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A new alternative and versatile method for the
production of Diffractive Optical Elements (DOEs) with
up to 4 phase levels in AMTIR-1 (Ges3Asi2Sess) layers is
demonstrated. The developed method proposes the use
of the photosensitive properties of the layers and a
specific in-situ optical monitoring coupled with a reverse
engineering algorithm to control the trigger points of the
writing of the different diffractive patterns. Examples of
various volume DOEs are presented. © 2016 Optical
Society of America
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Chalcogenide glasses (ChG) are composed from a chalcogen element
such as Sulphur, Selenium, and Tellurium. To create a glass network,
some other atoms are added such as As, Ge, Sb, Ga, Si or P. ChG are
particularly interesting due to their specific optical properties. In fact
they are transparent into the mid-infrared up to 20 um depending on
their chemical composition [1]. The refractive index is high n~2-3 and
ChG possess also a high nonlinear refractive index nz [2]. But one of the
most striking property is their photosensitivity. Using light exposure
with a wavelength below the optical bandgap, the chemical bonds can
be rearranged. This effect directly modifies the optical properties of the
ChG. This very specific property has led to different kinds of
applications such as phase change memory [3]... As thin films, ChG
were thoroughly studied and the impact of inserting a photosensitive
layer into an optical filter to modify its spectral response was
demonstrated [4]. As an example, it was shown, a few years ago, that it
is possible to use the photo-bleaching or photo-darkening [5] effects to
adjust the central wavelength of a Fabry-Perot filter and therefore
generate ultra-uniform bandpass filters [6].

The ChG studied in this paper is AMTIR-1. It is composed in molar
percent with 33% of germanium, 12% of arsenic and 55% of selenium
and was provided by Amorphous Material Company. AMTIR-1 was

already deposited as thin films by pulsed laser deposition [7], thermal
or e-beam evaporation, and showed excellent optical properties [8].
Layers from AMTIR-1 were shown to be excellent candidates for the
production of various optical elements such as ring resonators [9]...
We recently showed that these layers are also a good candidate for the
production of a new kind of optical elements [10]. Actually with the
theoretical and experimental developments of diffractive optical
elements, metamaterials or metasurfaces, there is a higher and higher
demand for 3D micro- and nanostructuring of multilayer stacks. 1D-
structures are easily obtained by the optical coating technology, while
3D-structures require micro- or nano-engineering the local thickness
of the deposited structures using lithographic processes combined
with etching techniques. We showed that for coarse structures, i.e. for
structures having a pitch with size much larger than the wavelength
(i.e. with size larger than 10 pm), it is possible to create volume phase
structures by locally controlling the local refractive index of a
photosensitive layer. Such an approach was applied to the fabrication
of binary DOEs. However, it is well known that for many applications
and in order to achieve higher diffraction efficiency, especially for the
production of asymmetrical beams, the use of multi-level DOEs is
mandatory. In this paper we demonstrate the possibility to photo-
structure a photosensitive chalcogenide layer with 4 levels in order to
produce a Volume Diffractive Optical Element (VDOE). Methods of
production and monitoring are detailed.

The chalcogenide layers and thin film stacks were produced using
electron beam physical vapor deposition in a Balzers BAK600
chamber. The residual pressure inside the vacuum chamber was
around ~10-6 mbar and the deposition rate was 10 + 1 A/s. In a
previous works [8] using those parameters, we first demonstrated that
AMTIR-1 materials provide broad transparency range above 850 nm,
high refractive index (n = 2.74 @ 1 um) and photosensitive properties
such as photo-bleaching effect. This effect occurs into the AMTIR-1
layers when exposed to a light with a wavelength whose energy is
below the bandgap. This effect allows generating refractive index
decrement down to -0.04 at 1 um that was then applied to binary
DOEs. Moreover, it was shown that this refractive index change is



permanent and is stable with time over extended period of time of 10
weeks (the duration of the test). Therefore AMTIR-1 based layers are
compatible with the production of stable optical elements.

Using those previous results, the goal of this work was to show the
possibility to further structure these photosensitive layers and then to
generate a multilevel DOEs with up to 4 levels for a wavelength around
850 nm ie. the nearest wavelength from the optical bandgap of the
material (Eg = 1.42 eV) that can still secure high transmission. This
wavelength was chosen in order to make the best use of the photo-
bleaching effect, ie. maximize the photo-induced refractive index
change and minimize the required refractive index change to obtain a
2m phase shift. A 4 levels VDOE required to get 3m/2 as maximum
phase level which means, with a refractive index variation equal to An,
athicknesstof:

3 A
t=oo @

We opted for an AMTIR-1 layer with thickness of ~23 um deposited
between two AR-coating stacks which annihilate losses due to Fresnel
coefficients and oscillations caused by the interferometric nature of a
single layer. AR-coatings were made of two layers of tantalum
pentoxide (n~2.1) and silicon dioxide (n~1.46). The designed
multilayer structure is therefore:

Substrate/AR2/AMTIR-1/AR1/ Air 2)

To record VDOEs in a photosensitive layer, an optical setup was
designed to perform the exposure. A detailed description can be found
in[10].

