawtooth
blazed grating with period p and depth d, as schematically shown in Fig. 1.2.

z

x

d
n

p

Figure 1.2: Linear blazed grating profile: p is the period, d the depth and n the refractive index of the
structure, respectively.

For this linear blazed profile, the transmittance function in the usual Fourier Optics complex
notations [17], can be expressed as
t(x) = exp(i2πβx)rect

x
x
∗ comb
p
p

,

(Eq.1.5)

with β = (n − 1)d/λp.
The efficiency for the mth diffraction order, has been calculated by Swanson [22], as:
ηm



m
= sinc (πp(β − ))
p
2



(Eq.1.6)

sin(πx)
πx .
The maximum blazing efficiency for a grating operating in the first diffraction order is obtained
with sinc(x) =

for a phase accumulation through the grating of 2π, and the corresponding depth is
d=

λ
(n − 1)

.

(Eq.1.7)

Theoretically, the blazed diffraction efficiency of a linear sawtooth grating can reach 100% in
transmission; in practice, considering the Fresnel losses at the interface air-grating, in case of
glass, this maximum efficiency achievable is reduced by approx. 4%.
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a)

7

scalar limit

c)

p'
d

b)

p
scalar limit

Figure 1.3: Linear sawtooth blazed grating. Blazed efficiency vs. period/lambda : a) and b) with incident
light incoming through substrate and from air, respectively. The simulations for both linear polarization state
of the light are shown, Tranverse Electric (TE) and Transverse Magnetic (TM) mode, respectively (in resonance
domain the achieved efficiency is different for the two polarizations); c) Schematic view of the shadowing effect.
The effective grating period is reduced to p’.

However, in reality the achieved efficiency of such a linear blazed profile decreases with decreasing period over wavelength ratio, as shown in the Fig. 1.3 a), b), with a substantial drop in the
resonance domain (especially for ratio λ/p < 3).
An explanation of such a behavior based on simple ray-optical considerations, consists in the
so called shadowing effect [24]. As shown in Fig.1.3 c), there is an area of the blazed profile
which does not contribute to the re-direction of the incident light. This area, the shadowing
zone, can be geometrically calculated by ray tracing consideration of the propagation through
the grating [24].
For smaller periods, the light shadowing zone becomes more significant for the diffraction performance of the grating, and it cannot be neglected as in case of larger periods. The shadowing
effect has also been rigorously calculated by Sandfuchs for the resonance [25] and intermediate
regime [26].
Furthermore, the efficiency is usually also reduced by inaccuracies in the fabricated continuous
profiles, related to the manufacturing methods (presented in section 1.3) [20, 27]. An alternative
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to the continuous profile blazed grating is the multilevel blazed grating [22, 24], which consist
in a stepwise approximation of the linear sawtooth profile. The linear continuous profile is
approximated by discrete steps, as shown in Fig. 1.4 resulting in a multilevel structure.

=100%

=81.1%

=94.9%

=98.7%

d
p

N=4

N=8

N=16

Figure 1.4: Multistep approximation of a linear blazed grating. Continuous profile approximation with different
number of levels N and achievable efficiency.

If N is the number of levels which approximate the structure, each level has a width equal to
wN =p/N and a depth dN =d/N-1, where p and d are the period and the total depth of the
continuous grating profile, respectively.
The diffraction efficiency can be calculated assuming that the transmittance function is obtaining as summation of the transmittance of the single levels [24].
The diffraction efficiency of the first order is given by:
h
π i
η1N = sinc2 ( ) ∗ η1
N

.

(Eq.1.8)

The higher the number of levels, the higher the achieved efficiency. With a 4-level approximation
the achieved efficiency is about 81%, but with a 16-level profile the efficiency is already close
to 99% (ignoring the Fresnel-loss at grating-air interface).
In general, the scalar diffraction theory is accurate with an error ǫ < 5% when the grating
period is greater than 20 ∗ λ. It can be extended by an approach, introduced by Swanson [24],
called Extended Scalar theory, taking into account the p/λ diffraction efficiency dependency. An
additional hybrid model which combines fully vectorial and scalar theories has been presented
in [28] for gratings working in the intermediate region (5 < p/λ < 20). Rigorous calculation of
the Maxwell’s equations are required in the resonance domain (p/λ ≤ 5).

1.2 Blazed diffraction gratings
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1.2.2 Blazed diffraction gratings in resonance domain
The resonance domain is defined as the region where the transverse dimension of the grating, i.e.
period and lateral feature size, are comparable to the illuminating wavelength. In this region,
the simplifications of scalar diffraction theory are not valid, and the rigorous electromagnetic
theory must be used to calculate the diffraction behavior of the optical elements [29].
Several numerical methods for the analysis of resonance domain gratings are available, but
the two most frequently used approaches are the rigorous coupled-wave analysis (RCWA) and
the modal method (MM) approach. Both approaches do not employ approximations and their
results are equivalent [30].
The calculations of diffraction efficiency presented in this work are based on the RCWA method.
In particular the calculations have been implemented using the numerical methods proposed
by Moharam [31] and Li [32, 33].
In the previous paragraph, it has been mentioned that the standard linear blazed grating profile
achieves low efficiency in the resonance domain. Different grating designs have been proposed in
order to achieve higher efficiency in the first diffraction order. The most successful and flexible
solutions, i.e. binary blazed gratings and the parametrically optimized multilevel gratings are
discussed in the following.
For a special incidence angle, the Bragg-angle (i.e. Littrow angle) or close to Bragg-angle, also
in resonance domain optimized continuous or trapezoidal profiles achieve high efficiencies [34,
35].
1.2.2.1 Binary blazed gratings
An alternative approach for the achievement of a blazing function consists in the generation
of a so called effective-medium index structure [36, 37].In this case the modulation of the
refractive index inside a period is not related to the variation of the depth of the structure, but
is artificially synthesized through sub-wavelength structures inside the grating period [38]. The
structure profile is calculated using the effective medium theory [39].
The artificial synthesis of the refractive index can be achieved by different design concepts, that
lead to different kind of grating geometries, as it will be discussed in the following paragraphs.
Effective-medium binary gratings
The classical approach for the synthesis of such binary gratings has been suggested by Lalanne
[9] and Haidner [40, 41]. The grating period is first sampled in sub-period intervals. The subperiodicity of the grating is chosen in order to have only non-propagating evanescent orders.
Each sub-period contains a sub-wavelength structure characterized by a specific width. The
depth is the same for each sub-period. The duty cycle for each sub-period is determined in order
that the incident light experiences the same phase accumulation of the corresponding point of
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a standard sawtooth blazed grating (see Fig. 1.5).

n2

d

sp

n1

p

d
p

n1

Figure 1.5: Effective-medium binary blazed grating. The grating period p is divided into sub-periods Sp . For
sake of clarity a standard blazed sawtooth grating with the same period is drawn. n1 and n2 are the respective
refractive indices, here n2 > n1 .

The diffraction behavior of the binary blazed gratings is very interesting in resonance domain
because the rectangular shape of the groove exhibits no shadowing effect, resulting in very high
efficiency achievable [3, 42, 43]. The high blazed efficiency has been explained by wave guiding
effects of the incident light through the sub-wavelength features by Lalanne [44].
The binary blazed gratings, as 1D (ridge) or 2D (pillar) structures, have been manufactured in
high index materials, in order to reduce the required depth [45]. The achieved efficiency is high
in comparison with the standard continuous blazed profile and they show better performance
over the incidence angle [45] and incidence wavelength [46].
The achievable efficiency can be maximized by parametric optimization of the structure width
of each sub-period, as suggested in [47–49]. Furthermore, the synthesis of a continuous blazing
phase through simple binary structures could be a successful approach in order to achieve high
efficiency also in the scalar domain, as it has been theoretically proven in [50]. Additionally, the
technological effort of the fabrication of a binary grating is reduced with respect to multilevel
profiles, as it will be discussed in the section 1.3.2.
However, typically binary blazed gratings exhibit aspect ratio (AR) structures, i.e. the ratio
of depth to lateral feature size, considerably larger than 5. Thus, this approach becomes no
longer suitable when the illumination wavelength is so short that the minimum feature size of
the subwavelength structures is below the technological capabilities of the fabrication process.
For structure geometries close to the technology capabilities, it is not possible to avoid efficiency
losses due to fabrication deficiencies resulting in unwanted propagating diffraction orders within
the grating [51].

1.2 Blazed diffraction gratings
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Area-coded effective medium structures
An alternative design solution can be found in the so-called area-coded effective medium structures (ACES), proposed by Kleemann at al. in [52]. The basic idea consists in the use of large
contiguous structures, instead of thin ridges as in 1D binary gratings or thin pillars as in 2D
binary gratings. The structure geometry depends on the optical function. In case of blazed
structures, the ACES is specifically called BLACES (a schematic view of a BLACES grating
is shown in Fig. 1.6). Such kind of design approach avoids the challenging fabrication of high
aspect ratio structures. In fact, the 2D grating structures are continuous planar periodic structures; they are characterized by an additional sub-wavelength periodicity w in the transverse
direction of the grating.

d
p
d

w

p

Figure 1.6: Example of a BLACES structure. Grating period p, transverse period w. For sake of clarity a
standard blazed sawtooth grating with the same period is drawn.

Considering the conventional direction of the grating, the ACES acts as a ordinary 1D diffraction grating, where the required phase variation is obtained by the local variation of the fill
factor of the transversely encoded structure. The depth is consequently not varying within the
grating period, therefore a single-step lithographic process can be used to manufacture these
area coded structures.
In literature experimental results obtained with BLACES structures are reported in [53], but
the efficiencies achieved are not very high (74%). The fabrication of such kind of structure in
fused silica has not been very successful because of the sharp tip of the triangular profile.
It is worth to note that despite the promising theoretical results, the effective-medium binary
blazed gratings, based on sub-periods, and the BLACES have not yet been used in any large
area grating for real applications. The reason probably lies on the difficulty inherent to the
lithographic process, or transferring the etching technology of high index materials to larger
area.
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1 Blazed diffraction gratings

Parametrically optimized binary gratings
The parametrically optimized binary gratings are the successful alternative approach for large
area gratings. This approach, especially developed for fused silica structures, avoids the subperiodicity within a grating period, and it consists in the simple parametric optimization of
ridges (1D) [54] or pillars (2D), or a combination of both [55].
Despite the larger grating depth due to the comparable low refractive index of fused silica, this
approach relaxes the critical dimension of the sub-wavelength structures, because the number of
pillars/ridges is not imposed by the sub-periodicity of the grating as in the Lalanne approach,
but it can be decided in view of the technological capabilities.
The smaller the grating period is, the smaller the number of sub-wavelength structures will be.
Furthermore, the optimization can already take into account the fabrication constrains [56], not
allowing extremely fine structure widths. The possibility to combine 1D and 2D features in the
same grating increases the design flexibility.

d

n

p

d
p

n

Figure 1.7: Parametrically optimized binary gratings. Schematic view of a three-ridges blazed binary grating.
For sake of clarity a standard blazed sawtooth grating with the same period is drawn. n is the refractive index.

The high efficiencies achieved by such kind of binary gratings can be explained by the analysis
of the propagation of the light through the structure based on the Floquet-Bloch theory [57].
In fact, high efficiencies are achieved only if the number of propagating Bloch-modes inside the
grating structure is small and well adapted to transform the input field into the desired output
field [47, 58].
Such binary gratings have been manufactured on large areas in fused silica and the optical
performances achieved enable the use in space applications [59].
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The parametrically optimized fused silica binary gratings are a valid alternative solution to
accomplish the blazing function in resonance domain. Nevertheless, there is a limit in the use
of such gratings: the maximum efficiency cannot be achieved for arbitrary incidence angles, but
only close to the Littrow angle, due to the approximate symmetry of the binary profile [16, 45].
1.2.2.2 Parametrically optimized multilevel gratings
Another option to achieve high efficiency for blazed gratings in resonance domain has been
proposed by Noponen in [60], and it is based on the parametric optimization of multilevel
structures [61–63].
The idea is to add degrees of freedom in the optimization of each level of the grating. In the
standard multilevel approximation of scalar blazed grating, the levels have all the same width
and the same depth. Noponen suggested instead to optimize the width and the depth of each
single level. By means of such parametric optimization, the achieved efficiency is comparable
to the efficiency obtained in the scalar domain.

=70%

d

=32%

=67%

I

II

=84%

III

p

Figure 1.8: Multilevel blazed gratings: standard (I) and parametrically optimized 4-level profiles (II, III). The
period of grating is p= 4*λ, normal incidence condition through the substrate. Fabrication constrains (minimum
feature size >100 nm) have been taken into account during the optimization. In the grating II only the width
of the levels are optimized, in grating III both width and depth.

Furthermore, the high efficiency is not related to the higher number of levels, as in the scalar
domain. In resonance domain, actually an optimized three-level grating is sufficient to achieve
high efficiency (>90%). This simplifies the technological effort for the fabrication of multilevel
profiles in resonance domain, especially for applications in the UV-VIS1 spectral region, where
the lateral feature size becomes very demanding. Furthermore, it is possible to optimize the
grating profile for each arbitrary incidence angle. This property is fundamental for normal
incidence grating applications.
As example, in Fig. 1.8 a comparison between classical and optimized four-level gratings in
1

UV: ultraviolet; VIS: visible
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resonance domain is shown. The period is p = 4 ∗ λ, the light is coming through the substrate
at normal incidence. The efficiency of the optimized grating is more then 2x higher with respect
to the equidistant multilevel approximation of the linear profile.

