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Abstract: Wafer-scale, nanoimprint lithography-based approaches for manufacturing of high-
efficiency transmission gratings at telecom wavelengths are reported. Two microns-deep, binary
gratings are thereby fabricated and combined with a subwavelength, antireflective structure to
achieve a cost-efficient and reliable manufacturing process. Diffraction efficiencies of 92% are
experimentally achieved in the Littrow configuration. These gratings are used to compress 8
picosecond pulses with 1W of average output power at central wavelength of 1555nm to pulse
duration of 378 femtoseconds
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1. Introduction

Grating based laser compressors have been extensively studied in the last 30 years and are still
the most popular tool for generating high-power, ultrashort laser pulses using chirped pulse
amplification (CPA) [1-3]. In this method the pulse is first stretched in time, amplified and then
compressed [1,4-6]. The centerpiece of such a compressor is a high-efficiency diffraction grating
with the rest of the mirrors and lenses built around it. Various routes for manufacturing of such
high-efficiency gratings have been established like ruling [7,8], laser interference/holography
[9] or direct writing by an electron / laser beam followed by reactive ion etching (RIE) [10,11]
and potential (oblique) evaporation to increase the efficiency [12]. In the case of a transmission
setup, an additional antireflective (AR) coating is required. Unfortunately, these technologies are
relatively expensive due to their long processing time and expensive equipment used, as well as
possible inhomogeneities on a wafer area. Substantial efforts have therefore been taken in the past
to reduce the manufacturing costs of high efficiency gratings [11]. One possibility is utilizing
nanoimprint lithography (NIL) processes [13]. These processes offer high reproducibility and
possibility for high to very high throughput, as well as good process control while requiring much
less sophisticated equipment and shorter process times compared to plasma etching processes
[14]. NIL processes still rely on a so-called master structure, which is the template used as a
mold for replication, but the above-mentioned advantages then apply to each copy made from this
master. Deep or slanted grating nanostructures however are challenging to replicate on large areas.
However, many efficient grating designs rely on such nanostructures [15,16]. Furthermore, these
structures are often tailored to a very limited wavelength range and adapting them to different
wavelength ranges is difficult.
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We are presenting two NIL-based routes for fabricating efficient transmission gratings that rely
on deep binary gratings. The first route (A) provides a simple, cost effective and reliable way to
produce a series of high efficiency diffraction gratings from a master template. Such gratings
will be identical to their template and will not have tunable properties. The route B offers a
much higher flexibility in the fabrication of very high efficiency diffraction gratings. It involves
more complex process steps but have lighter requirements for the grating replication process and
wavelength range tunability. The diffraction properties attainable through these routes are first
assessed in Rigorous Coupled Wave Analysis (RCWA, [17,18]) simulations. It is shown that not
only a peak efficiency of >97% is achievable at 1550nm wavelength for an optimized grating
geometry, but that efficiencies of >96% can be accomplished throughout most of the telecom
wavelength bands by simple tuning of the grating depth. Both fabrication routes are subsequently
tested and used to manufacture gratings on full 5-inch wafers with >92% diffraction efficiency
at 1550nm wavelength, which is the most common wavelength for telecommunication related
applications [19,20]. The resulting quality of the gratings is finally assessed by including them in
a laser compressor and demonstrating femtosecond pulse compression at this exact wavelength
[21].

