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6000 lines/mm blazed grating for a
high-resolution x-ray spectrometer

D. L. VORONOV,  S. PARK, E. M. GULLIKSON, F. SALMASSI, AND H.
A. PADMORE

Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, California 94720, USA
“dlvoronov@Ibl.gov

Abstract: We have designed and fabricated a high groove density blazed grating for a Resonant
Inelastic X-ray Scattering spectrometer for the new Qerlin beamline at the Advanced Light Source
(ALS) synchrotron facility. The gratings were fabricated using a set of nanofabrication techniques
including e-beam lithography, nanoimprint, plasma etch, and anisotropic wet etching. Two
gratings with groove density of 6000 lines/mm and 3000 lines/mm and optimized for operation
in the 1% and 2" negative diffraction order respectively were fabricated and tested. We report on
fabrication details and characterization of the gratings at beamline 6.3.2 of the ALS.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Resonant Inelastic X-ray Scattering (RIXS) is a powerful tool for investigation of the electron
structure of solids and is crucial for research on energy-related materials and their chemical
functionalities, as well as on quantum materials with strong electronic correlations [1]. Since the
RIXS process is free of life-time related energy broadening, it is intrinsically a high-resolution
technique which is capable of probing the very low energy electron excitations in solids which
lead to exotic properties such as superconductivity. To achieve the very high resolving power that
RIXS is capable of and is needed for probing low energy excitations in solids, either very large
spectrometers are required (> 10 m grating to detector distance) [2,3] or diffraction gratings
with very high groove density are needed, or a combination of the two. At the same time, high
diffraction efficiency is needed for this type of spectroscopy due to the low cross section of the
scattering process and the limited solid angle that can be collected by x-ray optics. These are
however conflicting requirements since the high dispersion of a high groove density grating
inevitably drives the grazing angles of incidence and diffraction to large values and consequently
this reduces the diffraction efficiency of the grating.

Although lamellar gratings are easier to make, they have significantly lower diffraction
efficiency especially for high diffraction orders. Blazed gratings have at least twice the efficiency
of lamellar gratings [4] even in a high diffraction order. This makes them attractive for high
resolution applications such as RIXS, where the signal can be very weak and so the highest
spectrometer efficiency is extremely important. They are however much more challenging to make.
The fabrication process should provide a perfect triangular groove shape and nanometer-scale
accuracy for the groove placement. Any imperfections of the groove profile would cause an
efficiency drop while errors in groove position would affect the imaging properties of the grating
and compromise the spectral resolution of a spectrometer. The requirements are extremely
challenging to meet with mechanical ruling, a primary method for producing blazed gratings
[5,6]. Alternatively, the gratings can be made using a set of nanofabrication techniques based on
beam e-beam lithography (EBL) and anisotropic etching of Si single crystals [7,8] which provides
both nanometer placement accuracy and a near-perfect groove shape. We have investigated
various aspects of this approach earlier and demonstrated fabrication of high-quality test gratings
with groove density up to 10,000 lines/mm [9-13]. In this paper we report for the first time on
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the fabrication of full-sized blazed gratings with a groove density of 6000 lines/mm on x-ray
quality substrates for ultra-high resolution soft x-ray spectroscopy.

2. Blazed VLS grating design and optimization

The gratings are to be installed in the RIXS spectrometer of the Qerlin beamline which is
currently under construction at the Advanced Light Source (ALS). The design of the unique
cross dispersion spectrometer was published earlier [14]. In a regular RIXS measurement,
monochromatic photons are focused on a sample, and scattered photons of different energies are
dispersed and focused to different positions on a detector. This measurement is then repeated for
many incident photon energies through a core level absorption edge. The RIXS map of photon
energy out versus photon energy in is therefore accumulated spectrum by spectrum in a serial
manner. The double dispersion geometry of the Qerlin spectrometer results in a RIXS map
being collected in parallel, therefore increasing spectrometer throughput, which is critical in
these photon hungry experiments. The imaging plane of the spectrometer produces a 2D field
of incident photon energy versus scattered photon energy. The layout of this 4.5-meter-long
spectrometer is depicted in Fig. 1.

sample detector

4.494081 m

Plane VLS
gratings
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mirror Elliptical

mirror

Elliptical
mirror

Fig. 1. A layout of the 4.5 meter long RIXS spectrometer of the ALS Qerlin beamline.