1.3 Fabrication technologies
The technologies for the fabrication of blazed gratings are diverse and of different kind [20].
In general it is possible to distinguish between mechanical and lithographic methods. Both
methods can be used to fabricate the grating in itself, or a master for replication processes.
The choice of the appropriate technique depends on the profile (continuous, multilevel, binary),
period, lateral feature size, and material of the blazed grating [64].

1.3.1 Continuous profile grating fabrication methods
Direct machining techniques
The traditional mechanical methods include mechanical ruling and diamond turning, but also
the more recent technique of FIB (Focused Ion Beam) milling [65] is considered as direct machining method. The main characteristic of such techniques is that the optical microstructures
are directly fabricated through the removal of the optical material.
In particular, the mechanical ruling uses a sharp stylus tip to remove the material in a well
controlled way, allowing the fabrication of high quality gratings [66]. But the profile smoothness
is limited by the finite size of the tip.
Another direct technique traditionally used for the diffractive optic fabrication, is Single-Point
Diamond Turning (SPDT) [67]. In this method, a diamond tip is brought in contact with a
rotating substrate. Also in this case, the quality of the grating profile is limited by the shape
of the diamond tip, and additionally the technique works best for radially symmetric pattern.
Other techniques, considered as direct machining, are FIB milling and laser ablation [68, 69].
These techniques can be used for arbitrary pattern generation. Nevertheless, they are not suited
for large area elements due to the slowness of the process.
Lithographic techniques
The lithographic techniques commonly used for the fabrication of blazed gratings include direct
writing, interferometric exposure, and half-tone mask lithography. Differently from the direct
machining techniques, by lithographic processes the grating geometry is first transferred into
photo- or e-beam sensitive material (resist). The developed pattern is then transferred into the
substrate through an etching step, that can be a dry process (RIE, IBE, Reactive Ion and Ion
Beam etching) [70] or a wet etching process [71].
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The direct writing consists in the exposure of the continuous profile into the resist by modulating the intensity of the exposure source. The intensity is varied in order to achieve the right
local depth of the structure in resist (after the chemical development process). The source for
the exposure of diffractive components can be e-beam [72–75] or laser [76, 77]. The two direct
writing techniques achieve of course different resolution. Typically, the laser writing is used
for optical elements working in scalar domain, and the e-beam for resonance domain gratings,
where high resolution is essential.
But also in scalar domain, the optical performances of blazed gratings fabricated by means of
laser direct writing are reduced by fabrication artifacts due to the limited resolution (i.e. finite
laser spot-size).
Another well-established technique for the fabrication of blazed gratings is the interference
lithography. It allows to fabricate especially sinusoidal or sawtooth profiles. Here, the resist
is exposed by a stationary interference fringe pattern generated by coherent wave fronts. This
technique is used also for elements working in resonance domain [78]. It can also be considered
as direct writing because no mask is used for the lithographic exposure of the pattern geometry.
A further lithographic method for the fabrication of diffractive optics is the half-tone lithography. In this approach, the continuous grating profile is generated by the resist exposure
through a lithographic mask with a spatially varying transmission profile, usually called half
(or gray)-tone mask. The quality of the grating depends on the quality of the half-tone mask.
This approach allows to generate continuous profiles as in the direct writing, but it is faster
because it works parallel on large areas.
Another approach that allows to fabricate diffractive gratings at wafer level has been adapted
from the microelectronic industry and is called Binary Optics approach [79–81]. This fabrication
method allows to fabricate binary structures and multilevel profile by a multistep approach.
The following paragraphs are dedicated in particular to the Binary Optics technology, because
it is the core technology used in this work.

1.3.2 Binary Optics Technology
Binary Optics technology is an approach devoted to the fabrication of multilevel grating profiles. It is based on planar lithographic techniques for the fabrication of integrated circuits
in microelectronics. Binary Optics is actually a technology adapted from the semiconductor
industry to the fabrication of micro-optical elements [79, 82].
By the use of this lithographic technique, it is possible to realize optical elements with large dimensions but characterized by binary sub-micron features. This approach has been successfully
used already in the 1970s [83, 84] for the fabrication of thin film lenses in the scalar domain;
and later for the manufacturing of optical elements working in regions close to the resonance
domain [79, 85, 86].
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The fabrication technique is based on consecutive repetition of the planar binary lithographic
steps. The multilevel profile actually can be ideally considered as a superimposition of several
binary structures. The number of the binary lithographic steps required depends on the number
of levels of the grating. With M binary fabrication steps, it is possible manufacture a N=2M
level structure; but with only M independent level heights.
For the singular binary lithographic step, the fabrication process starts with the exposure of
the binary geometry pattern into the resist. The binary lithographic process can be direct, by
using laser or e-beam source [87], or carried out by photo-lithography using a photo-mask.
The binary resist pattern has to be transferred into the grating material in the final phase of
the overall process.
The grating material depends on the kind of application and on the wavelength the grating is
designed for and it also influences the details of the fabrication process.
In the Fig. 1.9 the fabrication flow for a binary fused silica grating is schematically illustrated,
as example to explain the fabrication process. The choice of a fused silica grating is related to
the subject of this thesis.
A fused silica substrate is first coated with a chromium layer, on the top of which an e-beam
resist layer is deposited (see Fig. 1.9(I)). The resist layer is tempered, and afterwards lithographically exposed. The exposed resist is then developed, resulting in a binary profile (see
Fig. 1.9(II)). The resist pattern is then used as a mask to transfer the binary geometry into
the chromium layer through a RIE (Reactive Ion Etching) process [88] (see Fig. 1.9(III)). The
resist is then removed from the top of the chromium structures (see Fig. 1.9(IV)). The patterned chromium layer (see Fig. 1.9(V)) acts as a hard mask to transfer the geometry into
the substrate material [89]. After removing the chromium layer (see Fig. 1.9(VI)), the binary
grating profile is present in fused silica.
To obtain a multilevel profile, the binary lithographic process has to be repeated on the top of
the already microstructured substrate. In the Fig. 1.10, the fabrication process for a four-level
fused silica grating is schematically illustrated. Only two binary lithographic steps are required.
Each single fabrication step is carried out in the same way as previously described, but precise
alignment between the different binary layers is additionally required in order to avoid fabrication artifacts in the grating profile [90]. Especially, in the resonance domain, such artifacts can
affect the optical performances of the grating dramatically, because their dimensions become
comparable to the features size and they cannot be neglected. A detailed discussion about this
is provided in chapter 3.
In general, the described Binary Optics fabrication process can be also used for the fabrication
of gratings in other different materials. The process flow needs to be adapted, for example
by skipping some steps in case of polymer optics where the exposure and development of the
polymer are the only necessary steps; or a different material (instead of chromium) will be used
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Lithographic exposure

Substrate with
chromium and resist layer
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Exposed resist development

Structures in resist
II

Chromium mask etching

III

Resist mask removing

Structures in chromium
IV

Fused silica etching

V

Chromium mask removing

Structures in fused silica

Resist

VI

Chromium
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Figure 1.9: Binary Optics Technology: fused silica binary grating fabrication flow scheme.

as a mask to transfer the geometry into the substrate.
The limits of the binary optics technology are in fact not due exclusively to the misalignment
between diverse binary exposures, but also to the resolution achievable in the exposed material
and to the etch selectivity between mask and substrate. The first factor limits the minimum
achievable lateral feature size, the second factor the achievable aspect ratio (AR) of the grating.
The problems related in particular to the etching of high AR structures in fused silica, will be
discussed in detail in chapter 3.
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First binary level

Second binary level
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Binary structures in resist

Chromium mask etching
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Figure 1.10: Binary Optics Technology: four-level fused silica grating fabrication flow scheme.

Chapter summary
In this first chapter, a brief introduction about blazed transmission gratings has been presented.
The efficiency behavior of the classical sawtooth profile (echelette) has been analyzed in scalar
and resonance domain.
In particular, in the resonance domain, the binary gratings and the parametric multilevel gratings have been discussed as alternatives to achieve high efficiency.
The technologies for the fabrication of the blazed gratings have been discussed, with particular
emphasis on the binary optics technology.

2 Design and novel analysis concept of
blazed gratings in resonance domain

In this chapter the design of two fused silica blazed multilevel gratings operating in resonance
domain is presented. Both gratings are optimized for visible light at normal incidence. In
particular, a three-level grating is proposed as a high efficiency solution for the case of light
incident through the substrate [91]; as well as a so-called effective medium enhanced three-level
grating, as a solution for the light incident from air [92].
The optimized designs and tolerance analysis are discussed. Physical interpretation of the
high efficiencies are provided for both gratings. The interpretation is based on a three beam
interferences mechanism for the three-level grating and on the modal analysis for the effective
medium enhanced three-level grating.

High dispersive blazed gratings in resonance domain
The aim of this research work is the design and fabrication of high efficient monolithic fused
silica blazed gratings, working at normal incidence in resonance domain for visible wavelengths.
The choice of fused silica as material for the diffractive structures is related to the operation
wavelength and technological constrains for large area gratings. The comparable low refractive
index of fused silica restricts the design options in resonance domain to the parametrically optimized binary and multilevel gratings, as discussed in the section 1.2.2. The normal incidence,
as the condition to optimize the blazing efficiency, penalizes the binary gratings because of their
symmetry. However, the parametrically optimized multilevel gratings theoretically can fulfill
all specifications.
For the optimization the fabrication constraints have to be taken into account, and this can lead
to different grating profiles. As a consequence, the optimum grating profile is a compromise
between design specification and fabrication capabilities.
In the following paragraphs, the two different optimum solutions for the two directions of the
incident light are discussed.

19

20

2 Design and novel analysis concept of blazed gratings in resonance domain

2.1 Three-level grating (substrate to air)
The first blazed grating considered in this work is a fused silica grating with a period p= 1.266
µm, illuminated through the substrate at normal incidence with a λ= 633 nm TE polarized
light. The ratio between period and wavelength is two, consequently the grating is working in
the region of the resonance domain that exhibits the minimal efficiency for the linear blazed
gratings, as shown in Fig. 1.3.
Here, different kinds of gratings have been optimized for the maximum efficiency at normal
incidence. The optimized gratings have been compared to find a design that can be successfully
fabricated. The optimization has taken into account the actual limits of the technology available
at the Fraunhofer-IOF [93] in Jena. The minimum width for a level has been set to 100 nm,
and its aspect ratio (AR) is not allowed to be larger than 10. Such technological limitations,
together with the small period (1.266 µm), restrict the range of binary fabricable structures to
two-ridges gratings. For the multilevel gratings, three or four levels are enough to achieve high
efficiency in resonance domain, as suggested by Noponen [60].

Binary
tworidges
threelevel

1.266 µm
633 nm

fourlevel

Figure 2.1: First order efficiency of different kinds of optimized fused silica gratings versus the incidence angle;
normal incidence optimization for three-level, four-level as well as two-ridges binary grating; one-ridge binary
grating is optimized for the Littrow angle; λ= 633 nm, TE polarization, p= 1.266 µm.

The results of the optimizations are presented in Fig. 2.1. As shown, the simple binary element
achieves really high efficiency exclusively at Littrow angle (≈ 9◦ ), while at normal incidence the
efficiency drop to ≈ 50%. At normal incidence also a two-ridges binary grating achieves only
a modest efficiency of 74%. In contrast, both optimized multilevel structures reach efficiencies
close to 90%. The technological effort to realize a three or a four-level grating is similar,
because two lithographic steps are needed. Nevertheless, the optimized three-level grating is
characterized by wider lateral dimensions with respect to the optimized four level element. The
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three level design, therefore, is considered more practical from a technological point of view.

2.1.1 Design
The three-level blazed grating has been optimized as suggested by Noponen [60], by means of
free optimization of width and depth of each level.
As expected by the parametric optimization, the result is a non-linear step height and width
variation within the period.

a)

b)
TE-pol.

w1=200 nm

h1=778 nm

w2=580 nm
h2=394 nm
period=1.266 µm

c)

[%]

Figure 2.2: Optimized three level grating. a) Sketch in scale of the structure with the geometrical parameters
values; b) Diffraction efficiency η vs. incidence angle; c) Fabrication tolerance analysis versus depths and widths
of the levels. The dots indicate the geometrical parameters selected for the fabrication. The chosen values for
widths w1 and w2 are a technological compromise between the two bar widths.

A schematic view of the designed three-level grating is provided in Fig. 2.2 a). The upper-level
bar is significantly narrower (w1 = 200 nm, h1 = 778 nm) and deeper compared to the lowerlevel bar (w2 = 580 nm, h2 = 394 nm). The minimum feature size (200 nm) together with its
relatively low aspect ratio (AR∼
=4) are not critical from a technological point of view.
As shown in Fig. 2.2 b), the optimized three-level structure can achieve a very high diffraction
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efficiency, close to 90% for the first order at normal incidence.
The fabrication tolerance analysis of Fig. 2.2 c) shows a quite tolerant design. Nevertheless, it
is more sensitive to depth than to width variations of the individual phase levels. In particular,
to the concurrently decrement of the level depth h1 and h2 , i.e. a variation of 20 nm in the
levels depths cause a 5% loss in the achievable efficiency. The same efficiency loss occurs for
variations of the width w1 and w2 larger than 80 nm.
Furthermore, the grating, optimized for 633 nm wavelength, achieves efficiencies larger than
70% in a quite large bandwidth (550-890 nm) for TE polarizations as shown Fig. 2.3 a). For
the designated operation point (i.e. normal incidence, λ= 633 nm) even the TM polarization
exhibits a quite high efficiency of about 74% (see Fig. 2.3 b)).

a)

b)

Figure 2.3: First order diffraction efficiency for TE and TM polarization. a) vs. wavelength; b) vs. incidence
angle.