2. Materials and methods

2.1. Simulations

RCWA simulations were performed on the model visible in Fig. 1(c). The refractive index of
the grating material, the sol-gel Ormocomp, was approximated by 1.52, which is the datapoint
available at 589nm. Data for 1550nm wavelength was not available but the dispersion is expected
to be reasonably low, and the attainable efficiency is not extremely sensitive to the refractive index
(RD). Even for significantly lower RI material like for example fused silica, simple adaptation
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Fig. 1. RCWA simulation of 1% order diffraction efficiencies for s-polarized light of a
grating having a 1250 nm period with a) constant depth and b) variable depth at different
AOL c) shows 2 periods of the simulation model, the dark blue material is the replicated
grating in Ormocomp and the light blue material is air. d) FDTD simulation results of the
typical time-average electric field intensity in two periods of the grating structure, black line
representing the grating profile, illuminated in the transmission Littrow configuration.
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Fig. 2. Schematic detailing the two fabrication routes. Inset: Fully processed 5-inch wafer

of the grating depth can compensate for the deviation (Fig. 2). The absorption of Ormocomp
at 1550nm is approximated by zero. Additionally, Finite Differences in Time Domain (FDTD)
simulations using Lumerical software were performed on a slanted version of the model using a
smaller discretization.

2.2. Fabrication

The process is summarized in Fig. 2. The replication masters were fabricated by laser-interference-
lithography: a 5-inch quartz wafer was coated with AZ Barli II-200 (Microchemicals) at 2000rpm
on which a 550nm thick layer of S1805G2 Photoresist (Microposit) was spin-coated. The resist
was exposed in a dual beam interferometer utilizing a HeCd laser at 441.6nm wavelength (Plasma
JSC). Exposure time and development time were iteratively optimized to record a grating of circa
510nm depth in the resist. The grating was subsequently evaporated with 100nm of Chromium
(Cr) at an angle of 79° with respect to the surface normal from the two directions perpendicular
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to the grating lines. The residual layers of photoresist and Barli II were removed in oxygen
reactive ion etching plasma (Plasmalab 80 plus) before transferring a rectangular profile into the
quartz (Oxford Plasma Pro 100 Cobra, 150W RIE and 1500W ICP, SmTorr, 5°, 20sccm Cy4Fg,
100sccm Ar). The chromium was removed by immersion in Chrome Etchant 18 (Microresist
Technologies) and subsequently cleaned in Nanostrip. For the deeper grating, the process was
repeated with a different CR evaporation angle (45°) and an etching time of 4min. Etching into
the sol-gel replication material (Ormocomp) was done with the same machine but with 200W
RIE at 20mTorr; and 10sccm CHF3 / 40sccm Ar for 4min 15s.

The molds of the diffraction gratings were done by replicating the master into Polyurethane on
a standard 5-inch glass substrate. The mold was teflonized (sputtered at 4.6%10~2 mbar in CHF3
atmosphere, SOW RF) before treatment with BGL-GZ-83 (Profactor) for anti-adhesion. The mold
was subsequently used to replicate the final structure in Ormocomp (Microresist) on a D263T
glass (Schott). The replication process was identical for the antireflective (AR) structures on the
other wafer side, apart from the mold material which was Ormocomp instead of Polyurethane
and the grating being protected with an AZ 40XT-11D (Microchemicals) resist layer during this
process.

3. Results
3.1. Grating simulation and fabrication results

RCWA simulations have been performed to optimize the transmittance into the first diffraction
order (7') of a 1250nm period grating in Littrow configuration for s-polarized light. Littrow
configuration is achieved when the first diffraction order is redirected towards the incident beam
for a reflective grating, while input and output angles are the same for the transmission grating. In
our case, this case can be observed at 38.3° angle of incidence (AOI) with respect to the grating
plane for the target wavelength of 1550nm. The equation below shows the relation between these

values:

6 - sin-! (nlsin(e,-) + m% ) W

nz

where 6,, is the output angle for order m, n is the refractive index of the incident medium, 7, the
refractive index of the material the outgoing beam propagates in, 6; the angle of incidence, A the
grating period, and A the vacuum wavelength. Littrow configuration for the m™ order occurs
for 8,, = 6,. It was found that a simple binary grating with a duty cycle (width of the grating
ridge divided by the grating period) of 40% and a depth of 2100nm could achieve >97% first
order diffraction efficiency in this configuration (Fig. 1(a)), which is close to typical holographic
gratings available commercially [22]. The simulation model is shown in Fig. 1(c) with a refractive
index of 1 for the incidence in air and of 1.52 for the substrate.