The beamline illuminates a vertical stripe on the sample with incident photon energies dispersed
across its surface in the vertical direction, which is a source for the cross-dispersion RIXS
spectrometer. A Wolter I type objective composed of hyperbolic and elliptical mirrors provides
flat field imaging of the stripe on the detector in the vertical plane. A high-resolution grating
system disperses and images the scattered photons in the orthogonal plane.

The optical scheme of the spectrometer in the dispersion plane is shown in Fig. 2. This is
a Hettrick-Underwood design [15] which provides an erect focal plane required for the two-
dimensional imaging in which an elliptical mirror provides perfect imaging of a point source.
The image serves as a virtual source for the Varied Line Spacing (VLS) grating and is located at
a distance ra =- 3.08818 m behind the grating. The grating provides focusing of the divergent
beam at the detector located at a distance of rg = 3.1 m from the grating.

In this scheme the grating does not rotate. A wide energy range of operation of the spectrometer
is achieved by using a set of diffraction gratings, each optimized for a specific absorption edge.
The gratings are moved into the x-ray beam on a linear translator. To achieve the required high
resolving power of 30,000 the gratings must have a high groove density and / or operate in a high
diffraction order. For example, a 5000 lines/mm grating operating in 1% negative order is needed
for RIXS measurements around an energy of 710 eV for the iron L3 edge. For the central point of
the grating the angles of incidence and diffraction are oo = 82° and 3 = - 87.2858° respectively.

Incidence and diffraction angles are the same for all the gratings while the groove density
is scaled accordingly to match energy for a specific absorption edge. For example, a 1% order
grating for energy of 850 eV for the Ni L3 edge should have a central groove density go =5902.78
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Fig. 2. Schematic of the Qerlin spectrometer in the dispersion plane.

lines/mm. The groove density can be reduced by a factor of two down to gp =2951.39 lines/mm
for blazed grating operating in the 2"¢ negative order. In the following, we will refer to the groove
density of the 1° and 2" order gratings as 6000 lines/mm and 3000 lines/mm respectively for the
sake of simplicity.

To provide aberration-free focusing of the illuminated area of the sample at the detector in the
dispersion plane, the groove density of a grating should vary along the grating length in a certain
way usually expressed in a polynomial form:

g(w):g0+g1w+...+gkwk €))

The linear term g; = 3.80397 mm™2 can be found using the focusing condition for the erect

focal plane:

cos’a  cos’B
+ —_—

= mAdg 2)
rA ;]

where r, and rg are the sample to grating and grating to focal plane distances. The 2" order g,

term can also be found analytically, but as we need to find higher polynomial terms for adequate

imaging quality, these are found using ray tracing assuming ideal point-to-point imaging of the

imaginary source. The local groove density, g(w), for any point along the grating length, w, can

be found from the local incidence and diffraction angles using the grating equation:

g(w) = (sina, — sin B,)/ma 3

The ideal varied groove density can be approximated by a polynomial series (Eq. (1)). For
example, polynomial coefficients calculated by up to the 4™ order fitting for the 1*! and 2™ order
gratings are listed in Table 1.

We found that inclusion of the 3™ and 4" order polynomial terms are unnecessary for adequate
imaging quality. The residual displacement of the grooves from their ideal positions is significantly
below the typical grid size of 1 nm (Fig. 3(a)) for the e-beam lithography process.