2.1.2 Physical model for the interpretation of the high efficiency
The achieved efficiency of about 90% is considerably high, especially if compared with a classical
sawtooth blazed grating design. The high efficiency for parametric optimized multilevel gratings has been predicted by Noponen [60], but no physical interpretation of the high efficiency
has been provided.
A physical model, valid for the interpretation of the high efficiency for all kind of multilevel
gratings in resonance domain, probably does not exist, or the interpretation is not so straightforward. Nevertheless it is possible to find a specific model that will help to physically understand
the high efficiency for a specific grating profile.
For the three-level grating, discussed in this work, the reason for such a large efficiency improvement is strictly correlated to the particular structure profile, characterized by a small width
upper bar. It can be physically explained by means of an three- wave interference mechanism.
This model is valid for a three-level grating that diffracts the light mainly in only three propa-
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gating diffraction orders.
The interpretation is based on the virtual decomposition of the three-level grating structure
into two binary sub-structures: a lower binary grating I and a second individual binary grating
II, actually consisting of the bottom and the upper level of the original three-level grating,
respectively, as schematically shown in Fig. 2.4.

EII0

destructive

EII1

EII-1

destructive

constructive

superstrate:
air

EI-1 EI0

Grating II

EI 1
Grating I

Ei

"z

substrate

detour
phase =2! "z/#
Figure 2.4: Illustration of the three-wave model for explaining the grating effect by means of two consecutive
beam-splitting mechanisms.

For the sake of simplicity, the upper grating bar is assumed fully surrounded by air, i.e., as
assumption, an infinitesimal air gap divides the upper and lower grating structure. In principle,
such an assumption is not needed for the validity of the interpretation, but it makes the treatment easier and provides a clearer picture of the situation. Firstly, this way, one has only to deal
with two kinds of one-bar-gratings, i.e. even with such trivial, most easiest types of gratings one
can give a sufficient interpretation. Secondly, the upper grating exhibit an additional mirror
symmetry (entrance and exit space are supposed to be air) which evokes simpler transmission
matrices. Of course, this assumption implies that the transition to the upper level is treated
incorrectly. But it will work well for a small width of the upper bar.
Both sub-gratings are then regarded as individual beam-splitting elements. The lower binary
grating splits the incoming light into the three main transmission orders (-1, 0, +1) (as illustrated in Fig. 2.4). The second beam splitter mixes these three fields to create the final output
waves.
To reach high efficiency in the blazing direction of the minus first diffraction order, the resulting
interference of the three contributions has to be constructive for this order, and destructive for
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the remaining two orders. The conditions required to obtain the desired interference can be
mathematically derived, as shown in the following.
Considering the bottom level grating of Fig. 2.4, it works as simple beam splitter element. The
normal incidence incoming light Ei at grating I is redistributed in the three output orders EI1 ,
EI0 , EI−1 .


I
E−1





tI−1



  

 E I  =  tI  Ei
 0  0
E1I
tI1

(Eq.2.1)

where tkI are the amplitude coefficients for the order k, with tI1 = tI−1 .
The output orders of grating I are the input fields for the upper grating II, ideally suspended
in air. The final output diffraction orders can be calculated by the Eq.2.2. (In the transmission
coefficients notation the first and the second subscript refer to the output and input order,
respectively.)
The transmission matrix tII
1,k of grating II is determined for the symmetric case, where the bar
is situated in the middle of the unit cell.
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(Eq.2.2)

Thus, the transmission matrix of grating (II) contains also a phase term, due to the detour
phase ϕ = 2π ∆z
λ between the two grating bars, as illustrated in Fig. 2.4. The right detour
phase is fundamental to achieve the interference desired conditions:


II
E−1





max




 

 E II  =  min  .

 0  
II
E1
min

(Eq.2.3)

Eq.2.2 can be simplified further taking into account symmetry and reciprocity considerations
(applying the Lorentz Reciprocity Theorem [94]) of the transmission coefficients of the grating
II.
As schematically shown, in the Fig. 2.5, the number of the transmission coefficients can be
reduced, and consequently Eq.2.2 can be expressed as:


II
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τ0II exp(i0ϕ)


 
 E II  = tII exp(−i1ϕ)
0

 1
II
tII
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2 exp(−i2ϕ)
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 I
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α0 II
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(Eq.2.4)
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Figure 2.5: Schematic representation of the symmetry and reciprocity conditions for the transmission coefficient
of the grating II.

By substituting in Eq.2.4, the calculated values of the fields EI1 , EI0 , EI−1 , the interference
conditions of the Eq.2.3 can be written as:


II = [τ II tI exp(i0ϕ) + α0 tII tI exp(i1ϕ) + tII tI exp(i2ϕ)]E = max (a)

E−1

i
0 1
2 1
α1 1 0




I
II I
II I
E0II = [tII
1 t1 exp(−i1ϕ) + t0 t0 exp(i0ϕ) + t1 t1 exp(i1ϕ)]Ei = min (b)






E II = [tII tI exp(−i2ϕ) + α0 tII tI exp(−i1ϕ) + τ II tI exp(i0ϕ)]Ei = min (c) .
1
2 1
0 1
α1 1 0

(Eq.2.5)

In order to maximize the minus first order (Eq.2.5 (a)) the phases of all three wave contributions
should be similar, i.e.
arg[τ0II tI1 ] ∼
= arg[

α0 II I
I
t t exp(i1ϕ)] ∼
= arg[tII
2 t1 exp(i2ϕ)] .
α1 1 0

(Eq.2.6 (a))

The situation can be visualized in the complex plane of field vectors (Fig. 2.6), where all contributions point in the same direction leading to constructive interference for that particular order.
This maximum condition implies a relation for the phases of the corresponding transmissions
and the detour phase. Inspecting the relation for the plus first order (Eq.2.5 (c)) it is possible
to observe that same coefficients enter that equation but now with negative detour phases.
Combining both interference conditions we obtain a relation between the absolute amount of
the transmission coefficients and the detour phase:

cos(2ϕ) ∼
=−

α0 II I
α 1 t1 t0
2 τ0II tI1

.

(Eq.2.6 (b))
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Figure 2.6: a) Illustration of phase difference between the diffraction orders (the vectors can be rotated in
the complex plane, but the phase difference remains the same), and of the geometry dependency of the upper
grating bar on the amount of the required detour phase. Different possible bar widths (examples B1 ,B2 ) are
related to different detour phases. b) Difference between the 0th and 1st order transmission amplitudes of the
upper beam-splitting bar.

Additionally, the second order wave deflection should be similar to the transmission of the first
II
orders: tII
2 ≈ τ0 .

In principle, very different grating profiles could fulfill such conditions. In the special type
of three-level grating, here discussed, the simplest situation approximately occurs, where all
amounts of the three waves are very similar. In this case cos(2ϕ) ∼
= −1/2 holds, i.e. the detour
phase is close to 60◦ . The visualization of the destructive interference of the first order in the
complex field plane is shown in Fig. 2.6 a). The complex sum of three field amplitudes with
very similar amounts will only vanish in case of a phase difference of 2ϕ = 120◦ between all
components. A similar situation arises for the zero order transmitted field (see Eq.2.5 (b)):
cos(ϕ) ∼
=−

I
tII
0 t0
I
2tII
1 t1

.

(Eq.2.6 (c))
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Analogously, 2ϕ = 120◦ phase differences between each of the three field amplitudes of rather
similar amount result in a destructive interference.
Now, the question arises whether this three-wave-interference mechanism can provide some understanding for the rather peculiar shape of the grating, i.e. a high aspect ratio upper bar
at a low aspect ratio lower bar. As pointed out, the destructive interference results from the
detour phase of between fields of the different orders with rather similar amplitudes. In the case
here treated, the similar field amplitudes are generated by a roughly equal splitting behavior of
both binary sub-gratings (grating I and grating II). Binary gratings with broad bars and small
thickness as well as small bar width and large thickness may produce such an equal splitting
behavior.
In Fig. 2.6 b) the amplitude difference of zero and first order of the upper grating II illustrates
this property. The dashed, bold line corresponds to the family of binary gratings with equal
amplitude splitting. In order to realize a rather large detour phase, one needs a sufficiently
large shift between the upper and the lower bar. Such large shifts can only be reached for a
broad width lower bar and a small width upper bar. Taking into account the similar amplitude
splitting behavior, a high-aspect-ratio upper bar at a low-aspect-ratio lower bar is needed. The
point in Fig. 2.6 b) very close to the beginning of the dashed, bold line (high-aspect-ratio
structure) corresponds to the phase shift for the actual design.
The diffraction efficiencies have been calculated by means of this model. The diffraction orders
of grating I (tIk coefficients in Eq.2.1) have been calculated by RCWA and used as input fields
for the rigorous calculation of the diffraction of the grating II, considered suspended in air.
The model results have been compared with the RCWA simulation of the three-level grating,
as shown in Fig. 2.7 a). The agreement between the the diffraction results is very good. The
discrepancies are due to the assumption that the upper bar is suspended in air.
To validate the model, two other three-level gratings have been optimized to achieve the maximum efficiency in the first order for the same light incidence conditions. The gratings have
different periods, p = 1.75λ and p = 2.25λ. Also for these other two gratings, the model fits in
a satisfactory way with the rigorous calculations, as demonstrated in Fig. 2.7 b), c). It is worth
to mention again that the model discussed here is helpful for the physically understanding of
the high efficiency and the peculiar grating shape, obtained by a parametric optimization of
a three-level grating in resonance domain, but from the point of view of simulation, it does
not present advantages for the parametric optimization, since it is based on rigorous RCWA
calculations itself.
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Figure 2.7: RCWA calculation and model comparison of the diffraction efficiencies of optimized three-level
gratings; a) p= 2 λ (original design); b) p= 1.75 λ; p= 2.25 λ.

2.2 Effective-medium enhanced three-level grating (air to
substrate)
The second blazed grating in resonance domain, analyzed in this work, is a monolithic fused
silica grating. It operates at normal incidence, as in the case of the three level grating, but with
opposite direction of the incident light, that in this case, is coming from air. The period of the
grating is 1 µm and the operating wavelength is 650 nm.
Different kinds of structures have been optimized in order to achieve the maximum efficiency
for the first diffraction order. Because of technological limitations, the minimum feature size,
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allowed in the optimization, has been set again to 100 nm.
Due to the comparable small period, only binary and three-level structures have been optimized.
The results of the optimization are reported in Fig. 2.8. The achieved efficiencies are quite
moderate. The maximum efficiency, reach the value of 45%, 67%, and 74% for the simple
binary, the two-ridges binary, and the three-level structure, respectively.

Binary
650 nm

1 µm

tworidges
threelevel
Composed
eff. medium

Figure 2.8: First order efficiency of different kinds of optimized fused silica gratings versus the incidence angle;
Binary, two-ridges-binary, three-level and composed effective medium gratings optimized for normal incidence;
wavelength: 650 nm TE polarized, p= 1 µm. The optimizations take into account fabrication constraints with
a minimum CD = 100 nm for the grooves.

Therefore, the simple three-level structure is not an appropriate solution for this particular
grating specifications. The reason for this can be found in the technological constrains for the
optimization. If in the design the geometrical feature size limitations (CD> 100 nm, AR< 10)
are not taken into account, then it is possible to optimize a three-level grating to achieve
efficiencies higher than 90%. Nevertheless, the scope of this thesis is limited to gratings which
can be fabricated; so new kinds of structure profiles have been investigated.
An approach to increase the efficiency can be the introduction of additional subwavelength
structures in the grating profile to better control the phase profile. For example, combining
a multilevel element with a simple binary structure on the upper level, generating a type of
composed effective medium grating (as shown in the sketch of Fig. 2.8). By the use of such
composite structure, the achieved optimized diffraction efficiency is around 90%. Nevertheless,
the optimized grating geometry is extremely demanding from a technological point of view, as
discussed in the following.

2.2.1 Design
The composite effective-medium grating is made of a three-level structure with an additional
subwavelength binary feature on the top of the upper level, as schematically shown in Fig. 2.9
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a). The optimization has taken into account some additional geometrical constrains in order to
minimize the required technological effort. The height of the two ridges b1 and b2 is set to the
same value; the lateral minimum feature size is limited to 100 nm.
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Figure 2.9: Optimized effective-medium enhanced-three level grating. a) Sketch of the structure with the geometrical parameters; b) First order diffraction efficiency η (TE) vs. incidence angle and wavelength, respectively;
c) Fabrication tolerance analysis versus the level depths and the bars widths. The dots indicate the geometrical
parameters selected for the fabrication.