A small taper was introduced to account for the light sidewall inclination observed for the
etching process utilized in this study (Fig. 3(b)). In Fig. 1(a), the chosen grating shows a
pronounced maximum at the target wavelength of 1550nm and 38° AOI, which is the geometry
it has been optimized for. Even though the efficiency is broadband in wavelength, a clear
deterioration of the efficiency is observed when the grating is operated outside of these optimal
conditions. Efficiencies of approximately 92% can be achieved at 1700nm wavelength and the
corresponding Littrow angle of approximately 43° (darkest yellow line). It is also clearly visible
that, even though at 1700nm wavelength the Littrow angle is at 43° AOI, the peak efficiency is
found around 1600nm in this configuration. To improve the efficiency at wavelengths away from
the main design wavelength of 1550nm, it was found that a possible solution is to increase the
grating depth while keeping all the other parameters as in Fig. 1(a). With this simple adaptation,
efficiencies >96% can be achieved in the entire wavelength range as confirmed by the green
curves in Fig. 1(b). The physical explanation for this observation can be found by investigating the
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optical near-field. Figure 1(d) shows a simulation of the near-field intensity at 1560nm performed
with the FDTD software Lumerical, supported by a time-domain movie, Visualization 1, of the
propagating electric field in supplementary information. The field in the grating pillars is mainly
distributed in two zones: a low-intensity zone with a phase discontinuity, and a high-intensity
zone with a phase delay from the incident field. The magnitude of the phase delay depends on
the optical path difference between light propagating in the pillar and in the environment. This is
confirmed by the presence of an optimal efficiency at a given grating depth.
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Fig. 3. Scanning Electronic Microscopy (SEM) pictures of a) the full wafer, b) the front side
diffraction grating and d) the backside AR structures. The measured diffraction efficiency
of the full device in ¢) and the transmittance of the AR structures replicated in Ormocomp
compared with the bare glass and the Ormocomp coated glass in e)

Note that, even though the observed efficiency-drop of approximately 4% from 96% to 92%
seems minor, the difference accumulates during the 4 passes in a pulse compressor configuration.
If the overall compressor efficiency amounts to 85% for a grating with 96% efficiency, it drops
to approximately 72% for a grating with 92% efficiency. It is finally worth mentioning that for
wavelengths around 1300nm (O telecommunication band), the deeper gratings of 2000nm —
2100nm depth are suitable again and show efficiencies around 96% (Figure S1). At 1270nm, the
—2"d order appears for ny = 1.52. This so-called Wood-Rayleigh anomaly [7,23-25] causes a
kink in the spectrum as light is redistributed into this additional order for lower wavelengths.

In summary, the above findings suggest to either only work with a single wavelength and fully
optimize the grating for this wavelength, including the grating period and depth, or to adapt
the grating depth according to the targeted wavelength range. In the following, we propose a
replication-based fabrication process that could accommodate either of these goals depending on
its implementation (Fig. 2).

As for all replication processes, the starting point is the generation of a master structure. In this
work, we used laser interference lithography as it can produce homogeneous grating structures
over large areas in a single exposure (Fig. 2(i) and (ii)). The resulting sinusoidal grating is
coated obliquely with Cr (iii), which acts as a hard mask for the subsequent reactive ion etching
(RIE). A first oxygen RIE removes the residual resist layers and a second CHF3 RIE transfers
the binary grating into the quartz substrate (iv). After removing the Cr mask as well as the
remaining resist by photoresist stripping and chromium wet etching, a binary master grating with
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limited depth/efficiency is produced. Two options are available to replicate and improve this
master: Route A continues by redepositing Cr obliquely on the grating-patterned quartz (A i) and
performing a 2" CHF; RIE to deepen the grating (A ii). After removing the chromium, this
deep grating can subsequently be replicated by utilizing an elastomeric Polyurethane (PU) mold.
PU is sufficiently elastic to facilitate release of the deep structures while being rigid enough to
prevent them from collapsing or changing shape when molding the uncured Ormocomp sol-gel.
The PU mold is used to replicate the grating using nanoimprinting into the final Ormocomp
material (A iii), a hybrid organic-inorganic sol-gel material by ultraviolet (UV) nanoimprinting.
Ormocomp is more durable than organic materials and matches the refractive index of the glass
substrate. Route B proceeds by replicating the shallower grating into a Polyurethane mold, which
is then used to produce a nanoimprinted replica in Ormocomp material (B i). This Ormocomp
grating replica is coated with a Cr hard mask (B ii) and etched (CHF; RIE) to the desired depth
before the Cr is removed by wet etching (B iii).

