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ABSTRACT

Top hat diffraction efficiency in an al-dielectric SIO,/HfO, grating femtosecond pulse compression grating is
demonstrated with a close to 100% flat top over more than 20 nm around 800 nm wavelength. New perspectives are
open for high average power femtosecond laser machining.
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1. INTRODUCTION

It is known that conventional metallized gratings are not suitable in femtosecond pulse compression stages to be used in
a regime of high average power. Heat dissipation leads to a rapid deterioration of the underlying resin corrugation. As
early as in the mid nineties all-dielectric reflection gratings demonstrated their capability of achieving larger and close
to 100% efficiency [1] and of sustaining larger flux [2]. Since then, this technology has led to industrial products of
impressive size and efficiency [3]. Most achievements and products have so far targeted high energy femtosecond
pulses of less than 100 fs duration and low repetition rate at 1054 nm wavelength.

There is now aneed for more industrial applications where the demands are different : the nominal wavelength is that of
a Ti:sapphire laser around 800 nm, the pulse duration is significantly above 100 fs, and the repetition rate is much
larger, in the multi-KHz range. This implies that the damage mechanisms are not so much the electronic discharges in
the dielectric layers, but the average power, therefore thermal effects. An important consequence is that the grating can
be made in the high index last layer which considerably widens the domain of parameters where 100% diffraction
efficiency can be obtained, and requests much shallower grating depths than in silica : less than 100 nm in HfO, or in
Ta,0s instead of more than 500 nm in silica for the same grating period. This also implies that the bandwidth of the
compression gratings needn’t be as wide as in ultrashort pulse applications (20 nm bandwidth seems to be sufficient).

The main demand on gratings for high average power applications is on the diffraction efficiency. The efficiency of al-
dielectric gratings can easily reach 100% theoretically and it is possible to get close to the theoretical maximum indeed
[4]. However, the diffraction efficiency spectrum has usually the form of a smooth maximum with the efficiency falling
to lower values off maximum. The present contribution reports on a very different diffraction efficiency spectrum
exhibiting theoretically a 100% plateau over awide spectral range, and on the successful technological and experimental
demonstration of this new electromagnetic behaviour. As a comparison, figure 1 shows a typical diffraction efficiency



spectrum obtained theoretically from a structure comprizing a standard quarter wave reflector at 800 nm wavelength
under 60° TE incidence with a 536 nm grating period defined in a last layer of silica. The incidence and diffraction
conditions in this reference example are the same as those considered in the present paper. Most often, the corrugation is
made in the last layer of the multilayer which is silica because silica is easy to etch. It is also believed that the flux
resistance of silicaislarger than that of ahigh index layer [2].

In this example, the quarter wave multilayer mirror is designed for the incident beam. The considered layer index are
those which are usually assumed in aion plating process. The optimization parameters are the groove depth, its width
and the thickness of the unetched silica layer. The objective function in the optimization is the —1% order diffraction
efficiency at 800 nm. It can be seen that under the prescribed conditions the diffraction efficiency is limited to below 80
% at 800 nm.
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Figure 1 : -1% diffraction efficiency spectrum in a standard dielectric mirror based corrugated silica layer with n(SiO,) =
1.48, n(HfO,) = 2.118, groove depth = 650 nm, groove width = 342 nm and 193 nm unetched silica layer.

2. DESIGN ASPECTS

The compression grating described here is composed of a multilayer mirror with a pair of low and high layers on top,
the grating being made in the last high index layer of hafnium oxide. It is usually thought [5] that 100% diffraction
efficiency is an effect of constructive interference between the —1% order directly diffracted by the grating and the —1%
order diffracted down and reflected by the multilayer mirror. The explanation does not account for the modelling results
obtained off—Littrow by optimization method. The more physical and correct explanation of high diffraction efficiency
is the refractive excitation of aleaky mode of the mirror based pair of layers [6] which enables the cancellation of the O™
reflected order which implies that the power has nowhere else to go but to be 100% diffracted in the —1% reflected order.
With this vision in mind, it is not only possible and easy to adjust the film thicknesses so that the analytical dispersion
equation of a leaky mode is satisfied [7], it is aso possible to taylor the dispersion of the multilayer so that the
dispersion equation is satisfied over arequested wavelength range.