The optimized values for the width and depth of the two bars are b1 = 100 nm, h2 = 767 nm and
b2 = 273 nm, h2 = 949 nm, respectively. The AR of b1 is close to 10 and should be considered
already high for structures etched into fused silica. Furthermore, the combination of the bar b1
with the neighboring groove g1 , with a width of 126 nm and a depth of 1716 nm (h1 + h2 ) is
extremely challenging to be fabricated.
The effective-medium enhanced three-level grating achieves an efficiency slightly larger than
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90% for the optimized operating point, i.e. λ = 650nm, θ = 0◦ , as shown in Fig. 2.9 b). For
shorter wavelengths, between 575-600 nm, the maximum efficiency reaches even higher values,
close to 95%. Furthermore, the grating exhibits a wide bandwidth performance, with efficiencies
are larger than 80% in a range of 550-780 nm for TE polarization and larger than 70% in a
bandwidth of 490-720 nm for TM polarization.
The fabrication tolerance analysis (see Fig. 2.9 c)) shows that the design is quite tolerant with
respect to the level heights (a variation of 60 nm causes 3% efficiency loss) and more sensitive
to bars width, an increment of 20 nm is sufficient to lose the 3% of the efficiency.
As shown in Fig. 2.10, the grating possess another interesting property. By the variation of
the width of bar b2 it is possible to steer the incidence angle, while still maintaining the high
efficiency performance. For instance, a b2 width of 400 nm steers the optimum incidence angle
to a value close to -7 degrees.

a)

[%]

b)

b2A
b2B

b2A
b2B

period=1µm

b2A= 273 nm
b2B= 400 nm
Figure 2.10: Effective-medium enhanced three-level grating: steering of the incidence angle vs b2 width. a)
Schematic illustration of the width variation of b2 ; b) First order diffraction efficiency mapping vs b2 width.

2.2.2 Modal analysis for the interpretation of the high efficiency
The blazed diffraction efficiency achieved by the effective-medium enhanced three-level grating
is quite high with respect to the other kind of structures, as shown in Fig. 2.8.
To deduce the physical mechanism that leads to the high efficiency performance, it is possible to
consider the grating composed of two distinct binary substructures, as schematically proposed
in the sketch of Fig. 2.11. The upper grating is an effective medium grating and the bottom
grating is a simple binary structure.
Firstly, the light is coupled from air to the first two-bar-layer. As shown in Fig. 2.12, this
effective medium blazed (two bars binary grating) has only three propagating Bloch modes.
Because of the flat phase of the normal input field (Fig. 2.12 a)), the Bloch mode 1, without
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effective medium
blazed
two
bars

Modal
deflection

one
bar

substrate

Figure 2.11: Effective-medium enhanced three-level grating: sketch of three unit cells (1 µm period): the
entrance two-bar-layer acts like an effective medium blazed structure. The subsequent one-bar-layer mainly
leads to a 1st order deflection of the well localized, fundamental Bloch mode.

any zero, is dominantly excited (≈ 65% of the total field), whereas modes 2 and 3 (≈ 34%
excitation together) exhibit approximately a sine and a cosine function topology of the EField (Fig. 2.12 b)), respectively. The modes propagate through the effective medium layer,
accumulating a phase difference. If the phase difference between mode 2 and 3 attains a value of
π/2 after the propagation through the effective medium layer, these modes produce an efficient
deflection into the 1st diffraction order:
cos(β1 z) − isin(β1 z) = exp(−iβ1 z)
with β1 = 2π/p , see field distribution in Fig. 2.12 c).
The constructive interference with the 1st order contribution of mode 1 leads to a maximum
total efficiency in the 1st order at the end of the first layer of about 70%.
A further increase of the efficiency seems to be impossible, because the dominantly excited
mode 1 contains a huge amount of spurious Fourier components (≈ 85%) and only a minor
portion (≈ 15%) takes part in creating the 1st diffraction order.
Very high efficiencies are achieved with a binary blazed grating, only if the small number of
propagating Bloch-modes inside the grating structure are well adapted to transform the input
field into the desired output field [95, 96]. In other words, if the topology of these propagating
modes does not fit well to the input and output field simultaneously, an additional mode conversion structure seems desirable.
The effective-medium enhanced three-level grating posses this required subsequent mode conversion structure. Actually, this additional mode conversion layer is here represented by the
bottom level of the composite grating, i.e. it is a simple binary structure.
By this bottom level some amount of the spurious Fourier components of mode 1 can be transferred to the 1st diffraction order. The fundamental Bloch mode 1 is well localized in the wider
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Figure 2.12: Electric field inside a unit cell: a) for a normal incident plane wave, b) for an incident light
consisting of a superposition of mode 2 and 3 at the two-bar-grating entrance, c) for an incident fundamental
Bloch mode at the two-bar-grating entrance.

bar of the effective medium layer (see Fig. 2.12 c)). It strikes the border of an even wider
guiding bar of the second layer leading to a deflection of that light [97] and producing a much
larger 1st order Fourier contribution originating from mode 1. The constructive interference
with the light from Bloch modes 2/3 yields a total efficiency of 90% for the composite grating.
Thus, the high efficiency of the composite grating can be interpreted this way: the moderate
maximum diffraction efficiency (≈ 70%) of the 2 bar binary upper grating, is significantly increased to ≈ 90% by a subsequent bottom binary grating, acting as mode conversion layer for
mode 1.

Chapter summary
In this chapter, the design of two fused silica blazed gratings working in resonance domain have
been discussed. The first grating, is a simple three-level grating, parametrically optimized.
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A new physical interpretation for the achieved high efficiency has been provided. The model
is based on a three-wave interference mechanism in two separate, consecutive one-bar binary
gratings, where the first grating leads to a splitting of the input field into the three output order
with rather similar amplitudes and the second grating provides the desired phase differences
for constructive/destructive interferences. The generation of the desired phases needs a large
enough shift between the upper and lower grating bar leading to the very peculiar grating structure - a high-aspect-ratio upper bar at a low-aspect-ratio lower bar. The efficiencies calculated
by the model are in good agreement with the result of rigorous simulations of the three-level
grating.
The second optimized grating shows a new kind of grating profile. It is a composition of a
three-level structure and an effective-medium additional feature. The high efficiency performance can be explained analyzing the Bloch modes of the structure. The analysis reveals that
the first order response of an ordinary effective medium blazed grating is strongly increased
by an additional, subsequent mode conversion layer. This grating layer converts a significant
amount of the fundamental Bloch mode to the first order.
The fabrication of both gratings is quite challenging and the standard technology, discussed in
the previous chapter would not be sufficient to obtain good quality structures. New technological solutions will be proposed and discussed in the next chapter.

3 New technological approaches for the
fabrication of multilevel blazed gratings
In this chapter, the new techniques, purposely developed for the fabrication of the multilevel
gratings discussed in chapter 2, are described.
The standard multilevel approach is introduced first and its limits are illustrated in order
to explain the necessity for new approaches and their advantages for the fabrication of high
efficiency multilevel blazed gratings.

3.1 Standard multistep-binary optics technology
The standard approach for the fabrication of blazed multilevel gratings is based on a multistepbinary optics approach [79]. Each single level of a multilevel grating can be considered as a
simple binary structure; and the fabrication process consists in a consecutive definition and
transfer of each single level into the substrate (fused silica, within this work).
This approach, discussed in general in the section 1.3.2, is described here in detail for the
fabrication of the three-level and the effective-medium enhanced three-level gratings, introduced
and discussed in the previous chapter.
For both kinds of gratings only two consecutive binary steps are required. In the initial step of
the fabrication process, a fused silica substrate is covered first with a chromium layer followed
by an electron-beam resist layer. The resist is exposed by electron beam lithography to achieve
the first binary profile with the desired groove width. Using reactive ion etching (RIE), the
developed resist pattern is subsequently transferred into the chromium layer. The patterned
chromium then acts as a hard mask for plasma deep etching of the binary structure into the
fused silica substrate [79]. Then the same process is repeated to realize the second binary grating
profile on top of the first one. The sequence for the fabrication of the two levels is selected based
on the geometry of the structure, in order to reduce the technological difficulties for the grating
fabrication. One of the possible fabrication sequence for a three-level grating is schematically
shown in Fig. 3.1. The process starts with realization of the bottom binary structure, followed
by fabrication of the upper binary bar.
Also for the effective-medium enhanced three-level grating only two consecutive lithography
steps are needed in order to define the geometry; the two grooves are separately exposed and
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Second Layer

First Layer
Substrate with chromium and resist layer
Exposure and development

Structures in resist
Chromium mask etching

Structures in chromium
Fused silica etching

Structures in fused silica

e-beam resist

Chromium

Fused silica

Figure 3.1: Example of a standard multilevel technological approach for the fabrication of a three-level grating.
Bottom level is here transferred into substrate as first level. The upper level is the second binary fabrication
step.

Second Layer
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Substrate with chromium and resist layer
Exposure and development

Structures in resist
Chromium mask etching

Structures in chromium
Fused silica etching

Structures in fused silica

e-beam resist

Chromium
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Figure 3.2: Example of a standard multilevel technological approach for the fabrication of an effective-medium
enhanced three-level grating.
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transferred into the substrate in two consecutive steps. One of the possible standard fabrication
approaches for an effective-medium enhanced three-level grating is schematically illustrated in
Fig. 3.2. Here, the smallest and deepest groove is completely transferred in the first binary
fabrication step; and in the second fabrication phase, the wider groove is realized.

Limitations of the standard technology
The standard multilevel technology exhibits some limitations regarding the fabrication of accurate multilevel optical structures.
There are three main problems related to this technology, the first two concerning the lithographic processes and the last one regarding the transferring process into the substrate of high
aspect ratio (AR) structures.
The first issue is due to the alignment errors that could occur between the two lithographic
exposures of the different levels. This misalignment between the first etched level and the resist
pattern of the second step may occur not uniformly over the sample, generating local variations
and different artifacts in the profile structure, as schematically shown in Fig. 3.3 for a threelevel structure.

a)

b)

c)

I

II

e-beam resist

Chromium

Fused silica

Figure 3.3: Alignment error between lithographic steps. a) and b) Schematic illustration of alignment errors
in a three-level grating; c) Misalignment example in a 2D structure: the SEM picture (II) is compared with the
structure design (I).

The other problem concerning the lithographic process is related to a non-planarity in the scale
of the grating period of the chromium and resist layers of the second fabrication step (see Fig.
3.4 a)). The non-planarity is due to the fact that the layers are coated on the top of an already
microstructured substrate. As a consequence, the profile of the upper binary grating might not
be well defined and its dimensions may change across the grating area generating sizing errors
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a)

b)

I

II

Figure 3.4: Sizing error due to the non-uniformity of the resist/chromium layer in the second fabrication step.
a) Schematic view: I-non uniform resist layer for the second layer fabrication, II- non uniform resist structures;
b) SEM picture of a typical sizing error.

of the local structures, as illustrated in the Fig. 3.4 b).
One technological solution to avoid this problem related to the non-uniform chromium and
resist layers has been suggested by David [98]. This approach is based on the use of a very thin
resist layer (50-80 nm) and stepwise etching through two successive different metal masks (Cr
and Al). However, the achievable depth of the structure is limited due to the small thickness
of the metal masks (≈ 20nm) [98].
Additionally, is it necessary to stress, that sizing and alignment errors may occur simultaneously, and a sharp distinction between the two fabrication artifacts in general is not possible.
The third limitation concerns the deviation between the achieved structure profiles, etched into
the substrate, and the design based on perfectly sharp sidewalls. This is especially a limit for
fused silica gratings in resonance domain due to their aspect ratio (AR). With the increase
of the aspect ratio of the grating bars, the grooves strongly broaden towards the top of the
structures, assuming a typical Y-shape, as recognizable from the SEM grating pictures of Fig.
3.5 (this typical profile is here called Y-shape because the groove width becomes larger on top).

1 µm

1 µm

AR ~ 4

1 µm

AR ~ 6

AR ~ 8,125

Figure 3.5: Typical sidewall profile of high aspect ratio (HAR) structures etched in fused silica. The Y-shape
profile becomes more pronounced with the increase of the AR of the structures.
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This Y-shape of the groove walls is related to the profile of the binary chromium mask and to
its degradation during the deep etching in the fused silica substrate. For small grooves it is
difficult to achieve sharp perpendicular sidewall for the chromium structures.
This difficulty is related to the optimization of the RIE etching process, that at Fraunhofer-IOF
is based on a Inductively Coupled Plasma (ICP) technique. To achieve good quality sidewall in
chromium, the chromium structure is usually overetched

1

against the resist mask. This means

that the width of the groove in chromium is larger than the resist groove width. To compensate
this effect and to obtain the desired width for the groove in chromium, a CD bias is introduced
for the lithographic exposure, as schematically shown in Fig. 3.6.

a)

b)

CD-bias

Resist

Chromium

Fused silica

Figure 3.6: Schematically illustration of the introduction of CD-bias. a) Resist structures; b) Chromium
structures: the lateral dimension of the Cr structures is reduced by a factor 2x CD-bias. For sake of clarity, one
resist structure is included in the picture.