Research Article Vol. 30, No. 16/1 Aug 2022/ Optics Express 28786 |

Optics EXPRESS N

Table 1. VLS parameter for the 15t and 2" order diffraction gratings

VLS coeflicients 1% order grating 27 order grating
g0, mm~! 5902.78 2951.39
g1, mm2 3.80397 1.901985
g, mm™3 0.00183 0.000916
g3, mm™* 7.7699 x 1077 3.88495 x 1077
g4, mm™> 3.07787 x 10710 1.538935x 10710

E 0.00015 —— 3rd order fit E 0.2+ = 3rd order fit

= 0.00010 —— 4th order fit = —— 4th order fit
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Fig. 3. Residual groove density errors (a) and groove displacement (b) for 3' and 4 order
fitting of the ideal groove density; (c), (d) the same for the 2 order fit using an optimal g;
and for +/- 5% error in gj.

The 2™ order fitting results in residual errors of 1072 lines/mm for the groove density (Fig. 3(b))
and groove displacement up to +/- 10 nm (Fig. 3(c)). The impact of the groove displacement on
the resolving power of the spectrometer can be evaluated by ray tracing. Figure 4(a) shows images
of a point source at the detector plane, simulated for three different energies corresponding to
a resolving power of R =30,000. The 3™ and 4™ order groove density fitting provides perfect
focusing into three lines separated by 20 um which exceeds by a factor of 4 the pixel size of 5 um
of the detector. The exact 2" order parameter results in insignificant blurring of the spectral lines
when considering in comparison the effect of the finite source size; this is shown in Fig. 4(c) for
the real source size of 2.2 um FWHM. However, the tolerance for the g, coefficient is very tight.
Deviation from the optimal g value by +/- 5% results in groove density errors of 0.1 lines/mm
and groove displacement up to 200 nm (Figs. 3(b) and 3(c)). This would cause a significant
blurring of the image of the point source (Figs. 4(e) and 4(f)) and compromise the resolving
power. Note, even the 5% precision is extremely challenging to achieve for traditional grating
fabrication techniques. For example, for holographically recorded gratings a g, error of 15% at
best is typically achieved.

To generate the grating pattern, the position of every groove, x,, was calculated using a
recursive formula and the g, coefficients listed in Table 1

Xp = Xp1 + 1/(go + g1 Xn-1+ ... + g4xi_1) 4)
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Fig. 4. Ray tracing images at the detector plane simulated for energy of 850 eV and 850
+/- 0.028 eV for a point source (a), (b), (e), (f) and the real size source of 2.2 um (c). The
lines are separated by a distance of 20 ym. The images were simulated for the VLS groove
density obtained by 4% order (a),(c) and 20 order fits using an optimal g; (b) and for +/-

5% deviation from the optimal g, (e), (f). A histogram for the image of the real size source
and 5-micron pixel size (d).

where n is a number of a groove, for =35 mm < x < 35mm and xo = 0 for the groove in the
center of the 70 mm long grating pattern.

To provide the maximum possible efficiency the grating grooves should have a saw-tooth shape.
This is especially crucial for operation in the 2"¢ diffraction order.

Optimal blaze angles for 1% and 2" order gratings were found via efficiency simulations using
PCGrate 6.5 software which uses the integral formalism of the electromagnetic theory of gratings
[16]. The absolute efficiency was calculated for gold gratings with ideal triangular grooves with
an anti-blaze angle of 20° and different blaze angles in the range from 0.7° to 5.4° at an angle of
incidence of 82° for an energy of 850 eV. An optimal blaze angle of 2.9° provides the maximum
efficiency for both the gratings. The simulations showed that the 1% order grating is preferable
since it has a somewhat higher theoretical efficiency of 3.4% versus 3.0% for the 2"¢ order grating
(Fig. 5). Moreover, the efficiency of the 1% order grating drops more slowly with deviation of the
blaze angle from the optimal value, i.e., fabrication tolerances are more relaxed.

