Journal of the European Optical Society - Rapid Publications 2, 07019 (2007)

N. Lyndin
M. Flury
S. Tonchev
R. Fechner

O. Parriaux
parriaux@univ-st-etienne.fr

WWW.j€0S.0rg

on leave from the Institute of General Physics Moscow, Russia

Laboratoire Hubert Curien UMR CNRS 5516 (formerly TSI), 18 rue B. Lauras, F-42000 Saint-Etienne
on leave from ISSP Sofia, Bulgaria

Institut fiir Oberflichenmodifizierung, IOM, Permoserstrasse 15, D-04318 Leipzig, Germany

Laboratoire Hubert Curien UMR CNRS 5516 (formerly TSI), 18 rue B. Lauras, F-42000 Saint-Etienne

Between 98% and 100% flat top efficiency -1°f order TE diffraction over a 40 nm wavelength range centered at 800 nm can be obtained
by an all-dielectric grating structure where the corrugation is etched in a high index layer unlike in the state of the art. 98% maximum
efficiency and a wide-band top-hat diffraction efficiency spectrum are demonstrated experimentally. [DOI: 10.2971/je0s.2007.07019]
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1 INTRODUCTION

The last stage in a Chirped Pulse Amplification (CPA) scheme
is recognized as the most critical and limiting one regarding
flux resistance [1]. Standard femtosecond compression grat-
ings are known to be limited in energy flux resistance [2].
They usually consist of a gold coating deposited onto a si-
nusoidal surface undulation replicated in some sort of resist
[3]. High diffraction efficiency and fabricability requirements
impose TM polarized incidence; this implies a large electric
field at the metal surface and the risk of local plasmon ex-
citation at surface imperfections. The resulting heat gener-
ation has to be dissipated essentially by the organic resist
which leads to the degradation of the corrugation at less than
1]/cm? fluence. This has motivated the search for an alterna-
tive as from the beginning of the nineties as first suggested
by Sychugov et al. [4]. All-dielectric grating structures com-
posed of a multilayer mirror and a corrugated superstructure
have been developed in a number of laboratories [5, 6], and
have been shown to withstand a fluence larger than 1]/cm?
at 1050 nm wavelength [7]. The possibility to achieve 100%
diffraction efficiency was shown to be related with the exci-
tation of a leaky mode of the mirror-based diffractive super-
structure [8]. The polarization is preferably TE since the TM
polarization exhibits the Brewster effect which limits the field
accumulation in a leaky mode. Such gratings are today avail-
able commercially with impressive performances and size [9].
With the development of Ti:sapphire industrial lasers for ma-
chining applications in the 800 nm wavelength range [10], a
new set of specifications has emerged with moderate band-
width (about 30-40nm) and ultimate efficiency since the 4-
pass scheme currently used multiplies by about 4 the loss of
a single diffraction event. Conventional all-dielectric gratings
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can reach 100% diffraction efficiency theoretically at a central
wavelength where the leaky mode resonance is satisfied, but
the efficiency slowly falls off at neighbouring spectral com-
ponents. A bandwidth of typically 65nm at 1064 nm wave-
length at 95% diffraction efficiency is obtained in state of the
art gratings where the corrugation is made in a low index sil-
ica top-layer [9]. A top-hat diffraction efficiency profile close
to 100% over a restricted spectrum is needed for laser machin-
ing. We showed the way with an early sample exhibiting at
some places 98% maximum diffraction efficiency, and an es-
sentially top-hat spectrum of close to 20nm width centered
at 800 nm wavelength [11]. In the present paper the width of
the flat top is stretched to 40 nm and the efficiency reaches be-
tween 96 and 98% efficiency over the whole grating area.

2 GRATING DESIGN

The basic grating structure is represented in Figure 1. It com-
prises a multilayer mirror on a substrate and a dielectric mul-
tilayer with a corrugation in the top high index layer at the air
side unlike in the state of the art where it is etched in a low
index silica layer [7]. The diffraction is produced by the sole —
1% order in a contradirectional scheme away from the Littrow
condition. As shown in Ref. [12] the condition for high effi-
ciency is given by the dispersion equation of a TE leaky mode
excited by refraction of the incident wave in the corrugated
layer.

Figure 1 also represents the rationale behind the high ef-
ficiency device. When the leaky mode resonance condition
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FIG. 1 Cross-sectional view of the dielectric mirror based leaky mode propagating struc-
ture with binary corrugation in the last high index layer. TE incidence is under angle
6;, diffraction along the sole -15 order. The Fresnel reflection is cancelled by balanced
destructive interference between top reflected field and re-radiated leaky mode field.