If the grating grooves are small (100-200 nm), it is not possible to use the optimal CD bias
value, because of the minimum feature size achievable in resist (≈ 60 nm). In this case, a
smaller CD bias is introduced and the sidewall of the chromium structures are not perfectly
sharp [99]. Additionally, the chromium mask suffers of a degradation that increases with the
etching depth. The resulting Y-shape of the grooves affects the achievable efficiency. However,
it is possible to optimize the blazed grating structure taking into account the real fabricated
shape of the bar, minimizing such efficiency losses.
Nevertheless, if such sidewall broadening effect affects already the binary structure, etched in
the first step of the multilevel process, it may be very critical for the successive fabrication
phases. The geometries of successive levels will be seriously compromised if the structure is
characterized from features close to edge of the previous etched groove.
In resonance domain, alignment and sizing fabrication errors can have a major impact on the
grating performances, because such imperfections are not negligible [100, 101] with respect to
the small feature sizes of such diffractive elements. Additionally, high aspect ratio structures
are quite often essential to achieve high efficiencies, especially in case of low index gratings, as
1

overetched means that the etching process is longer than required, here, to transfer the pattern geometry from
the resist mask to the chromium mask.
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fused silica gratings.
Furthermore, nowadays, the diffraction gratings are moving from research to real applications;
as consequence the processes employed for their fabrication must be scalable to larger areas
(in the cm2 region or beyond) delivering high and reliable optical performances [55, 59, 102].
For these reasons, the above discussed limits of the standard multilevel fabrication need to be
addressed and if possible overcome.
In the following paragraphs, three new fabrication techniques are proposed and discussed as
solution to address each singular problem of the standard approach. In particular, the new
approaches have been proposed for successful fabrication of the gratings discussed in chapter 2.

3.2 Three-resist Layer Technology
As mentioned before, the chromium/resist layers used in the second or successive binary optics
step, are coated on the top of an already microstructured substrate. Consequently, the nonuniformity of these layers over the grating area, can be avoided if the microstructured surface
could be planarized.
This can be achieved in a quite simple way by introducing an additional step in the standard
fabrication process.
The modified approach, called Three-resist Layer Technology, consists in the use of an additional
layer of conventional photoresist in order to planarize the microstructered substrate (see Fig.
3.7(I)), before to proceed with the second binary fabrication step. (Planarization layers have
been long used in other technological field, as in microelectronic fabrication [80]).
This way, a planar and uniformly thick chromium layer can be obtained (Fig. 3.7(II)), on
which the electron beam resist can be structured with the required accuracy (see Fig. 3.7(III)).
The resist pattern is transfered to the chromium by a reactive ion etching (RIE) process (see
Fig. 3.7(IV)), and then the resist is removed (see Fig. 3.7(V)). The pattern geometry is
transferred from the chromium mask into the photoresist by (RIE) process with oxygen plasma
(Fig. 3.7(VI)).
The final etching into the substrate represents the most critical step of the fabrication process,
due to the additional depth of the planarization layer (Fig. 3.7(VII))). The fabrication sequence
for the different levels is decided in order to keep this etching depth as small as possible. Another
option can be to additionally etch the resist planarization layer to the exact depth of the already
etched level, before to proceed with the chromium deposition. This way, the etching depth is
reduced again to the original designed one.

3.3 Relaxed Alignment Technology
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Figure 3.7: Three-resist Layer Technology: fabrication flow scheme for a three-level grating. The fabrication
of the second level is schematically shown.

3.3 Relaxed Alignment Technology
The Three-resist Layer Technology, as discussed in the previous paragraph, is a good solution to
solve the sizing errors, but it is not suited to avoid the alignment errors. This because the origin
of misalignment errors lies in the non-perfect pattern overlap between different lithographic
steps.
A possibility to prevent alignment errors consists in the encoding of the lateral dimension of
all levels in a single mask. This is the basic idea of the Relaxed Alignment Technology, which
will be discussed in the following. In this approach, a single coded chromium mask is used
during the whole fabrication process. This coded chromium mask contains all lateral features
of each level. The mask is generated by a standard process, i.e. a first lithographic exposure
is used for the definition of these features in resist and then the pattern is transferred into the
chromium layer. As in the standard approach, the chromium mask is used as hard mask to
transfer the pattern geometries into the substrate. The difference consists in the requirement of
selective etching steps to transfer the different levels of the microstructure into the substrate.
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The singular level etching step is accomplished by the use of an additional resist mask, which
selectively covers the coded chromium mask.
To better explain this concept, the fabrication of a three-level grating by the Relaxed Alignment
Technology is discussed in detail in the following and schematically illustrated in Fig. 3.8.

I. Coded chromium
mask

V. Partial etching
of the
coded chromium mask

II. Cover resist
mask

VI. Chromium mask
for the
second level

III. Fused silica
etching of
the first level

VII. Fused silica
etching of
the second level

IV. New resist mask
for partial removing
of chromium

VIII. Structures
in
fused silica

e-beam resist

Chromium

Fused silica

Figure 3.8: Relaxed Alignment Technology: fabrication flow scheme for a three-level grating.

All lateral information of the three level grating is coded in the initial chromium mask (see
Fig. 3.8(I)). To proceed with the deep etching into the substrate of one of the two levels, it is
necessary to cover a part of the coded mask. Thus, a lithography step is required to generate
this cover resist mask (Fig. 3.8(II)). But, the alignment requirements for the exposure of the
cover mask are not critical, because the lateral dimensions of the level which has to be etched
are well defined by the already existing chromium mask. Therefore, the required alignment
accuracy is relaxed to the minimum feature size of the chromium structures. The pattern is
transferred into the fused silica substrate by a RIE process until the height of the first level is
reached (Fig. 3.8(III)).
To further proceed with the fabrication of the three-level grating, it is necessary to remove the
part of the chromium mask that is not needed anymore. An additional lithographic exposure
(Fig. 3.8(V)) is used to protect the chromium pattern that has to be preserved after the next
chromium etching process. This step is also not challenging with respect to the alignment
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accuracy. After removing the protecting resist structure (Fig. 3.8(VI)) the second level is
transferred into the fused silica substrate as well (Fig. 3.8(VII)). The last step of the fabrication
process is the removal of the remaining chromium mask (Fig. 3.8(VIII)), just as it is done in the
standard technology. Now, the three-level profile is completely transferred into the substrate.
The Relaxed Alignment Technology is a valid approach to avoid the typical alignment errors
of the standard multistep-binary technology. Nevertheless, also this approach shows some
limitations and additional efforts that should be considered and analyzed. For the fabrication of
a three-level grating for instance, an additional lithographic exposure is required in comparison
to the standard technological approach.
Additionally, the use of a combined resist-chromium mask for the etching of the second phase
level limits the achievable depth for this level (Fig.3.8(III)). The reason is the relatively low
etching rate selectivity of the resist with respect to the fused silica in the RIE process (typically

a)

b)
I. Coded chromium
mask

Required
lithographic
exposures

2

II. Fused silica
etching of
the first level

3

III. Cover resist
mask

3

IV. Fused silica
etching of
the second level

3

V. Structures
in
fused silica

3

Figure 3.9: Sequence of most relevant technological steps for the fabrication of an effective medium enhanced
three-level grating by Relaxed Alignment Technology approach using the same coded chromium mask for a threelevel grating (see Fig. 3.8). (b) Examples of structures that can be realized by this technological approach.
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≈ 1..1.3). Furthermore, the resist thickness should be not larger than a few hundred nanometers
in order to obtain the required resolution for diffractive elements in resonance domain.
A further limitation might arise from charging effects of the resist during the successive e-beam
lithography steps due to the reduction of the chromium mask area. This charging effect could
cause additional misalignment of the patterned structures. The resulting overlay error might
have a similar effect than the misalignment errors in the standard approach.
Despite these limitations, the idea to use a resist-chromium mask adds a high flexibility to the
profile of the structures that can be fabricated. Fig. 3.9 shows, for example, the possibility to
use the same coded chromium mask for the fabrication of a three-level grating (Fig. 3.8(I)) or
an effective-medium enhanced three-level grating, respectively.
By a smart variation of the sequential exposures and etching steps different structures such as
binary and multilevel gratings or a combination of both can be realized. Some examples of such
structures are shown in Fig. 3.9(b); e.g. effective medium, multilevel or multilevel-effective
medium gratings.

3.4 Atomic Layer Deposition (ALD) Enhanced Technology
The two new alternative technologies discussed in the previous paragraphs are well suited
to solve the sizing and alignment errors, but they cannot solve the problem concerning the
degradation of the bar walls which occurs for demanding high aspect ratio structures.
The broadening effect at the top of the grooves significantly limits the possibility to successfully
proceed with the fabrication of the subsequent level of the structure. The effective medium
enhanced three-level grating discussed in 2.2.1 is for instance a typical structure geometry which
requires an additional alternative technological approach in order to be successfully fabricated.
For this reason, it is considered as example to describe the new technology.
Because the degradation of the walls is strictly correlated with the demanding aspect ratio of
the structures, it is necessary to reduce it in order to obtain good quality sidewall profiles, as
schematically described in Fig. 3.10.

High
aspect ratio
sidewall
degradation

aspect ratio
reduction

Suitable
sidewall
profiles

Figure 3.10: Reduction of the typical Y-shape walls profile by widening of the groove: schematic view.
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The increase of the critical grooves width is the first step of the new developed approach,
described in this paragraph, the so called ALD2 Enhanced Technology, as shown in detail in
Fig. 3.11.
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to generate
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VI. Structures
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end
ALD SiO2

ALD-SiO2

Figure 3.11: ALD Enhanced Technology: fabrication flow scheme for the second level fabrication of effective
medium enhanced three-level grating.

The critical dimension of the narrow grooves is considerably increased during the first binary
fabrication process (Fig. 3.11(I)). This way, the aspect ratio is reduced to a value smaller than
5, ensuring a well-etched sidewall profile. It is then possible to trim the groove width towards
the designed value by ALD of SiO2 (silicon dioxide), by adjusting the deposed layer thickness.
The ALD technique [104] allows for depositing the material precisely and conformal to the
topology of the original sample.
2

ALD (Atomic Layer Deposition) is a conformal layer deposition process based on sequential, self-limiting
surface reactions. Most of the ALD processes are based on binary reaction sequences [103].
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In the fabrication example discussed here, the SiO2 is deposited following the binary grating
geometry, as shown in (Fig. 3.11(II)). Afterwards the fabrication of the second level is identical
to the standard approach. The microstructured substrate is covered with chromium and resist
(Fig. 3.11(III)). The resist is exposed by electron beam lithography, and used as mask to etch
the Chromium layer (Fig. 3.11(IV)). The microstructured chromium layer is used as a mask
for the deep etching into the fused silica substrate (Fig. 3.11(V)). After the removal of the
chromium layer (Fig. 3.11(VI)), the grating, characterized by demanding AR structures, is
obtained in fused silica.
By the addition of the ALD step in the standard fabrication process, the problems due to the Yshaped high aspect ratio groove can be strongly reduced, allowing the fabrication of demanding
AR structures with good quality sidewall profile.
Nevertheless, it is worth to mention, that the problem concerning the Y-shape groove profile is
reduced by this approach, but not completely overcome.
Rounding edges
effect

ALD

Figure 3.12: ALD rounding edges effect. The radius of curvature coincides with the ALD thickness.

On the one hand, the sidewalls of the gratings are still not perfectly sharp also in case of reduced
AR structures; on the other hand, because the ALD is conformal to the coated profile, the edges
of the grating bars will suffer from a kind of rounding effect. This effect, schematically shown
in Fig. 3.12, will become more pronounced with the increase of the ALD thickness. The best
compromise between AR reduction and ALD thickness depends on the peculiar grating profile.

Chapter summary
The standard multilevel binary optic technology exhibits some limitations for the fabrication
of diffractive elements in resonance domain.
These limitations are related the non-planarity of the chromium/resist layer for the fabrication
steps successive to the first one, the misalignment between different lithographic exposures and
the sidewall profiles of high AR structures. In this chapter, three new technological approaches
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to address and solve the single problems have been proposed.
For the non-planar layer issue, the standard approach has been modified by the introduction of
a resist planarization layer, before to proceed with the other binary step fabrication.
The misalignment errors can be avoided by using a single coded chrome mask for the whole
fabrication process. This coded mask contains all lateral dimensions of the grating. Resist cover
masks allow the selective etching of the different levels.
To reduce the typical Y-shape profile of high AR fused silica structures, an ALD step has been
introduced in the standard approach. In the first fabrication step, the critical AR is reduced,
by enlarging the groove width. The ALD is than used in order to trim the groove width.
In addition, it is possible to combine the different technological approaches according to the
particular geometry of the grating.
These new approaches have been developed for the successful fabrication of the two multilevel
blazed gratings presented in chapter 2. The results of the fabrication of the two different gratings
will be presented in the next chapter.

4 Grating fabrication results and discussion
In this chapter, the results of the fabrication of the three-level and effective-medium enhanced
three-level gratings designed in chapter 2 are presented and discussed. The fabrication has been
carried out by means of the standard multilevel binary optics and new technological approaches
discussed in the chapter 3. The fabricated gratings have been characterized in terms of topological quality of the structures and diffraction performance. The efficiency measurements have
been evaluated with respect to rigorous simulations of the original designs and of the fabricated
structures.
After a short introductory section about technological capabilities available at Fraunhofer-IOF,
the fabrication results obtained by the new technological approaches are compared with the
results of the standard multilevel fabrication technology.

