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Abstract: We designed, fabricated and characterized a nano-periodical
highly-efficient blazed grating for extreme-ultraviolet (XUV) radiation. The
grating was optimized by the rigorous coupled-wave analysis method
(RCWA) and milled into the top layer of a highly-reflective mirror for IR
light. The XUV diffraction efficiency was determined to be around 20% in
the range from 35.5 to 79.2 nm. The effects of the nanograting on the
reflectivity of the IR light and non-linear effects introduced by the
nanograting have been measured and are discussed.
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1. Introduction

A well-established technique for the production of attosecond XUV light pulses is high
harmonic generation (HHG) in noble gases [1]. In order to utilize the HHG process for
frequency conversion from the infrared to the XUV wavelength region, a sufficiently high
peak intensity has to be obtained. In conventional HHG experiments amplifiers that boost the
pulse energy by sacrificing repetition rate have been widely used [2]. Due to the low
repetition rate, such XUV sources have a limited range of applications. In particular for
experiments, where a combination of a high XUV flux with low energy/pulse is needed in
order to e.g. avoid space charge effects, high repetition rate XUV sources are desired. A
prominent example is photoelectron emission microscopy (PEEM), which could be used for
exploring ultrafast dynamics in nanostructured surface systems with time resolutions down to
the attosecond regime [3]. The realization of MHz XUV sources is, however, a challenging
task since high driving pulse energies and peak intensities at these repetition rates are needed
for the highly-nonlinear HHG process.

The method of cavity-assisted HHG overcomes these limitations. Here, broadband
femtosecond pulses from a mode-locked MHz oscillator are coupled into an external resonant
cavity [4-8], in which peak intensities are reached, sufficient to drive intra-cavity HHG at the
full repetition rate of the oscillator.

So far, one of the major challenges in cavity-assisted HHG is to efficiently extract the
generated high harmonics from the enhancement cavity without influencing the cavity
performance. Because intra-cavity generated XUV radiation propagates along the direction of
the fundamental beam, it will be blocked and absorbed by the cavity mirrors, which are only
highly-reflective for the propagating fundamental light. Thus, an optical element allowing for
the output coupling of the intra-cavity generated XUV light is needed, which has high
efficiency while exhibiting minimal losses for the fundamental light and also in any other way
does not influence the cavity performance.

Several XUV output couplers have been proposed. The first enhancement cavity based
HHG systems employed a thin intra-cavity sapphire plate at Brewster’s angle for the infrared,
while reflecting the XUV radiation [4-6] away from the fundamental radiation beam path.
This method nevertheless introduces significant group-velocity dispersion and nonlinear phase
shifts at high intensities. To overcome this problem, other methods were proposed, using a
small hole in the curved mirror after the intra-cavity focus, where the XUV is generated, or
employing a slotted mirror and two colliding pulses to produce non-collinear HHG [9,10].
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However, these methods suffer from increasing additional intra-cavity diffraction losses for
the fundamental light and a complex implementation, respectively.

As an alternative to the above mentioned methods, Yost and associates [7] reported a
small-period relief diffraction grating for XUV light as an output coupler, which is etched
directly into the surface of one of the dielectric mirrors of the cavity. This method overcame
the major difficulties by adding minimal intra-cavity loss, and by permitting large buildup
peak intensities without introducing nonlinear phase shifts to the cavity resonance. To this
day, among the intra-cavity generated XUV output coupling techniques this method is the
most promising one from the point of view of power scalability [11]. The maximum
theoretical output coupling efficiency at a wavelength of 65 nm, for which the grating design
was optimized, amounted to roughly 10%.

In this paper, we report on the design, fabrication and characterization of a nano-period
grating, which, in contrast to the one presented in [7] is blazed in order to increase the
diffraction and thus output coupling efficiency. The blazed grating was designed such that it
serves as a diffractive element for the XUV and acts as high-reflective mirror for the
fundamental light. We have theoretically studied and optimized the design of such a nano-
periodical grating to increase the XUV diffraction efficiency to above 20%. Moreover, we
characterized the grating using a XUV light source within the wavelength range of 35.5-79.2
nm and verified its high diffraction efficiency in our experiment. In addition, the influence of
the grating structure on the reflectivity of the fundamental IR wavelength and nonlinear
effects owed to the nanograting were measured.