For both routes, the device is finalized by replicating an antireflective (AR) nanostructure on
the backside of the substrate using again nanoimprinting with an Ormocomp material, which
is cost efficient. This step is necessary to use the grating in the first order of diffraction in
transmission and to achieve a high compressor efficiency. In this study, a two-dimensional grating
was used with a period of 550nm and 350nm peak to valley depth as AR structures.

Route A can hence be used to produce gratings of constant depth with very high reproducibility.
The simplicity, cost and reliability of the process bring clear advantages. Route B offers the option
of adapting the depth after replication, but at the expense of an additional oblique vacuum Physical
Vapor Deposition (PVD) and RIE step. On the other hand, route B has lighter requirements on
the replication process, as the grating is much less deep at the time of replication and has the
potential of achieving even higher aspect ratios if required after RIE.

Both process routes were tested and could successfully be implemented on full 5-inch wafers
(Fig. 2, inset). The resulting grating shape for both routes was very similar and close to the design
(Fig. 3(a),(b), see also Figure S3 for more details). Efficiencies of 92% in the first diffracted order
in transmittance could be reached for both routes (Fig. 3(c)), with a minor depth difference of
150nm that explains the slightly different measured efficiency spectra.

Even though measurements are below the theoretical limit, they are very good considering
they stem from a fully replicated 5-inch wafer. The largest contribution to this gap between
simulation and fabricated devices results from the AR structures (Fig. 3(d)) which increase
transmittance by 4.3% (Fig. 3(e)) only. The reflectance per interface according to Fresnel’s
formulas would be 7.6% for s-polarized light so an increase by another 3.3% would be possible
with fully optimize AR structures. Optimization of the AR structures would however go beyond
the scope of this publication. Many different AR structures from moth-eye inspired nano-pillars
to nano-pyramids have been reported elsewhere [26-28] and can be replicated instead of the
2D grating utilized here. An additional difference of diffraction efficiency of 1.7% between the
simulated and experimental measurements are likely caused by fabrication imperfections, sol-gel
absorption and possibly scattering and slight deviations from the simulated design. This low
level of loss in efficiency emphasizes the high process control and reliability of the fabrication
chain for the main diffraction grating as well as the low shrinkage of the Ormocomp material
during UV reticulation.

Note that care must be taken to the choice of nanoimprint material and substrate: their refractive
indices have to match to prevent any reflection at their interfaces and no absorption bands should
occur at the wavelengths of interest. With the Ormocomp material, the refractive index matches
very well as virtually no difference in transmittance is observed between the bare glass and
the same glass with a layer of Ormocomp attached (see Fig. 3(e)). The selected Ormocomp
introduces no absorption losses for the main telecom wavelengths around 1550nm and 1300nm,
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but it would need to be substituted for applications around 1400nm or 1700nm due to well visible
absorption bands.

3.2. Grating validation in compressor of femtosecond pulses

Finally, we demonstrate the pulse compression of an amplified laser with the new produced
gratings. A folded grating compressor with a MENHIR-1550 laser oscillator (Menhir Photonics)
as a light source at 1550nm wavelength was used for this proof of principle experiment. The
250fs output pulses of this oscillator have been stretched in a 20m passive optical fiber before the
fiber amplifier to serve as an input for our compressor setup with 38° angle of incidence on the
grating.