4.1 General technological specifications for the grating
fabrication
The multilevel blazed gratings, discussed in this thesis, have been fabricated on 6 inch fused
silica mask blanks (substrates typically used for mask fabrication in semiconductor industry).
For both designs, gratings with slightly different lateral features have been realized in one
singular mask blank in order to optimize the exposure data and the etching parameters for the
fabrication process.
As the standard procedure, for a single binary fabrication step, the mask blank is first covered
with chromium (typically 80-100 nm thick layer) and then with resist (300 nm thick layer). The
resist used, the FEP 171 (Fuji-Film) [105], is a positive chemically amplified e-beam resist [106].
After a pre-exposure bake step, the resist coated sample is exposed by the electron beam system
Vistec SB350 OS (Vistec Electron Beam GmbH, Jena). This is a special system developed for
fast exposure of optical elements, by means of a variable-shape beam [107].
The area of each grating pattern is 15 mm x 15 mm, in order to enable a proper optical
characterization. The lithographic exposure to write a single grating lasts less than 20 minutes
for each lithographic step. Two kinds of alignment marks are used, in particular a first mark
for the global alignment of the substrate, i.e. the mask blank, and a second one for the fine
adjustment close to each grating area. The exposed gratings are then developed with OPD4262,
a TMAH (tetra methyl-ammonium-hydroxide) based positive photoresist developer. The resist
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pattern is used as a mask for the etching of the chromium layer. The deep etching of the
grating structure into the fused silica substrate is carried out by a reactive ion etching (RIE).
For the Three-resist Layer Technology, the resist AZ4712 (microchemical) [108] is used for the
planarization layer.

4.2 Three-level grating
The three-level grating has been fabricated by three different technological approaches, i.e.
standard, Three-resist Layer and Relaxed Alignment technology, described in the section 3.1,
3.2 and 3.3, respectively.
For each technological approach, two different runs have been carried out in order to confirm
the suitability and the repeatability of the fabrication process.
In the following, the characterization results of all three technologies are reported and discussed.

4.2.1 Standard technology samples
The fabrication of the three-level grating (of Fig. 2.2 a)) by the standard technological approach
has been realized following the fabrication flow shown in Fig. 3.1. The smoothest level (h2 =
394 nm) has been fabricated as first. Then the microstructured substrate has been covered
again with chromium and e-beam resist to proceed with the fabrication of the upper smallest
bar (h1 = 778 nm).
The two samples, I and II, have been first inspected by optical microscope. The gratings surfaces of sample I appears to be not homogenous; instead the sample II shows a good surface
homogeneity. The spatial mapping of the diffraction efficiency of sample I, shown in Fig. 4.1,
confirms a significant inhomogeneity1 within the six fabricated gratings. Nevertheless some
grating areas exhibit high efficiency around 86%. The efficiency is here defined as the ratio
between first order transmitted intensity and the input intensity inside the substrate. The
diffraction measurements reported in this work have an accuracy of ±0.5%.
The sample II exhibits quite uniform diffraction efficiency within each single grating area, and
the maximum efficiency measured is about 88% as shown in the Fig. 4.1.
The different optical performances between the gratings were expected. The lithographic exposure data for each single grating are slightly different,resulting in different bar widths for
the two level of the structure. The variation of the bar widths determines a variation in the
achievable diffraction efficiency, as shown in the Fig. 2.2 c).
To understand the reason of such different performances between the sample I and sample II,
further investigations have been carried out.In particular, for the sample I because of the high
1

with diffraction homogeneity here is indicated the difference between the maximum and the minimum values
achieved within a sample/grating. If this difference is higher than 5%, the efficiency is not homogeneous
within the measured area.
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Figure 4.1: Three-level grating-Standard approach samples: spatial mapping of the first order diffraction
efficiency η (x-y resolution: 2 mm for sample I; 1 mm for sample II). The Fresnel loss at the interface substrateair is added to the measurements.

inhomogeneity in the diffraction performances within the grating area, the diffraction efficiency
of one of the gratings has been measured with a finer spatial resolution. In addition, the grating
area has been mapped by an Atomic Force Microscope (AFM) in order to correlate the structure profile with the achieved efficiencies. The most relevant results of the characterization are
shown in Fig. 4.2.
The diffraction efficiency mapping allows to distinguish three main distinct areas. These areas
are characterized by a substantial difference in the achieved efficiency, with measured values of
10%, 60% and 90%, respectively. The AFM measurements confirm that high efficiency grating
areas exhibit a structure close to the designed three-level profile, even if a fabrication artifact
affected the bottom level of the grating, as shown in the AFM scan section III of Fig. 4.2 b).
According to the decrease of the achieved efficiency, the grating profile becomes irregular with
levels not well defined and affected by heavy fabrication errors (AFM scan sections I and II).
However, it is worth to mention that the bar widths and fabrication defects are overestimated
in the AFM measurements, due to the convolution between the AFM tip and structure profile during the scan. Nevertheless, the low efficiencies are clearly related to a not well defined
three-level profile.
The inhomogeneity of sample I has been originated during the fabrication of the second level.
The causes could lie, on the one hand, on the difficulties in achieving a good exposed pattern
for the second binary level exposure in areas with low and high resist thickness (as discussed in
section 3.1); on the other hand, on a not accurate development process of the resist after the
e-beam lithographic exposure.
Because of the homogeneous high efficiency achieved over the mask area, the sample II has been
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Figure 4.2: Three-level grating-Standard approach sample I. a) Detailed efficiency η spatial mapping of one
grating (x-y resolution: 0.5 mm). b) AFM scans performed in the areas I, II, III with 10%, 60% and 90%
achieved efficiency, respectively.

characterized in more detail. One of the gratings has been inspected by Focused Ion Beam (FIB)
microscopy2 in order to get information about the profile and the geometrical parameters of
the fabricated structures. A FIB cross-section of the grating is shown in Fig. 4.3.
The profile is a well defined three-level structure, despite a slight trenching effect and the presence of a fabrication artifact. Actually, a small parasitic structure is located on the bottom
level of the grating, on the opposite edge respect to the upper bar, as detectable from FIB
measurement.
Furthermore, for the inspected grating, the geometrical dimensions do not perfectly fulfill the
design; the upper bar w1 is considerably wider (260 nm) with respect to the design value (200
nm), and the bottom bar w2 is 10 nm smaller than desired. Additionally, also the depth of the
upper bar h2 (842 nm) deviates from the desired height value (778 nm). The parasitic structure
is quite small; its lateral dimension is between 10 and 30 nm, its height is in the range of 80-110
nm.
2

FIB microscopy allows to mill and then inspect a cross-section of the grating. Nevertheless, the grating is
locally destroyed.
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Figure 4.3: Three-level grating-Standard approach sample II: FIB cross-section of one of the fabricated gratings.
A small fabrication artifact affects the structure. (The Platinum is sputtered on the sample as protective layer
to allow the FIB measurement)

Nevertheless, the additional FIB/SEM measurement of a larger grating area of Fig. 4.4, shows
that such parasitic structures exhibit a variation in dimensions and they are not homogeneously
distributed over the sample area. In some area of the grating, the profile is a perfect three-level,
without any fabrication artifact.
Furthermore, the top view of the grating area reveals an additional inhomogeneity (see holes
in the Fig. 4.4), due to a particularly accentuated trenching effect on the bottom of the etched
grooves. The trenching effect is a local enhanced etching due to the reflection of the ions from

Trenching
effect

Fabrication
Artifacts

Platinum

1.266 µm
Figure 4.4: Three-level grating-Standard approach sample II: large area FIB measurement. The parasitic
structures are not homogeneous within the sample area. The holes, visible in the top view of the sample, are
due to an accentuated trenching effect.
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the sidewalls. For a three-level grating, the trenching effect could affect the sidewalls of the
bottom level groove, and the common area between the upper bar and the bottom ones.
Another one of the six gratings of sample II has been characterized in term of diffraction efficiency versus the incidence angle. The grating, chosen for the diffraction measurement, is
not the most efficient one, due to its upper bar width w1 of 240 nm, but it exhibits the most
homogeneous efficiency over its area.
The measurement results are shown in Fig. 4.5 and compared with the RCWA simulation of
the original design and of the FIB-measured grating profile. The measurements are in good
agreement with the simulations. As expected, due to the wider lateral dimensions of the upper
bar, at normal incidence the three-level grating achieves only 82% efficiency. For this reason,
the measurements are closer to the simulations of the FIB-measured profile than the original
design.

Figure 4.5: Three-level grating-Standard approach sample II: diffraction efficiency vs. incidence angle @633
nm. Comparison between the measurements and the simulation of the original design and the FIB-measured
profile of the grating. Angular measurement resolution: 2 degrees.

The fabrication results of the standard multilevel technology approach demonstrates that, by
an optimization of the process, three-level structures can be fabricated with high efficiency.
Nevertheless, the process tends to be in-homogeneous and the grating profile might be affected
by an fabrication artifact, probably due to misalignment between the lithographic exposures
for the two different layers.

4.2.2 Three-resist Layer Technology samples
Also by the three-resist layer technology, two different three-level grating samples have been
fabricated. This approach, as already explained in the section 3.2, consists in a modification
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of the standard technology by an additional resist planarization layer between two consecutive
binary fabrication steps.
The introduction of such planarization layer implies a higher depth for the etching of the second
fabricated level; if this height is too large, the required additional etching depth could represent
a limitation in achievement of good quality grating profiles.
To evaluate the impact of this factor on the grating fabrication, the two samples have been
realized inverting the fabrication sequence of the two levels. The fabrication of sample I has
been carried out, starting with the fabrication of the upper level of the structure (w1 , h1 ). The
microstructured substrate (etched h1 = 778 nm) has been then planarized with 1 µm thick
AZ4712 resist layer, before proceeding with the fabrication of the bottom grating layer (w2 , h2 ).
For the sample II, the bottom smooth level has been transferred first into the fused silica substrate. Due to the reduced etching depth (h2 = 394 nm), only a 500 nm AZ4712 resist film has
been used as planarization layer.
For both samples I and II, 40 nm chromium layer has been used for the second binary fabrication level. The sample mask layout is the same used for the standard technology. Also in this
case, the six gratings differ for the slightly different lithographic exposure data, corresponding
to bar width variation.
The diffraction efficiency spatial mapping of the samples I and II is shown in Fig. 4.6.

Sample II

[%]

y (mm)

y (mm)

Sample I

x (mm)

x (mm)

Figure 4.6: Three-level grating-Three-layer resist samples: spatial mapping of the first order diffraction efficiency η (x-y resolution: 2 mm). Fresnel loss at interface substrate-air are added to the measurements.

Sample I shows a good fabrication process homogeneity; except, a low efficiency strip visible
in the top right grating, caused by an exposure data error in the lithographic process for the
second layer. The maximum efficiency reached is about 87%, slightly less than the design.
The sample II exhibits an efficiency homogeneity of about 1% inside a single grating area. The
efficiency achieves a maximum value between 82.5% and 91.5% for the least and most efficient

56

4 Grating fabrication results and discussion

between the six gratings, respectively. Three of the six gratings fulfill the design diffraction
performance, achieving efficiency > 90%.
The FIB cross-section of Fig. 4.7 allows to understand the reason for the different diffraction
performances between the sample I and II.

Sample I
Platinum

175 nm

Air
void

1.120 µm
320 nm
530 nm

1.266 µm

Sample II
208 nm

Platinum
Fabrication
Artifact

1.210 µm

width=20 ± 15nm
depth= 140 ± 60 nm

Air
void

1.266 µm

415 nm
532 nm

Figure 4.7: Three-level grating-Three-layer resist samples: FIB cross section. Sample I: The bottom level is
only 320 nm deep. No fabrication artifacts. Sample II: Two parasitic structures affected the profile.

The FIB measurement of sample I, reveals that the height of the bottom level h2 , as confirmed
from additional AFM characterization, is 74 nm shallower than the design, leading to loss of
about 4% in the achievable efficiency (see Fig. 2.2 c)). Except the depth inaccuracy of the
bottom level, the structure exhibits a perfect three-level profile, not affected by any fabrication
artifact. Only a slight trenching effect modifies the sidewalls of the bottom groove.
The grating of sample II, despite the high and homogeneous efficiency measured, exhibits fab-
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rication artifacts. As in the standard approach samples of Fig. 4.3, a parasitic structure lies
on the edge of the bottom level, even if such defect results to be thinner and taller. And additionally, a very small artifact affects also the deepest wall of the upper bar, as indicated in the
Fig. 4.7. In Fig. 4.8, larger area FIB sections of the two samples are shown.

Sample I

Platinum

1.266 µm

Curtaining
effect

Sample II
Fabrication
Artifacts

Platinum

1.266 µm

Trenching
effect

Figure 4.8: Three-level grating-Three-layer resist samples: large area FIB measurement. Sample I: No parasitic
structures. Curtaining artifacts affect the measurement. Sample II: Parasitic structures are affecting both levels.