2. Optimization of the grating

We first compare theoretically two diffraction grating designs (see Fig. 1), one of which is a
relief grating based on the one used by Yost et al. [7], the other one is a blazed nanograting,
which can lead to higher diffraction efficiency. To determine the optimum design parameters
and evaluate the diffraction efficiencies of both gratings, we apply a rigorous coupled-wave
analysis method (RCWA) [12-14]. It allows for an arbitrary complex permittivity to be used
for the material and thus avoids the infinite conductivity approximation. The wavelength
dependent dielectric constants used in these calculations are based on experimental data [15].

The goal of our optimization was to obtain high coupling efficiency between 35.5 and 79.2
nm, corresponding to the 13th to 29th harmonics of a fundamental wavelength of 1030 nm.
One motivation for the optimization of the efficiency in this wavelength range comes from the
possibility to conduct high resolution spectroscopy of the 1s-2s transition in He™ at around 61
nm with extreme precision [4,6]. It should be stressed that the choice of the IR wavelength
range for the design can be easily varied.

The nano-period grating structure is implemented on a multi-layer dielectric mirror, which
is designed as a near-perfect reflector for the fundamental wavelength of 1030 nm with s-
polarization. The grating is structured into the uppermost SiO, layer of the multi-layer mirror.

The optimization parameters include the incidence angle, groove period, groove depth, the
duty cycle, and blaze angle. In Fig. 1c we compare the optimized diffraction efficiencies in
the —1st order (higher orders are less efficient) within the given wavelength range for a relief
and a blazed nanograting. Note that the fundamental light is only present in the Oth order of
diffraction, such that for a structure with optimized —1st diffraction order for the XUV, these
two wavelength ranges can be easily separated.
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Fig. 1. Comparison of the diffraction efficiency of a relief nanograting (a) and a blazed
nanograting (b). Theoretically, the blazed grating can achieve an efficiency of around 20%,
which is considerably higher than for a relief grating (around 10%), (c).

The parameters for an optimized relief grating (incidence angle: 70 degrees, grove period:
420 nm, groove depth: 40 nm, duty cycle: 40%) based on the RCWA method exhibit only
small differences to the nanograting used by Yost et al. giving a diffraction efficiency of
about 10% over the studied wavelength range. For the blazed grating the optimized
parameters were identified for an incidence angle of 72 degrees, 510 nm groove period, 46 nm
groove depth, 70% duty cycle, and a blaze angle of 3.6 degrees. The results of the theoretical
simulations for this blazed grating are compared to the relief grating in Fig. 1c. The blazed
grating could achieve an efficiency of up to about 20%, which is considerably higher than for
the relief grating with approx. 10%. Between the 17th and 21st harmonics (50 nm to 60 nm),
the blazed nanograting is found to provide a diffraction efficiency in the —1st order even
exceeding 20%.

Z /nm
60

Fig. 2. AFM image of the nanostructured blazed grating. The grating is etched into the
uppermost SiO, layer. The groove period is 510 nm; groove depth is 60nm and aspect ratio is
70%.