CMOSs

Fiber-coupled
exposition laser diode —

@_—--

Spatial filter

INCIDENT BERAM \
8

il
L

I Beam dump
| U
L.

2
. TRANSMITTED BEAM

Dichroic

Sample mirror

REFLECTED BEAM

Beam dump

Fiber-coupled
control laser diode

Fig. 1: Experimental setup for patterning light and monitoring DOE
writing.

In short, this set-up (Fig. 1) is based on a Digital Micromirror Device
(DMD) which is shined by a collimated laser diode beam with central
wavelength at 808 nm, a spectral width of 4 nm and a power density of
15 W/cm?. According to the extinction coefficient of AMTIR-1 layers at
808 nm, this wavelength was chosen to secure large enough
absorption to trigger the AMTIR-1 photosensitivity and keep almost
uniform exposure throughout the chalcogenide-layer thickness (Toutput
= 50% after propagation within a 23 um thick layer). The DMD was
used to pattern the exposure intensity following a given profile loaded
in the software, and was then imaged on the sample plane with a 4-f
imaging system (Fig. 1: pink color). Intensity spatial profiles can then
be adapted to the application, ie, in our case, the generation of
diffractive patterns.

A second optical (Fig. 1: purple color) system acts as an in-situ
optical monitoring that is analogous to what is classically used for the
monitoring of thin film filters. It is mainly composed by a fiber coupled
laser diode centered at 850 nm (collimated with waist beam

® ~ 1.3 mm), a 500 mm focal lens and a CMOS camera. The monitoring
wavelength is identical to the one that was used to design the VDOEs.
During the exposure, this optical system measures at different times t
the evolution of the intensity distribution in the focal plan of a lens ie.
in the far field. Thus it allows to monitor the DOE diffracted intensity
during its fabrication of and to define trigger points when exposure
must be stopped, i.e. when a given phase level has been reached. Such
an approach was already implemented for the fabrication of binary
VDOEs [9]; exposure is switched off when the far field measured
intensity is similar to the modeled one, meaning that the m phase is
met.

For a 4-graylevel DOE which includes 0, t/2, T; 31t/2 as phase levels,
the exposure and monitoring strategy is quite the same. But the
exposure arrangement was chosen in order to have characteristic far-
field intensity distributions after exposing each gray-level. In fact the
impact, on the far-field distribution intensity, of a DOE with a single /2
phase level is not enough to produce a significant change that can be
monitored with the in-situ optical monitoring. This results can be
confirmed by calculating the theoretical field distribution in the focal
plan of lens expressed by:

exp\(jzkf(uzwz)) .
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where ugauss is the Gaussian field TM0O from the optical monitoring
and ¢pok the DOE phase pattern with 4 levels phase. To overcome this
effect, a dedicated strategy was developed.

e First the phase levels over T are exposed until reaching the
desired phase change. We obtain the equivalent of a binary
DOE.

e Then the area that not yet been exposed and corresponding
to /2 levels are exposed until reaching the desired phase
change

e Finally the area that have been exposed to with m phase shift
and that are associated with 31/2 levels are further exposed
in order to increment the level by an additional /2 level
until getting the desired final intensity distribution.

Thus the phase pattern exposed is divided into 3 parts, as the
following expression:
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An example of the three different phase profiles in case of the
fabrication of a 4-level 4 beams splitter is illustrated in Fig. 2.
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Fig. 2: Phase masks for a step by step exposure: (a) phase level over ,
(b) phase level equal to 1t/2, (c) phase level equal to 31/2.




This procedure enables to have characteristic intensity distributions
for each phase level in the focal plane of the lens during optical
monitoring and thus to precisely control each step. An example of the
modeled characteristic far field intensity when recording a 2 x 2 beam

splitter is illustrated in Fig. 4.
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Fig. 3: Simulation of far-field diffraction patterns of a Gaussian beam
after propagation through different graylevel phase mask at the focal
plane of a 500 mm lens: (a) phase level over m, (b) phase level equal to
/2 plus phase level over T, (c) the final pattern.

Very specific and characteristic intensity profiles are associated with
the creation of each level: the first step (m level) splits the beam into
two new beams, the second intermediate state (1t/2 level) is associated
with the appearance of 2 new additional beams as well as the
reappearance of the zero order beam, and finally the last level (31t/2
level) permits to generate the four new beams with equal intensity and
low zero order beam.