The grating structure of sample I is quite homogeneous and defect-free across the inspected
area. It is worth to notice that in comparison to the profile shown in Fig. 4.7, a kind of convex
bumps are visible at the bottom of the grating structure. These bumps are not fabrication artifacts, but they are caused by a well known FIB measurement effect, namely curtaining effect.
This effect is due to the different sputter rate for different materials. For the measurement in

58

4 Grating fabrication results and discussion

Fig. 4.8, these curtaining artifacts occur in correspondence to the air voids, as recognizable
from the FIB cross-section [109].
The larger area FIB section of sample II shows a homogeneous grating surface without visible
trenching effect on the top. The parasitic structures are dimensionally inhomogeneous within
the area, and also some defect-free regions can be observed.
For the samples I and II, one of the most efficient and homogeneous gratings has been characterized in terms of diffraction efficiency vs. incidence angle. The measurement results are shown
in Fig. 4.9 and compared with the rigorous simulations of the design and the FIB-measured
profiles.
The efficiency measurement of Sample I, despite the loss of some percent in the maximum efficiency due to the not accurate etching depth of the bottom level h1 , confirm the good quality
of the fabricated structures. The measurements are in good agreement with the design and the
simulation of the FIB-measured profile over all incidence angles.
Also for the sample II, the results are quite satisfactory in comparison to the rigorous simulations. The discrepancies between measurements and simulations could be partially explained
considering that the FIB-profile simulation cannot be very accurate for this grating due to the
inhomogeneous presence of the fabrication artifacts over the grating area.

Sample I

Sample II

Figure 4.9: Three-level grating-Three-layer resist samples: diffraction efficiency vs. incidence angle @633 nm.
Comparison between the measurements and the simulation of the original design and the FIB-measured profile
of the grating. Angular measurement resolution - Sample I : 1 degree; Sample II : 0.2 degrees, respectively.

The results of the Three-resist Layer Technology are very satisfactory for both samples in term
of achieved efficiency and homogeneity over the sample area. One of the samples is affected by
a fabrication artefact presumably originated by a misalignment between the two lithographic
processes of the two levels of the structure.
Nevertheless, by such an approach it has been demonstrated that the fabrication of a perfect
three-level grating profile without severe fabrication artifacts, is possible also for high disper-
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sive blazed elements. The results will be compared to the other technological approaches in the
section 4.2.4, with particular emphasis on the origin of the fabrication artefacts.

4.2.3 Relaxed Alignment Technology samples
By the Relaxed Alignment Technology, two grating samples, I and II have been fabricated, as
well. The mask layout differs from the one used for the other two technologies. Here, in order
to have a larger variation of the lithographic exposure data, nine different gratings have been
included on a six inch fused silica mask blank.
As discussed in paragraph 3.3, a unique coded chromium mask (containing the lateral information for both levels) is used during the whole fabrication process. The process has been realized
as schematically shown in Fig. 3.8; for both samples I and II, the smoothest level (w2 , h2 ), has
been transferred into the substrate, as first and then followed by the upper level (w1 , h2 ). The
only difference in the fabrication of the two samples is that, for the sample II, the fused silica
RIE etching of the smallest bar has been managed in two partial steps.
In Fig. 4.10 the results of the spatial mapping of the diffraction efficiency of the two samples I
and II are shown. The gratings of sample I achieve a maximum efficiency between 77% and 94%.
Therefore, in some area of the gratings the measured efficiency is even higher than the designed
one. Nevertheless, except the first left grating in the middle row (where ≈ 90% efficiency is
reached), the efficiency is not very homogeneous within the single grating area (< 5%).

Sample II

[%]

y (mm)
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Figure 4.10: Three-level grating- Relaxed Alignment samples: spatial mapping of the first order diffraction
efficiency η (x-y resolution: 2 mm). Fresnel loss included in the measurement.

The sample II shows a better homogeneity (< 2%) within the grating areas with respect to
the first fabricated sample. The maximum efficiencies reached are between 76% and 91%; the
highest measured values are in agreement with the design expectations.
The FIB measurements in Fig. 4.11 surprisingly reveal the presence of the parasitic artifacts on
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both samples, similar to the artifact occurring in the standard and Three-layer Resist approach
samples. Actually, such fabrication artifacts have not been expected for these samples. The
origin of these artifacts is generally found in alignment errors between consecutive lithographic
steps. Even though this explanation can be valid for the other two technologies, it can not for
the Relaxed Alignment Technology where the use of a coded chrome mask avoids misalignment
errors.
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Air
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1.266 µm
Figure 4.11: Three-level grating-Relaxed Alignment samples: FIB cross section. Parasitic structures are
affecting both levels.

The sample I, in particular, exhibits parasitic artifacts on both levels of the grating. Also in this
sample, the parasitic structures are quite thin. Furthermore, the grating profile is not perfect,
especially the width of the upper bar is slightly smaller in the end part.
The FIB cross section of sample II Fig. 4.11, reveals the presence of the parasitic structures
only on the bottom level. The sidewall profile is well defined. The trenching effect is probably
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accentuated by the curtaining effect due to the FIB measurement.
In Fig. 4.12 larger area FIB sections of the two samples I and II are compared. Sample I exhibits a homogeneous presence of the fabrication defects over the inspected area. The trenching
effect, instead is not so pronounced; the top view of the structure is uniform.
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Figure 4.12: Three-level grating-Relaxed Alignment samples:large area FIB measurement.

Contrarily, the surface of sample II is not homogeneous. The top view reveals a pitted surface.
Parasitic structures and trenching effect are not uniform within the grating area. The reason for
such pronounced non-uniformity of the sample surface is not known, actually, the fabrication
of sample I and II has been carried out in the same way.
Despite these fabrication irregularities affecting the gratings, the measurement of the first order
efficiency versus the incidence angle, confirms good diffraction performances for both samples.
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As shown in the Fig. 4.13, the results are in good agreement with the simulations. Also in this
case, the accuracy of the FIB-measured profiles simulation is limited by the artifact irregularities
over the grating areas.

Sample I

Sample II

Figure 4.13: Diffraction efficiency vs. incidence angle @633 nm. Comparison between the measurement and the
simulation of the original design and the FIB-measured profile of the grating. Angular Measurement resolution:
1 degree.

4.2.4 Comparison of the three technologies and discussion
The results presented and discussed in the previous sections demonstrate that all three approaches show good potential for the fabrication of high efficient three-level blazed gratings in
resonance domain.
In particular, the new proposed approaches, i.e. the Three-resist Layer and the Relaxed Alignment technology, obtain better results respect to the standard approach. The new developed
technologies turn out to be more robust, as confirmed by the already good performances achieved
with the first samples. The efficiencies are higher and more homogeneous with respect to the
standard technology samples.
Nevertheless, five of the six fabricated samples are affected by a parasitic structure on the bottom level; and additionally in two of them a very small defect is affecting the deepest wall of
the upper bar. The fabrication artifacts do not compromise the high diffraction efficiency. In
the simulation of the grating efficiency, the thinner upper bar defect could be neglected. The
artifact in the bottom level, actually, as shown in Fig. 4.14 a), increases the maximum efficiency
of the grating, at least if the dimensions are comparable to those measured for the fabricated
samples.
According to the fact that the bottom level artefact is common to all used fabrication processes,
the parasitic structures can not be originated exclusively by alignment or sizing problems. They
are most probably due to a kind of masking effect that occurs at the side walls during the first
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Figure 4.14: Parasitic structure: a) Influence of the bottom level artifact on the efficiency η at normal incidence
of the designed three-level grating; b), c) Schematic illustration of the formation of the parasitic structures within
the etching process due to a passivation layer and residual resist, respectively.

RIE etching into the substrate. Some further investigations about the origin of such fabrication
defects have been carried out, especially the etching processes have been deeply characterized
with several AFM measurements.
First results clarify that such parasitic structures are observable only after the last deep etching
process. Their presence is related to the depth of the second etched level, i.e. larger etching
depths are affected by more pronounced artifacts [101, 110].
The first hypothesis to explain such artifacts could be a kind of passivation phenomena, as
schematically illustrated in Fig. 4.14 b). The deep etching into the fused silica substrate is a
plasma process. During this fabrication step, a protective layer is deposed on the sidewalls. As
a consequence, the presence of the layer is related to the final etched depth. This layer may act
like a mask during the remaining etching time, originating the parasitic structures.
Nevertheless, the results of further etching experiments have not confirm such hypothesis. The
results of one of these experiments are shown in Fig. 4.15. After the standard etching of a
binary grating into fused silica through a chromium mask, the mask is removed and the grating
is etched again for N-times. The formation of the passivation layer was expected, but the AFM
measurements show that no parasitic structure affects the grating structure.
An other explanation for the origin of such artifacts, could be some resist residual on the sidewall of the first etched level, as shown in Fig. 4.14 c), that acts as a mask during the etching of
the second level; this could better explain the irregularity of the artifacts over the grating area
and especially the presence of the thinner upper bar artifact.
It has also to be mentioned, that probably the origin of this artifact is not the same for all
technologies, here considered. Within the Relaxed Alignment Technology it is clearly related
to the etching step, but within the other two approaches, it is a combination of alignment/sizing
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Figure 4.15: Etching experiment to confirm the formation of passivation layer. AFM measurements of the
grating profile (p = 2µm). a) After the standard etching process, through a Cr mask. b) and c) after etching
process without mask. No parasitic artifacts.

errors and etching depth.
Despite the presence of such artifacts, the results are quite satisfactory in terms of achieved
efficiency and homogeneity. The robustness of the two new developed approaches allow to use
them for the fabrication of large area blazed gratings for real applications.
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4.3 Effective-medium enhanced three level grating
The profile of the effective-medium enhanced three-level grating, as already discussed in the
section 2.2.1, is demanding from the technological point of view. The combination of the high
aspect ratio of the smallest groove, g1 = 126 nm, and the adjacent bar, b1 = 100 nm, requires a
special sidewall quality.
The fabrication of such grating is challenging and have been carried out by means of different
technological approaches. But some of the fabrication processes were not successful and therefore the results will not be reported here. The first fabrication run has been carried out by
the Relaxed Alignment Technology, but the process has been already interrupted after the first
etching step (h1 = 949 nm) in fused silica. The bottom triangular shape of the smallest bar,
already pronounced after the first etching, did not allow to proceed further.
Two samples have been fabricated with the standard technology, but the results did not fulfill
the design specifications; as shortly discussed in the following section. Also in this case the
Y-shape of the smallest groove is problematic in order to achieve high efficiency.
Only by the ALD enhanced approach it has been possible to obtain good quality and high
performances gratings. Two slightly different gratings have been successfully fabricated. The
first one is working at normal incidence, the second one for an incidence angle of -7 degree. The
characterization results are presented and discussed. Due to the broadband performances, the
diffraction efficiency has been measured for different wavelengths.

4.3.1 Standard technology samples
The gratings have been fabricated by the standard approach, following the process flow schematically illustrated in Fig. 3.2. Therefore, in the first binary step, the smallest and deepest groove
(g1 , h1 + h2 ) has been etched into the substrate.
In the second step, the larger bar has been patterned and transferred into the fused silica substrate. In the Fig. 4.16, the two fabrication binary steps are shown.
a)

b)

1 µm

1 µm

Figure 4.16: Effective-medium enhanced three level grating: a), b) SEM images of the first and second binary
fabrication step, respectively.
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The walls of the smallest groove exhibits the typical Y-shape, discussed in the paragraph 3.1.
This shape seriously limits the second fabrication step. In the final grating profile, as shown,
in Fig. 4.16 b), the smallest bar is not well defined, and the width of the larger bar is strongly
reduced. Such badly defined grating profile leads to a low diffraction efficiency of only up to
about 40%.

4.3.2 ALD enhanced technology samples
The grating fabrication has been carried out following the process described in Fig. 3.11. The
lateral dimension of the groove g1 has been relaxed and then transferred into the fused silica
substrate. Afterwards, the groove width has been trimmed by the ALD deposition of SiO2 .
The deposition process has been carried out at the company Beneq (Finland) [111]. The ALD
layer thickness has been of 90 nm and 130 nm for the normal-incidence and for the quasinormal incidence sample, respectively. After the ALD process, the fabrication proceeded as in
the standard approach. The already microstructured mask blank has been covered with 80 nm
chromium and with 300 nm FEP 171 for the second level lithography. Due to the small width
(100 nm after the ALD deposition) of the first etched groove g1 , an additional planarization
layer is not needed.
In one single mask blank 30 gratings have been fabricated, in order to optimize the process
throughout a larger variation of the e-lithography exposure data for both levels.
4.3.2.1 Normal incidence sample
The diffraction mapping at 650 nm illumination wavelength, shown in Fig. 4.17, reveals a good
homogeneity of the fabricated gratings.
The variation in the achieved efficiencies between the gratings is due to the different bars/grooves
geometry, originated from the different lithographic data used for the single grating. One of
the gratings reaches an efficiency close to the design, furthermore only a few gratings achieve
efficiencies smaller than 70%.
The FIB characterization of the most efficient grating of Fig. 4.18, shows a well defined profile,
except for the top of the bars which appears slightly distorted. Probably, on the one hand, to
relax the width of the groove g1 of 180 nm has not been sufficient to avoid the typical Y-shape
profile, and on the other hand, the profile distortion is due to the rounding edge effect of the
ALD process ( shown in Fig. 3.12).
Furthermore both bars are wider as designed, they don’t have the same height, and the total
depth of the grating h1 + h2 is 35 nm too shallow compared to the design value.
The larger area FIB measurement of Fig. 4.19, shows, however, a good homogeneity over the
sample’s surface. The curtaining effect is recognizable in the bottom of the upper level.
The efficiency measurements are in good agreement with simulations, especially the compar-
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Figure 4.17: Effective-medium enhanced three-level grating-normal incidence: spatial mapping of the first
order diffraction efficiency η @650 nm at normal incidence (x-y resolution: 2 mm). Fresnel losses included in
the measurements.