The circles with cross and dot represent the electric field with its orientation.

is fulfilled, the Fresnel reflection coefficient in a gratingless
structure is real and the contribution to reflection of the
air/layer interface and of the leakage of the field accumulat-
ing layer are of opposite sign. Degrading the quality factor of
the field accumulating layer by means of a —1°! order grating
at the layer/air interface has two consequences: first, the Fres-
nel reflection can be cancelled out by destructive interference
in the Fresnel reflection direction, secondly, the energy has
nowhere else to propagate but to be diffracted along the —1°¢
order. 100% diffraction efficiency is therefore ensured by prop-
erly adjusting the grating strength. It has long been believed
that 100% diffraction efficiency in such non-Littrow configura-
tion is a result of a condition of constructive interference in the
incidence half-space between the wave directly diffracted by
the grating and the wave diffracted down towards the mirror
and reflected into the incidence half-space. The consequence
of such assumption leads to a result which an exact electro-
magnetic modelling does not confirm [13]. If the leaky mode
propagating structure on top of the mirror is composed of sev-
eral layers, the same rationale applies. The leaky mode dis-
persion equation is more complex, but it is easy to derive as
shown in Ref. [8]. In the present paper the leaky mode propa-
gating structure is composed of a low index buffer and a high
index top-layer into which the corrugation is etched. Excit-
ing a leaky mode for enhancing the diffraction efficiency of a
grating does not imply that the damage threshold of the grat-
ing is decreased. The electric field of a TE leaky mode is no
larger than the electric field of the incident wave. Satisfying
the leaky mode propagation condition only amounts to have
a field maximum in the grating region and to enable a cancel-
lation of the Fresnel reflection. Very different is the trapping
of the field in a true guided mode where the field in the cor-
rugated waveguide can be much larger than that of the inci-

dent wave as in laser polarization control for instance [14] and
leads to a significant decrease of the damage threshold [15].

Figure 2 shows the result of the modelling of the present struc-
ture.
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FIG. 2 -1t order diffraction efficiency spectra: a) with corrugated two-layer structure of
unity line/space ratio satisfying the leaky mode dispersion equation (modelling). The
variables t; and t, obtained from equation (1) are respectively 30nm and 110 nm.
The multilayer mirror contains 19 quarter-wave layers of Si0, and Hf0,. b) of the

optimised broad band character.

Curve a) represents the —15 order diffraction efficiency spec-
trum of a typical all-dielectric structure comprising a quarter-
wave mirror of 19 layers, a low index buffer of thickness t; on
top, and a high index corrugated top-layer of thickness ¢, at
the air side. In the simple structure corresponding to curve a)
the corrugation is etched all through the high index top-layer
(the thickness of the non-etched part of the top-layer is zero)
and the line width is equal to the groove width. The leaky
mode propagating superstructure is consequently a two-layer
system where the top-layer is corrugated and will be repre-
sented by an equivalent homogeneous layer in the leaky mode
dispersion equation hereunder. The incidence angle in air is 57
degrees, the central wavelength is 800 nm. The quarter-wave
layers are made of silica (n;, = 1.48) and HfO, (ny = 2.12)
and are quarter-wave for the incident wave which is to be
trapped in the leaky mode propagating superstructure, there-
fore t; = 164nm, and ty = 103nm. The mirror’s last layer is
of high index. The two-layer dispersion equation for the prop-
agation of a TE leaky modes writes [8]

Ko tan (K2t2 — %) + x1 tan (Kltl — 477"1) =0 (1)

where t; is the thickness of the dielectric layer of index
ny, in direct contact with the multilayer mirror and x; =

ko/ n% —n2sin?@; with kg = 27/A at vacuum wavelength

A, 0; is the incidence angle in the incidence medium of in-
dex n., and t; is the thickness of the top-layer of high in-
dex ny where the corrugation will later be etched and x; =

km/n%{ —n2 sin? ;. The phase terms ¢, and ¢, are the re-
flection phase shifts at the mirror boundary and at the air
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side with incidence from the leaky mode propagating layer
side. ¢, is 0 since the transmission medium (air) has lower in-
dex, and ¢, is zero too since the last layer of the multilayer
mirror is of high index. For the electric field to be strong in
the high-index corrugation to ensure maximum strength with
minimum depth, the dispersion Eq. (1) must be satisfied in a
structure which is corrugated, therefore an equivalent index
11e; must be used for the top layer instead of the high index
ny. In the case of the TE polarization the equivalent index is
simply given by expressing the equality between the permit-
tivity integrated over one grating period A and the product of
the layer thickness ¢, by the equivalent permittivity e,; = ngq:

Ws

(e pten) @

Neg =

and p = w; /w; is the line/space ratio between the width w; of
the grating line of permittivity e = n2 and the groove width
ws of permittivity ey = n?,.