Figure 2 is an illustration of the electromagnetic mechanism used to achieve 100 % diffraction efficiency. The zero™
order reflection of incident beam (a) onto the mirror based structure consists of two contributions : the Fresnel reflection
(c) from the top interface and the reflection from the mirror (g). If the dispersion equation of aleaky mode propagating
in the mirror based layer (b) is satisfied , both contributions are real, but they are opposite sign, the contribution of the
trapped and re-radiated wave being of large modulus.
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Figure 2 : Leaky mode excitation (d) enabling the cancellation of the 0" reflected order (c).

This very fact gives the unique possibility of balancing the modulus of the two contributions by deteriorating somehow
the field accumulation in the leaky mode, this can be achieved by placing a grating at the air — layer interface. The
grating not only degrades the field accumulation, thus permitting the nulling of the reflection, it also dictates the
direction where the energy mode propagate once the zero™ order reflection has been cancelled out. This mechanism was
shown to operate in all —1% order resonant grating analyzed so far [7]. The theoretical diffraction efficiency spectrum is
centered at 800 nm wavelength with a flat top of 25 nm width at 100% efficiency presented in the figure 3. Such
efficiency profileis very attractive for high average power industrial femtosecond lasers.
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Figure 3 : Theoretical diffraction efficiency versus wavelength
in amultidielectric mirror based pair of low and high index layers.

3. FABRICATION AND CHARACTERIZATION

The multilayer is made of aternate SIO, and HfO, layers on a quartz substrate with an ion plating techniques. The
grating was first made in aresist film exposed to an HeCd laser interferogram, then etched down by RIBE. The grating
groove profile measured by AFM reveals close to rectangular grooves of 105 nm depth and about 0.75 line/space ratio
which is close to what the optimisation of the structure led to. Figure 4 is the SEM picture of the cleaved edge of the
obtained corrugation in the last HfO, layer by means of reactive ion beam etching. It exhibits a trapeze ridge profile
making an angle of 20°with the normal.



Figure 4 : SEM Picture of the corrugated hafnia layer cross section.

The 0™ and —1% orders diffracted by a fabricated grating are measured by means of the set up sketched in figure 5. The
grating samples have a 50 mm diameter. The measurement set up comprises different angular stages and a rotation
stage. The latter controls the incidence angle of the collimated beam to within 0.02°. The diffraction efficiency is
defined as the ratio between the diffracted power and the incident power. The referencing to the incident power was not
made real time but sequentialy at each wavelength step. The stability of the laser during a wavelength step scan was
better than 3 %. The power measurement head is a universal optical power system (Melles Griot Model 13 PDC001)
with a67 mm diameter integrating sphere and silicon detector usuable between 400 and 1100 nm.

The component was illuminated with a tunable titanium doped sapphire laser pumped by argon laser : the tuning range
was between 710 nm to 850 nm wavelength. The beam polarization is linear and TE. The polarization control was
carefully made by means of a polarization maintaining fiber followed by a Wollaston prism. It is of critical importance
since the used resonant diffraction effect is highly polarization dependent whereas 0™ order reflection below 1% must be
measurable. The perpendicularity between the incidence plane and the grating lines is aso critical importance for
estimating the device ultimate performance : the two diffraction orders and the incident beam were made coplanar. The
wavelength was calibrate to better than 1 nanometer.
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Figure 5 : Sketch of the measurement setup



The experimental measurement of the —1% order diffraction efficiency validates the design objective : a flat top
diffraction efficiency larger than 97% over a bandwidth of 20 nm is obtained. The experimental efficiency curve of
figure 6 is dightly shifted to shorter wavelengths which is attributed to some drift in the refractive index of the layers at
the multilayer deposition stage.
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Figure 6 : Theoretical and experimental —1% order diffraction efficiency and experimental 0" order reflection spectrain a
HfO,/SiO, multilayer based grating of 536 nm period under 60° incidence of the TE polarization.

4. CONCLUSION

It was shown that maximum diffraction efficiency of close to 100 % can be kept over a sufficiently wide wavelength
range to ensure superior system efficiency in high average power femtosecond machining lasers of pulse duration larger
than 100 fs.
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