To fabricate the grating, we used the dielectric mirror as the substrate, which is an IR near-
perfect reflector (Layertec), R > 99.95% at 1000-1040 nm. Firstly, the substrate was coated
with the electron beam resist ARP 617.03. The blazed resist profile was created with the
electron beam lithography system Vistec SB350 using a variable dose approach. After the
development of the resist mask, it was proportionally transferred into the substrate by ICP-
RIE (inductive coupled plasma-reactive ion etching). We employed CHF; as process gas and
02-1CP-RIE to remove all organic residues after this transfer. On account of limitations in the
manufacturing process, the blazed grating structure had a groove depth of 60 nm. Figure 2
depicts an atomic force microscopy (AFM) image of the produced blazed nanograting.
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3. XUV diffraction efficiency measurements
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Fig. 3. Illustration of the experimental setup for the diffraction efficiency measurements. The
entire setup is placed in a vacuum chamber. The broadband XUV radiation (see inset) is
generated by a few-cycle phase-stabilized Ti:Sa laser pulse (750 nm, 4 fs) via HHG in a Xe gas
jet. An aluminium filter allows transmission of XUV light below 79.2 nm while removing the
residual IR light. The XUV is either diffracted by the blazed nanograting or reflected by a flat
gold mirror and then steered into an XUV spectrometer by another gold mirror. In order to
compensate for the angular dispersion of the nanograting the second gold mirror could be
translated and rotated.

To experimentally characterize the performance of the blazed nanograting, the setup sketched
in Fig. 3 was used. Briefly, few-cycle IR laser pulses (750 nm, 4 fs) were used to generate a
broadband XUV spectrum by HHG [16] within a Xe gas jet at peak intensities exceeding 10*3
W/cm? in the focus. The gas target is contained within a nickel tube with an inner diameter of
3 mm. Both XUV and IR laser pulses propagate collinearly after the gas target. A 200 nm
thick Al filter is used to remove the fundamental laser beam and low order harmonics. An iris
with a diameter of 3 mm was placed after the Al filter to ensure that only the nanograting
(measuring 4 x 10 mm) etched into the top of the dielectric mirror was illuminated by the
XUV beam (rather than the surface of dielectric mirror). After either diffraction from the
nanograting or reflection from a flat gold mirror, the XUV light is imaged into a scanning
XUV monochromator for the setup described here. The angular dispersion of the nanograting
was compensated for by adjusting the rotation and translation of the imaging gold mirror (see
Fig. 3 for specific wavelengths). The entire setup is placed in a vacuum chamber and
evacuated to a pressure of 10~ mbar. Absorption of XUV light by residual gas in the chamber
can thus be neglected. Our setup provided the possibility to measure the diffraction efficiency
at any particular wavelength within the broad spectral range of the XUV source.

In order to independently calibrate the XUV intensity for each wavelength, we introduced
a gold mirror into the beam instead of the nanograting as a reference. Both the grating and the
XUV reflection mirror are situated on a translation stage. In order to avoid systematic drifts in
the XUV spectrum from the HHG process (due to intensity fluctuations of the laser) to
influence the measurement, alternating measurements were performed for the XUV intensity
of the Oth diffraction order of the grating and the reflection from the mirror. In this way, the
ratio Rogmirror OF the Oth diffraction order efficiency of the grating and the reflectivity of the
mirror was determined (see black line in Fig. 4a). In order to measure the —1st order
diffraction efficiency of the nanograting, the ratio R_jsyon, Of the —1st and Oth order diffraction
efficiencies was characterized. Note that R.jqon Was corrected for the reflectivity of the
second gold mirror for different incidence angles. The reflectivity of the gold mirror is derived
from the refraction indices given in Palik’s handbook [15].
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Fig. 4. (a) The measured ratios of XUV intensities. Rotvgoa is the ratio of Oth order efficiency of
the grating and gold mirror. The error bars given for the black curve stem from drifts in the
XUV spectrum and are determined as 0.03. R.isyor IS the ratio of —1st and Oth order efficiency
of the grating. The error bars given for the red curve are statistical and correspond to the
standard deviation (o). (b) The calculated —1st order efficiency (red curve) and the extracted
—1st order efficiency (black curve) from experiments. The error bars are based on the ones in
(a) and they take into account systematic errors due to the calibration of the reflectivity by
using the gold mirror. These errors are determined as 0.09 in the range from 66 nm to 74 nm
and 0.07 at other wavelengths.