The search for the conditions of maximum diffraction effi-
ciency is first made by choosing two thicknesses t; and t,
satisfying Eq. (1) approximately, then introducing the latter
as the starting values into an optimization code. The diffrac-
tion efficiency profile is obtained by simply setting the thick-
ness of the non-etched part of the top-layer to zero and the
line/space ratio p to 1 in a general diffraction modelling code
based on the true-mode method [16]. Unlike the better known
Rigorous Coupled Wave Analysis (or Fourier Modal Method)
method [17], the true-mode method considers the grating cor-
rugation as is, and develops the field on the basis of the true
modes of the corrugation instead of developing the corruga-
tion in a Fourier series. There is a plurality of combinations
of p, t1, t» and of the non-etched top-layer thickness satisfy-
ing Eq. (1) and achieving maximum diffraction efficiency; we
chose for curve a) the simplest one (0 = 1 and corrugation
all through the top-layer) as a benchmark for further opti-
misation. The corresponding —1% order diffraction efficiency
spectrum is shown as curve a) in Figure 2. It is not particu-
larly wide band and does not always reach 100%. It is not nar-
row band either since the maximum diffraction efficiency re-
lies upon the excitation of a leaky mode which is a very broad
resonance. A broad band top-hat character in the diffraction
efficiency spectrum can be introduced by means of a specific
tailoring of the multilayer dispersion. This will be reported
separately. Submitting the full structure inclusive of the mir-
ror to the optimisation code with the departure point of the
structure corresponding to curve a) delivers the diffraction
efficiency of curve b). The efficiency spectrum now exhibits
a top-hat character with close to 100% over a broad band
and quickly falls to zero at the band edges. Defining the cor-
rugation in the last high index layer requires quite shallow
grooves of hardly more than 100nm depth whereas grooves
defined in a silica layer must be between 400 and 600 nm deep
to give rise to a sufficient grating strength [5]. Furthermore,
a grating defined in a top low index layer can not provide
such efficiency spectrum as given by curve b). The optimised
structure giving rise to the diffraction efficiency spectrum of
curve b) has a binary corrugation of 123 nm depth in the high-
index hafnia layer of 253 nm thickness and the line/space ratio
p = 220/350 with a 570 nm period.

3 EXPERIMENT

The test structures were fabricated on thick fused quartz sub-
strates of 25 mm diameter, 6 mm thickness by the deposition
of alternating layers of silica and hafnia. The lithography of
the 570 nm period grooves was made by exposing a 200nm
thick resist layer to the interferogram produced by a stabilized
Mach-Zehnder scheme at the 442 nm wavelength of a Helium-
Cadmium laser. The problem of the reflection of the expo-
sure beams by the multilayer is known to be a big problem,
sometimes imposing a modification of the multilayer mirror
[18]. The present structure is made to be little reflecting under
specific exposure conditions which permits to skip any Anti-
Reflection Coating (ARC) resist or absorptive layer, thus mak-
ing the exposure on a high reflection mirror easy. The defini-
tion of narrow resist walls was made by a two-step exposure.
Figure 3 illustrates the Atomic Force Microscope (AFM) scan
of a resist grating exhibiting small line/space ratio p.
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FIG. 3 AFM scan of a typical thin resist wall grating.

The physical transfer of the resist grating into the last hafnia
layer was made by Reactive Ion Beam Etching (RIBE). Spe-
cial care was taken not to broaden the corrugation walls. Fig-
ure 4 illustrates a typical corrugation obtained in hafnia which
closely corresponds to the specifications given by the mod-
elling with a groove depth of 123nm and line/space ratio
o = 0.62.

The corrugated wafers were tested by means of a continuous
wave tunable Ti:sapphire laser under an incidence angle of 57
degrees between 730 and 850 nm wavelength which was the
available tuning range. As shown in Figure 5, the —1%t order
diffraction efficiency is remarkably high: 97% on the average
and is remarkably flat between 777 and 815nm wavelength.
The 0" order is 2% on the average and exhibits sharp peaks
at the band edges. As compared with the theoretical mod-
elling (doted curve of Figure 5) the experimental spectrum
has a slight blue-shift of 3nm which is attributed to an inac-
curate layer index; for instance changing the index from 2.12
to 2.10 shifts the curve by 5nm to shorter wavelengths. The
experimental spectrum shows a slightly rounded left shoul-
der which is attributed to a small error on the line/space ratio
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FIG. 4 AFM scan of the corresponding hafnia wall grating after RIBE.

p. A slightly larger line/space p ratio will correct this effect.
Making the measurement at different locations of the grating
surface shows a few percent variation only which means that
the technology can be scaled up to larger substrates. Although
the diffraction efficiency is already quite high, these results do
not represent a limit. There is room for improvement by a bet-
ter control of the grating corrugation which appears to be the
most sensitive element of the structure.
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FIC. 5 Experimental diffraction efficiency spectrum under 57 degrees TE incidence. The

dotted line corresponds to the modelled structure.

4 CONCLUSION

The evidence was shown that a compression grating of close
to 100% efficiency over a 40 nm wide spectral width suitable
for Ti:sapphire femtosecond laser machining of high average
power can be fabricated with sufficient control. Unlike in the
compression gratings of the state of the art, the corrugation is
made in a layer of high refractive index which gives rise to
high diffraction efficiency with a groove depth of hardly more

than 100nm and a groove duty cycle which does not differ
much from 0.5.
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