Similarly, Figure 4 shows an example (modeling) of the proposed
exposure and monitoring strategy after exposing the first two levels
and the third level with a 1t/4 phase value of square top-hat beam. Its
associated vizualization shows the overall strategy throughout the
exposure of all levels.
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Fig. 4: lllustration of the exposure and monitoring strategy after
exposing the first two levels and the third level with a t/4 phase value
square top-hat beam (Figure) and troughout the fabrication process
(visualization).

Finally to precisely control the evolution of the diffractive pattern
during the exposure, a reverse engineering method was added. It
compares the measured far-field intensity profile in the focal plane of a
500 mm lens, at time t, and a simulated profile which phase change is
optimized in order to minimize merit function defined by:
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The phase components 1, @2 and 3 are those defined in equation
(4), the coefficient o, 3 and y are between 0 and 1 and optimized by the
algorithm that was developed using Matlab. As the exposure is made
step by step each coefficient is estimated one by one and the value are
fixed at the end of each exposure step. Using this extracted value of the
phase during exposure, it is also possible to estimate the necessary
remaining exposure during of each step.

1
Ith(u, U) = Az_fz
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Different 4-Level VDOEs have been fabricated following the
experiment protocol previously described. In this section we present
the results of a 2 x 2 beam splitter and a square top hat beam splitter.
The VDOEs patterns have been designed either by a usual iterative
Fourier transform algorithm [12,13] or a simulated annealing
algorithm [14]. Then, they were recorded using the multi-step
procedure. The result at achievement obtained for the 2 x 2 beam
splitter is illustrated in Fig. 5 and the results for the top-hat are
illustrated in Fig. 6, Fig. 7 and Fig. 8, the figures corresponding
respectively to the diffraction after exposing the m-levels, m and m/2-
levels and m, m/2 and 3m/2 levels. As one see, there is a good
correlation between theoretical results and experimental one.
Moreover coefficients a, {3, and y calculated using the Matlab algorithm
are over 0.95 confirming the good creation of the VDOE pattern in both

examples.
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Fig. 5: Farfield diffraction patterns of a Gaussian beam after
propagation through a graylevel phase mask at the focal plane of a
500 mm lens: (a) experimental results, (b) theoretical results.

One may wonder why a 3-step exposure is necessary, while the
usual processes, such as photolithographic process, require only two
exposure steps. One for m phase level and another to add 3m/2 and /2
levels. Actually, with a photosensitive chalcogenide layer, due to the
non-linear response of the photo-bleaching effect, we found that it is
advantageous to have a 3-step exposure as the kinetics of refractive
index change will be different for the second and fourth level [10].
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Fig. 6: Far-field diffraction patterns of a Gaussian beam after
propagation through the first exposed mask (graylevel > 1) at the focal
plane of a 500mm lens: (a) experimental results, (b) theoretical
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Fig. 7: Far-field diffraction patterns of a Gaussian beam after
propagation through the second exposed (graylevel = T + graylevel =
m/2) mask at the focal plane of a 500 mm lens: (a) experimental
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Fig. 8: Far-field diffraction patterns of a Gaussian beam after
propagation through the final 4 graylevels phase mask at the focal
plane of a 500mm lens: (a) experimental results, (b) theoretical
results.

To characterize the results, the diffraction efficiency was estimated
for both VDOEs using the formula:

ef f =2 ©)

IGauss

Where Ipok is the intensity contained in the region of interest i.e. for
the 2 x 2 beam splitter the intensity integrated over the 4 points and
for the top-hat the intensity integrated over the square beam profile.
Igauss is the intensity integrated over the whole initial Gaussian beam
aperture after propagation through a uniform part of the AMTIR-1
coated glass plate in the focal place of the same lens. This intensity thus
takes into account the loss induced by Fresnel reflection and the
absorption of the AMTIR-1 layer. Such a definition allows
characterizing the efficiency of the fabricated patterns and not intrinsic
losses of the optical element. Results are summarized in Table 1. One
can see that efficiency is still limited because the designs were
optimized in order to show very characteristic diffraction patterns
when exposing each gray-level and therefore validate the concept
detailed in this paper. This efficiency could then be highly improved by
optimizing the designs.

Finally an additional characterization of the 2 x 2 beam splitter was
performed by calculating the residual intensity inside the zero-order. It
use the same formula (5) but Ipo is replaced by the lzero corresponding
to intensity of the zero-order. The results give a residual intensity equal
to 1%.

Table 1. Diffraction Efficiency and zero order intensity of the fabricated

DOEs.
2 x 2 beam splitter 70% 1%
Top-Hat 80% N/A

We have presented here a comprehensive description of the
fabrication of a multilevel VDOE using closed-loop in situ
optical monitoring. Two examples were detailed. The first one
is a 2x2 beam splitter and the second one is a square top-hat
beam converter with 4-levels. These results validate a versatile
and efficient way for the recording of volume multi-level
diffractive optical elements.
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