0.04 4 1st order grating
2nd order grating
0.034
>
)
£
()
‘5 0.02+
£
L
0.01 A
0.00

1.0 15 20 25 3.0 35 40 45 50 55
Blaze angle, deg
Fig. 5. Dependence of the theoretical diffraction efficiency on the blaze angle for the 1%

order (blue) and 2" (red) order gratings, simulated for a photon energy of 850 eV. The dots
depict real blaze angles measured with AFM for the fabricated blazed gratings.

As was expected the theoretical diffraction efficiency of the high groove density grating is
rather low and this is the price for the high grating dispersion and high resolving power of the
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spectrometer. The simultaneous collection of the 2D RIXS map through the use of crossed
dispersion is therefore critical for achieving the throughput necessary for practical experiments.
The selection of a 1% or 2" order grating is really set by the quality of grating that can be
achieved. The 1% order grating has a small efficiency advantage but might be more challenging
to make than the 2" order grating. We therefore made both 1% and 2™ order gratings to compare
their performance in terms of the effects of possible fabrication errors.

3. Blazed grating fabrication and characterization

The 1% and 2"¢ order blazed gratings were fabricated using a nanofabrication approach which
provides nanometer-scale groove placement accuracy [17]. The grating patterns were recorded
by commercially available e-beam lithography (EBL). High throughput variable-shaped beam
EBL equipment [18] was used to reduce the writing time down to a few hours and has 10 nm
absolute accuracy over a 6-inch mask. Since thick Si substrates are not compatible with
commercial EBL tools the direct write approach is not possible and the patterns were recorded
on standard 6” X 6” X 0.25” quartz plates and then transferred to the grating substrate surface by
nanoimprinting. We used the quartz plate with the grating pattern transferred into the Cr layer on
top of the plate for making a mold for the nanoimprint (Fig. 6(a)). A Reactive Ion Etch (RIE)
process in a gas mixture of CHF3 and O, was used to etch 150 nm deep trenches on the surface
the quartz plate. The nanoimprint was applied to replicate the grating pattern into a resist layer
on top of a single crystal Si grating substrate, using UV-curable resist UVCur26 from Microresist
Gmbh (Fig. 6(b)). A photograph of the 90 mm X 15 mm X 19 mm single crystal substrate with the
3000 lines/mm resist pattern obtained by the nanoimprint is shown in Fig. 6(f). An RIE oxygen
plasma was used to etch through the residual layer and then the resist pattern was converted into
a hard mask using a lift-off process. A 20 nm thick Cr film was deposited on top of the patterned
substrate and then the resist along with the Cr coating on it was removed using Piranha solution
(H2S0O4 + Hy03), leaving stripes of the Cr film deposited on the Si surface between the resist
lines (Fig. 6(c)). An anisotropic wet etching using an aqueous 20% KOH solution was applied to
form slanted facets of the grating grooves (Fig. 6(d)). The facet tilt angle is defined by the angle
of the (111) planes of the Si single crystal with respect to the grating surface. The saw-tooth
shape of the grating grooves was finalized by an isotropic etching process (Fig. 6(d)). The Si
blazed grating was coated with a 30 nm thick layer of gold deposited by dc-magnetron sputtering.
A 5nm thick Cr layer was deposited prior the gold for adhesion purposes. The deposition was
performed using Ar sputtering gas at the pressure of 1 mTorr.

The nanoimprint molds were inspected with SEM after the quartz plasma etch. An SEM
image of the mold with the 6000 lines/mm pattern is shown in Fig. 7(a). We found that quality of
the mold was not as high as expected. The lines of the pattern are quite uneven and line edge
roughness (LER) is rather high (Fig. 7(a)). Also, AFM measurements revealed some variation
of the groove depth. It is not clear if the imperfections were generated during the e-beam
writing, resist processing, Cr etch, or quartz etch. All those steps require further verification and
optimization. The mold with the 3000 lines/mm pattern exhibits much better quality of the lines
and uniform groove depth (Fig. 7(b)). The mold imperfections will affect quality of the final
gratings since they are transferred to the resist pattern, Cr lines, and eventually to the grating
grooves.