The output coupling efficiency of the —1st order, Eff.;, was extracted from the described
measurements as follows:

Eff (’1) =R iq/0m (l) X ROth/goId (l) x rEfgold (A) @

where refy,q is the gold reflectivity for different wavelengths. The result is displayed in
Fig. 4b. In order to account for the limited resolution in the experimental measurements, the
theoretical prediction that is displayed as red line in Fig. 4b has been convoluted with a
Gaussian of 4 nm full-width at half-maximum. The experimental result is in reasonable
agreement with the theoretical prediction. Notably, the experimental measurement around 70
nm gives a higher diffraction efficiency than theoretically predicted. At around 70 nm the
refractive index of SiO, goes to 1, which leads to a dip in the —1st order diffraction. Although
the dip is also evident in the measurement it is not as pronounced as in the theory. There are
two potential reasons which could cause the deviations between the theoretical and
experimental data. One is the roughness due to the fabrication limits of nanograting; the other
is a possible change in the stoichiometric composition of the SiO, layer in the production
process, which could affect the reflectivity of the dielectric surface of the grating in the XUV
range.

To our best knowledge, this is the first full characterization of the —1st order XUV
diffraction efficiency of a blazed nanograting. The fabricated dielectric nanograting exhibits a
diffraction efficiency of more than 20% between 50 nm and 60 nm. Using such a blazed
nanograting as output coupler in an enhancement cavity would result in high external XUV
powers.

4. IR reflectivity and high-power nonlinearity of the blazed nanograting

In order to characterize the IR reflectivity of the nanograting, we used an optical lossmeter
(LossPro, central wavelength 1030nm). Here, the mirror under test is implemented as one of
the mirrors of a non-resonant cavity. A pulse is coupled to the cavity and the exponential
decay of its intensity upon many bounces on the cavity mirrors is recorded. The total losses of
the investigated mirror are calculated from a fit to the exponential decay, while the losses of
the other cavity mirrors are known from a separate calibration measurement. To enable a
continuous variation of the incidence angle on the investigated mirror, we have modified the
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lossmeter cavity while keeping its length constant (which is crucial for an accurate
measurement). We calibrated the modified cavity at the incidence angles for which the
original device was designed, thus ensuring the reliability of our measurements. We compared
the losses introduced by the nanograting to the losses of the original SiO, substrate of the
dielectric mirror for different incidence angles (see Fig. 5). The reflectivity of the dielectric
mirror is found to be larger than 99.994%. For the blazed grating, the IR reflectivity still
remained large with more than 99.97%.

350 —
—s— mirror
300{—— gratin

~ 150
(7]
& 100
| i
50{ +————— * —
0l : : :
68 69 70 71

Incident angle / deg

Fig. 5. The measured losses of the nanograting and dielectric mirror at the fundamental
wavelength. The average of the loss of the grating is lower than 300 ppm (corresponding to a
reflectivity > 99.97%), while the dielectric mirror without grating has a loss lower than 60 ppm
(reflectivity > 99.994%). The error bars are statistical and correspond to the standard deviation

(0)-
In order to investigate nonlinear effects at the nanograting, we used a z-scan setup shown
in Fig. 6 and compared the properties of the nanograting with the dielectric mirror without
grating.

4 N
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Fig. 6. Z-scan experimental setup: the nanograting is scanned under a 60° angle of incidence
through the focused infrared laser beam with 1040 nm central wavelength, 40 W average
power, 78 MHz repetition rate and 200 fs pulse duration. The signal transmitted through the
mirror is monitored with an UV spectrometer. The focus of focusing lens is 150 mm, focus
diameter is 55 pm, and collimated IR beam diameter is 3.6 mm.