ison with the efficiency simulation of the real fabricated grating profile shows a quasi perfect
agreement, as illustrated in Fig. 4.20, a) for the characterization vs. incidence angle @650 nm,
and b) for a wavelength range between 460 and 950 nm at normal incidence, respectively.
Also considering a 2D efficiency mapping, see Fig. 4.20 c), over an incidence angle between -15
and 15 degree and wavelength varying between 460 and 950 nm, the results are in good agreement with the RCWA calculations. The differences between simulations and characterizations
can be explained by taking into account the finite bandwidth of the laser source and the slight

Platinum
Cr
Air
void

1µm

941 nm

130
nm

1,682
µm

309
nm

Figure 4.18: Effective medium enhanced three-level grating-normal incidence: FIB cross-section of one of the
fabricated gratings. The Cr-mask is still on the top of the grating.
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Platinum
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Figure 4.19: Effective medium enhanced three-level grating-normal incidence: large area FIB measurement.
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Figure 4.20: Effective medium enhanced three-level grating-normal incidence. Diffraction efficiency η . Comparison between the measurement and the simulation of the original design and the FIB-measured profile of
the grating. a) vs. incidence angle (angular measurement resolution: 1 degree). b) vs. wavelength. c) 2D
mapping-angular measurement (resolution: 0.5 degree)
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profile variations of the top regions of the bars over the single grating area.
The fabricated structure profile, especially the shape and the dimensions of the two bars, are
quite different for different gratings. In Fig. 4.21 the FIB cross sections of other two gratings,
which achieve a lower efficiency of about 80% are shown. The profile of the wider bar of the
grating in Fig. 4.21 a) is heavily distorted in the top; one part of the bar is more or less missing,
and additionally the profile is not homogeneous already over a small area (4 µm). The profile
of the grating shown in Fig. 4.21 b) is similar to the most efficient ones in Fig. 4.18, but the
deepest groove is too small, and in some point not completely open through the all depth.

a)

b)

1µm

1µm

Figure 4.21: Effective medium enhanced three-level grating-normal incidence: a) and b) FIB cross-section of
two fabricated gratings. Despite the different profiles, both gratings achieve the same efficiency.

The grating profile is quite irregular over the area, as a consequence the simulations for this sample cannot be very accurate. The finest profile features are not included in the simulated profile,
and in addition, the simulation does not take into account the peculiarity of the measured area
of the grating. The FIB simulations are related only to a 2 period grating line, directly imported
from the FIB measurement. These considerations could explain some disagreements between
measurement and simulations.
4.3.2.2 Close to normal incidence sample
The second grating, operating at -7 degree incidence angle, as discussed in the section 2.2.1,
differs from the first one for the width of larger bar, which in this second design is wider, with
a value of 400 nm.
Taking into account the results of the first sample fabricated by the ALD Enhanced Technology, the width of the smallest groove has been enlarged further, i.e. to 360 nm, to reduce the
Y-shape of the groove’s wall. Consequently, the groove width has been trimmed to the designed
value g1 = 100 nm by ALD of 130 nm SiO2 .
The diffraction efficiency mapping, see Fig. 4.22, shows a good homogeneity within the grat-
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ings (< 1%). Furthermore, most of the gratings achieve an efficiency higher then 90%. The
maximum measured value of about 94% is even higher than the design.

y (mm)

[%]

x (mm)
Figure 4.22: Effective medium enhanced three-level grating-close to normal incidence: spatial mapping of the
first order diffraction efficiency η @650 nm for incidence angle of minus five degree (x-y resolution: 2 mm).
Fresnel losses included in the measurements.

The FIB cross section of Fig. 4.23 shows the profile of one of the most efficient gratings. The
typical Y-shape of the grooves walls is strongly reduced. The geometrical dimensions of the
grating features fulfill the design specifications, except for the smallest bar b1 that for the inspected grating is reduced in width and depth.
Platinum
Air
void

1,054
µm

1,740 µm

400
nm
95
nm

1µm

Figure 4.23: Effective medium enhanced three-level grating-close to normal incidence: FIB cross-section of
one of the fabricated gratings.

A larger area FIB measurement (see Fig. 4.24) shows a good homogeneity over the grating
area. No irregularities are affecting the surface.
Nevertheless, the diffraction measurements over incidence angle and wavelength of Fig. 4.25 a)
and b) respectively, do show some differences with simulations. The achieved efficiencies are
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Platinum

1 µm

Figure 4.24: Effective medium enhanced three-level grating-close to normal incidence: large area FIB measurement.

higher than expected, especially for larger wavelengths, as clearly showed in the 2D mapping
of Fig. 4.25.
The deviation between measurements and simulations could be due to the measurement resolution but also to the impossibility to characterize and consequently rigorously simulate the real
fabricated structure profile over the whole measured area (≈ 4mm2 ).
Furthermore, it has also to be considered that the refractive index of the SiO2 coated by ALD
could be slightly different from the refraction index of the bulk SiO2 . Unfortunately, the values
of the refraction index of the ALD-SiO2 are not exactly known, so in the simulations the same
index of the bulk fused silica has been considered.
Furthermore, several simulations varying the dimensions of the bars and their positions vs.
incidence angle and wavelength, have been carried out in order to understand the origins of the
disagreement. The results have not been included in this work, because unfortunately they do
not provide any additional information in understanding the higher efficiency achieved.

4.3.3 Results discussion
The ALD aided fabrication approach represents a good technological solution for the fabrication
of demanding high aspect ratio structures, as successfully demonstrated for the fabrication of
the effective-medium enhanced three-level gratings, discussed in this thesis.
The suggested solution to relax the lateral dimensions of the grooves before the deep etching
into the substrate, can reduce the typical Y-shape of fused silica high aspect ratio structures.
Nevertheless, there is a limitation in this approach due to the rounded edges typical for the ALD
process. The optimal thickness of the ALD depends on the peculiar geometry of the grating.
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Figure 4.25: Effective medium enhanced three-level grating-close to normal incidence: Diffraction efficiency
η. Comparison between measurement and simulation of the original design and the FIB-measured profile of
the grating. a) vs. incidence angle (angular measurement resolution: 1 degree). b) vs. wavelength. c) 2D
mapping-angular measurement (resolution: 0.5 degree).

Chapter summary
In this chapter, the characterization of fabricated multilevel blazed gratings in resonance domain has been presented and discussed.
The two optimized and designed gratings, i.e. three-level and effective-medium enhanced threelevel grating, have been fabricated by means of different technologies, purposely developed to
overcome the limits of the standard fabrication approach.
The three-level grating has been fabricated by standard, Three-Layer Resist, and Relaxed alignment technology. All approaches turn out to be suited for the fabrications of high efficiency
gratings, also if the most of the gratings exhibit a fabrication artifact. This artifact is not
solely due to alignment errors, but origins probably from the fused silica etching process itself
(passivation layer or resist residuals, acting as a local mask for the etching). The presence of
such artifact has the potential to enhance the diffraction performance of the grating, although
it can generate uncontrolled scattering.
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The fabrication of the effective-medium enhanced three-level grating in contrary, has been
successful only for the ALD enhanced technology, due to the demanding aspect ratio. The
fabricated gratings exhibit high efficiency over large bandwidth wavelength.
In conclusion, for both grating configurations in resonance domain designed and discussed in this
thesis, multilevel blazed structures with very high efficiency performance have been successfully
fabricated and characterized.

Conclusions
The aim of this work was the design and the fabrication of transmission blazed gratings in resonance domain. Essential requirements for the gratings were high efficiency at normal incidence,
and additionally good homogeneity on relative large area (> 10mm2 ).
To fulfil these requirements simultaneously, the work has been focused in two directions. First,
different kind of structures have been investigated in order to achieve the highest efficiency possible at normal incidence. In the parametric optimization of the blazed structures the fabrication
constraints have been taken into account and it resulted in optimized multilevel structures.
Secondly, new technological approaches have been developed, and compared with the classical
multilevel technology, to achieve homogeneous optical performances on large area fused silica
gratings.
Two particular grating configurations have been chosen for the optimization of the design and
fabrication. One blazed grating is working for incident light coming through the substrate, and
a second grating with light coming from air, respectively.
For the case substrate-air, the optimized grating is a simple three-level grating, parametrically
optimized as suggested by Noponen [60]. A physical model to understand the high efficiency
achieved has been developed. Such a model is very intuitive and it is based on a simple threewave interferences mechanism. The three-level grating is virtually decomposed into two binary
gratings. The bottom level grating acts as simple beam splitter. The three propagating diffraction orders of this grating are the input fields of the upper level grating. It has been proven
that to achieve the maximum efficiency in the first diffraction order the position of the upper
level bar (with respect to the bottom level) plays a fundamental role due to the required Detour
phase.
For the other configuration air-substrate, a simple fabricable three-level structure is not sufficient to achieve an efficiency higher than 90%. A new kind of grating design has been proposed.
The grating is composed of a three-level with an additional subwavelength structure on the
edge of the bottom level. This new grating design reaches high efficiencies well above 90% in a
broad wavelength band. Also for this structures, it has been possible to find a physical interpretation for the high efficiency. The modal analysis of this multilevel structure shows that it
can be virtually decomposed in two binary gratings, as well. The modest first order diffraction
efficiency of ≈ 70% of the first two-ridges grating is increased to by the bottom simple binary
grating, which works actually as a mode conversion layer.
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Although, in the optimization procedures the fabrication constraints have been considered, the
resulting grating profiles are demanding from a technological point of view. Especially considering the limitations of the standard Binary Optics technology, i.e. misalignment and sizing
errors in the second fabrication layer, and the difficulty of etching high aspect ratio structures
in fused silica.
To overcome these limitations three new fabrication approaches have been proposed and tested
for the fabrication of blazed gratings in resonance domain. In particular, the first approach,
Three-resist layer technology, consists in a simple modification of the standard approach by
adding a planarization layer in order to avoid non-flatness of resist/ chromium layers within the
second fabrication step.
The second technology is devoted to completely avoid the misalignment errors that may occur
between two lithographic steps. For this reason, it is called Relaxed Alignment technology and
it consists in the use of a unique coded chromium mask for the all fabrication process. This
coded mask contains all information about the lateral dimensions of all grating features.
Within the last proposed fabrication approach, ALD-enhanced technology, the Atomic Layer
Deposition technique has been introduced in the fabrication of diffraction gratings. To reduce
typical Y-shape of high aspect ratio grooves in fused silica, the groove is first etched with an
enlarged width, after its width is trimmed down by ALD of fused silica.
The three new technological approaches resulted appropriate for the fabrication of multilevel
structure characterized by small period ( 1...5µm) and submicron feature sizes, as shown from
the fabrication results of the two blazed gratings, discussed here. The high efficiencies achieved,
the quasi-perfect agreement with the simulations, and the comparison with the results of the
standard technology confirm this assumption. Nevertheless, it is also worth to mention that for
the first time a three-level resonance-domain grating, working in the visible spectral range has
been successfully fabricated by the standard technology approach, as well.
In conclusion, within this research work it has been proven that it is possible to design and fabricate transmission blazed gratings in fused silica, working in resonance domain, and achieving
high efficiency also for non-Littrow configuration. The optimization of the grating profile has
to take into account the fabrication constrains. At the same time, the technology has to be
design-based and flexible, combing also different approaches in order to find the best process
for the peculiar gratings.
The technologies discussed in this work have been introduced in the fabrication chain of the
CMN (Center for Advanced Micro and Nano-optics) of the Fraunhofer-IOF and successfully
used for the fabrication of other three-level gratings [101, 112]. Blazed transmission gratings in
resonance domain can be now used in industrial applications.
In addition, the physical interpretation for the high efficiencies, based on the analysis of the
multilevel structures as a composition of simple binary gratings, shows the opportunity to in-
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vestigate new kind of structure in order to achieve even higher blazing efficiency. It is possible
to design the perfect blazing (diffraction efficiency = 100%) transmission grating as a multilevel
structure with the upper levels wider then the bottom levels (see the attachment A).
However, further developments in the fabrication technologies are required to realize such a
design. Some of the approaches developed in this work might be useful for such designs as well.
Until then the blazed transmission gratings presented in this work are the most efficient design
for normal incidence successfully realized up to today.
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A Perfect blazed gratings in resonance
domain
The diffraction efficiencies achieved by the two blazed gratings, discussed in this work, are
already very high with values >90 %. These high blazed efficiencies have been achieved with
simple structures, a three-level and an effective-medium enhanced three-level grating.
By adding additional levels and additional freedom in the parametric optimization of them, it
is possible achieve diffraction efficiencies of 100 % or very close to the perfect blazing efficiency.
In the Fig. A.1, two examples of perfect blazed gratings are shown. The gratings are optimized
for the same operating conditions of the effective-medium grating discussed in this work.

a)
TE-pol.

99 %
h=2,72µm

period=1µm

b)

100 %

TE-pol.

h=2,7µm

period=1µm

Figure A.1: Perfect blazed grating examples. a) four-level; b) eight-level. The grating are optimized at normal
incidence for light coming from air. p = 1µm; λ = 650nm; TE polarization.

Both gratings are characterized by some upper levels wider as the under levels and demanding
total depth of the structures. These profiles require further development in the fabrication
technologies in order to fabricate such over-hanging structures.
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