The finished blazed gratings were inspected by AFM. To minimize impact of the tip shape
on high-frequency features of the surface we used sharp silicon Otespa-R3 AFM probes from
Bruker [19] with a nominal tip radius of 7 nm, and replaced them as soon as first signs of tip
degradation appeared. Careful X-Y-Z calibration of the AFM scanner provided accuracy of the
blaze angle measurements better than 0.1°.

Both gratings have highly smooth facets with approximately the same residual roughness
below 0.4 nm rms (Fig. 8). However, much higher LER inherited from the mold is observed
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Fig. 6. Nanofabrication process flow for blazed gratings for Qeril spectrometer. Quartz mold
with grating pattern made by EBL (a), Tranfer the pattern to a resist layer by nanoimprint (b),
hard mask (c) for anisotropic wet etching of the single crystal Si grating substrate (d), final
Si blazed grating after isotropic etching (e). The 3000 lines/mm grating patern transferred
into a resist layer on top of the grating substrate (f).

Fig. 7. SEM images of the quartz molds for the 6000 line/mm (a) and 3000 lines/mm (b)
gratings.
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for the grooves of the 1% order grating (Fig. 9). Also, the shape of the grooves was found to be
substantially better for the 2"¢ order grating. The difference in groove profile quality for both
the gratings is clearly manifested by normalized groove profiles shown in Fig. 10. The 1% order
grating has significantly smoothed grooves with a low anti-blaze angle and a rounded apex of the
grooves. The 2" order grating has much a better groove profile with almost flat blazed facets,
steep anti-blazed facets, and a sharp apex of the grooves.

[y 25 (SRR

1
20um

“5=039nm "B ") "™ =0.35nm
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()

Fig. 8. AFM images of the 6000 line/mm (a) and 3000 lines/mm (b) gratings. The
images were obtained by scanning along the grating grooves followed by line-by-line image

planarization.
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Fig. 9. AFM images and groove profiles of the 6000 line/mm (a) and 3000 lines/mm (b)
gratings. The images were obtained by scanning across the grating grooves followed by
line-by-line flattening. Much higher LER is observed for the 6000 line/mm grating.
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Fig. 10. Normalized AFM groove profiles of the 6000 line/mm (blue) and 3000 lines/mm
(red) gratings. The lower groove density grating has much better quality of the grooves.
Thick lines show the non-shadowed part of the grating facets, which contributes to the blazed
order efficiency.

The blaze facets are not ideally flat and have some curvature. An effective blaze angle of the
gratings can be found as an average tilt of the blazed facets using the unshadowed length of the
grooves. Since the grooves of a blazed grating are partially self-shadowed only a part of the
blaze facet is visible to the detector and contributes to the blazed diffraction order efficiency. The
non-shadowed part AB can be found as (Fig. 11):

AD AD dcosa

AB = — =——
AE AE cos(a + ¢)

&)
where d is the grating period, and ¢ is the blaze angle. According to Lukirski [20] and Maystre
[211AD/AE = cos 8/cos @, and the illuminated area of the blaze facets can be calculated as:

AB = Cp—224 (6)

& cos(a + ¢)
where Cy = cos S/cos a is a focusing constant of the grating. For the Qerlin spectrometer
o.=82°, the blaze angle is 2.9°, and Cy =0.34, the non-shadowed part of the blazed facets is
0.54xd, shown in Fig. 10 by thick lines.

Fig. 11. Schematic of the blazed grating groove illumination and self shadowing. Only
the non-shadowed part (AB) of the blazed facets contributes to diffraction effcieincy of the
blazed order.