We varied the intensity of an infrared laser beam impinging on the surface of the mirror
with the nanograting structure by scanning it through a focus and monitored the third
harmonic (TH) generated at the optical element and transmitted through it. The 3.6 mm
diameter collimated output beam of the CPA system [17] is focused with a lens of an effective
focal length of 150 mm down to 55 um diameter. The laser parameters used here are: 1040
nm central wavelength, 40 W of average power, 78 MHz repetition rate and 200 fs pulse
duration. A reproducible intensity variation is achieved by scanning the mirror along the
optical axis (z-scan) through the focus. The angle of incidence on the mirror equals 60°, which
is a geometrical constraint of our z-scan setup. The transmitted portion of the beam is sent to
an UV spectrometer (Ocean Optics HR4000).
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Fig. 7. Z-scan measurement results. The measurement gives insight into the optical properties
of the high power nonlinearity introduced by the nanograting: the increase of the third
harmonic intensities generated at the nanograting and at the plane surface of the same dielectric
mirror is around 30%. The error bars for the red and black curves are statistical and correspond
to the standard deviation (o).

We investigated two cases: (i) the grating and (ii) a plane area on the same dielectric
mirror surface was irradiated. For both cases we recorded the intensity of the TH
(spectrometer counts at the third harmonic spectrum maximum), centered at 347 nm, as a
function of the z position. The measurement for (i) has an absolute error of 0.12 in our
measurement, and (ii) has an error of 0.08. Figure 7 shows the results. An enhancement of the
TH is clearly visible in case of the nanograting. In comparison to the TH intensity generated at
the dielectric mirror without grating, the TH intensity generated at the grating is increased by
about 30%. Similar to the observed THG enhancement by the nanostructure on a dielectric
substrate, THG enhancement was observed for metallic nanostructures attached to a dielectric,
see e.g [18]. A detailed investigation of the physical mechanism behind this effect is the
subject of future work.

This effect is likely to limit the maximum storable peak and / or average power as well as
the minimum duration of the circulating pulse inside an enhancement cavity including the
nanograting. On the one hand, with increasing intensities, THG introduces significant losses
to the circulating field amplitude, affecting the enhancement. On the other hand, the THG,
which is also observed from the plane mirror surface, might be correlated to an intensity-
dependent variation of the nonlinear group velocity dispersion of the IR mirror. This effect
has been observed in [19] for highly reflective mirrors. Despite these limitations, impressive
values of 5 kW of circulating average power at a pulse duration of 120 fs and a repetition rate
of 154 MHz were achieved in a cavity incorporating a nanograting recently [11]. Further
scaling could be achieved with the approach of increasing the IR beam size on the
nanograting, for instance using the cavity design presented in [20]. Moreover, not only the
reflectivity of the optical element for the IR radiation, but also its diffraction efficiency in the
XUV range could be altered in the high-power regime. These effects are subject to further
investigation.

5. Conclusion

To conclude, we have designed, fabricated and characterized a blazed nanograting, which may
serve as efficient output coupler for XUV radiation generated in a femtosecond enhancement
cavity. A very high —1st order diffraction efficiency around 20% for the wavelength range
from 35.5 nm to 79.2 nm was measured for the blazed nanograting. In addition to the XUV
diffraction efficiency, we have measured the IR reflectivity and high-power non-linearities of
such an optical element.

#139920 - $15.00 USD  Received 20 Dec 2010; revised 13 Jan 2011; accepted 13 Jan 2011; published 18 Jan 2011
(C)2011 OSA 31 January 2011/ Vol. 19, No. 3/ OPTICS EXPRESS 1961



Acknowledgments

We acknowledge experimental support by Tino Eidam from the IAP, University of Jena. This
work was supported by the BMBF under PhoNa - Photonische Nanomaterialien, contract
number 031S2101B, the DFG via the Emmy-Noether program and SPP1391. Y.-Y. Y.
acknowledges support by a Chinese Academy of Sciences fellowship and S.L.S.
acknowledges support by a fellowship of the Alexander von Humboldt foundation.

#139920 - $15.00 USD  Received 20 Dec 2010; revised 13 Jan 2011; accepted 13 Jan 2011; published 18 Jan 2011
(C)2011 OSA 31 January 2011/ Vol. 19, No. 3/ OPTICS EXPRESS 1962