We used a folded Martinez type compressor setup [29] . The setup is depicted in Fig. 4. From
the compact laser source, the beam is sent through the compressor as illustrated in the Fig. 4, on
the right. In this configuration, after the grating, the pulse is sent to a curved mirror (f = 200mm).
In the focal plane of that mirror, a plane mirror is placed to enable the four passes through the
grating. From there, the pulse is sent back to the curved mirror and to a roof top mirror.

Fig. 4. On the left a) is the experimental setup with the 1550 nm laser oscillator from Menhir
Photonics and the compact setup of the folded Martinez-type compressor [26]. Shimmering
green in this image is the grating produced by CSEM. On the right b) is the schematic of the
four beam passes through the grating in the compressor. The input is dark green, and the
first pass and the second pass through the grating are lime green. The orange-colored lines
are representing the third and fourth pass through the grating.

We measured the performance of the compressor setup with an input of 1.12W average power
and 8 picosecond pulse duration after the fiber amplifier. First, we confirmed 92% diffraction
efficiency for a single pass through the grating. The laser output pulses after compressor are
temporally measured with a second-harmonic generation (SHG) autocorrelator, as in Fig. 5(b).
The measured SHG autocorrelation FWHM is 584fs, corresponding to 378fs deconvolved pulse
duration, assuming a sech’ temporal shape. The spectrum of the compressed output pulse has
been measured with an Optical Spectrum Analyser (Ando, AQ6317, with set resolution to 2nm)
yielding 12nm optical bandwidth at FWHM. The calculated time-bandwidth product is 0.57,
which is somewhat larger than the theoretical minimum value of 0.315 for sech2 transform
limited pulses. The larger value is caused mainly by non-sech2 pulse and spectrum profile, and
by uncompressed higher order dispersion in pulses coming from the fiber amplifier.
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Fig. 5. a) The spectrum after the compressor and b) the SHG autocorrelation trace of 378fs
pulse duration obtained with 1W of average output power from the source.

4. Conclusion

In summary, new fabrication methods for high efficiency diffraction gratings have been presented.
After a master structure is fabricated using interference lithography, oblique PVD and RIE,
the gratings are replicated using UV nanoimprint lithography with a robust solgel material,
Ormocomp, on full 5 wafers. The ~2 microns deep grating structures with a period of 1250nm
are replicated with very good fidelity to the master and demolded without difficulties and
with good reproducibility by using a polyurethane elastomeric mold. This process provides
an affordable cost per gratings with 97% reachable diffraction efficiencies, close to the ones
of etched quartz, by requiring no or minimal RIE for each grating replication. Two different
designs strategies are elaborated and different trade-offs between flexibility and process cost
are evaluated using RCWA and fabrication options. The two presented grating manufacturing
routes are very attractive in terms of reproducibility, as well as cost-efficiency, while achieving a
comparable diffraction efficiency to conventional quartz gratings. The high efficiency of 92% of
our replicated gratings in transmission is demonstrated experimentally by diffraction efficiency
measurement in an ultrafast pulse compressor. The discrepancy between numerical modelling
and experimental is due to non-optimized NIL replicated anti-reflective coating and multiple
options exist to improve the anti-reflections structures as reported in [26-28]. The NIL-based
gratings were built into a Martinez type folded compressor and picosecond pulse compression
to close to bandwidth-limited pulses in the fs-regime could be demonstrated with the laser at
1555nm wavelength, delivering 1W of average output power. The compressed pulse duration
was 378fs from a spectral bandwidth of 12nm, corresponding to 0.57 time-bandwidth product.
The demonstration of this design and fabrication method at other wavelengths such as 1030nm
will require to modify the design and adapt the process parameters.
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