Averaging of the facet slope over the non-shadowed part of the blazed facets yields blaze angles
of 2.55° and 2.70° for the 1% and 2"¢ order gratings respectively. Both angles are somewhat
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smaller than the goal angle of 2.9° but the 2"¢ order grating is closer to the goal Although the
mismatch is larger for the 1% order grating the expected impact on the diffraction efficiency is
about the same as for the 2" order grating since the 1% order grating is less sensitive to the errors
in the blaze angle as seen in Fig. 5.

The reduced quality of the grooves of the 1% order grating is caused mostly by imperfections
of the mold observed in Fig. 7(a). Higher LER and uneven line width of the mold pattern were
inherited from the nanoimprint resist and eventually transferred to the Cr hard mask, increasing
the risk of over-etching during the following KOH step. To avoid the over-etch and collapse of
the grooves the etching time was reduced by a factor of two compared to the optimal time of
20 min. As a result of this, the grooves were not fully developed, the blaze angle was smaller
than expected, and the groove depth was insufficient for successful nub removal by the following
isotropic etching, resulting in rounding of the groove ridge.

4. Absolute diffraction efficiency: measurements and simulations

The diffraction efficiency of the gold-coated gratings was measured at beamline 6.3.2 of the
ALS. The measurements were taken at an incidence angle of 82° by detector scans performed at
different photon energies in the range of 760-1020 eV. The measured efficiency of the 1% and
2" order gratings versus the photon energy is shown in Fig. 12 by lines with solid symbols.
The theoretical efficiency calculated for an ideal sawtooth profile with a blaze angle of 2.9° is
shown in Fig. 12 by lines with no symbols. An efficiency of 2.1% was measured for the 1%
order grating at the energy of 850 eV (line with solid symbols in Fig. 12(a)). The experimental
efficiency is substantially lower than the theoretical efficiency of 3.5% (line with no symbols in
Fig. 12(a)). The 2" order grating exhibits diffraction efficiency of 2.5% which is much closer
to the theoretical value of 3.0%. Although the theoretical efficiency is higher for the 1% order
grating, the experimental efficiency is higher for the 2" order grating owing to the higher quality
of the grating grooves.

0.035 4 0.035
0.030 0.030
0.025 0.025
> >
LE) 0.020 8 0.020
ol 5o
Qo ©
= 0.015 = 0.0154
LU L
0.010 theory - ideal grooves 0.0104 theory - ideal grooves
—&—theory - real grooves —o— theon/_ - real grooves
0.005 4 —A— experiment 0.005 4 —@— experiment
(a) (b)
0.000 T T T T T 0.000 T T T T T
750 800 850 900 950 1000 750 800 850 900 950 1000
photon energy, eV photon energy, eV

Fig. 12. Diffaction efficiency of the 6000 line/mm (a) and 3000 lines/mm (b) gratings
with Au coating: theoretical efficiency for ideal triangular grooves (lines with no symbols),
theoretical effciency for AFM measured groove profiles (lines with open symbols), and
experimentally measured diffraction effcieincy (lines with solid symbols).

To evaluate the impact of groove shape on diffraction efficiency we performed simulations for
the groove profiles measured by AFM (see Fig. 10). The results of the simulations are shown in
Fig. 10 by lines with open symbols. Plugging-in the realistic groove profile results in significant
reduction of efficiency for the 1% order grating as compared to the one with ideal groove shape
(Fig. 12(a)). In contrast, the diffraction efficiency of the 2" order grating with the realistic groove
profile is close to the efficiency of an ideal grating (Fig. 12(b)). Both realistic simulations yield
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efficiency which is somewhat higher than the experimental one due to surface roughness, LER
and other minor defects of the gratings, which were not accounted in the simulations.

The results of simulations indicate that reduction of the efficiency for the 1% order grating is
mainly caused by groove profile imperfections. To approach the theoretical diffraction efficiency,
the fabrication process should provide flatness of the blazed facets, sharpness of the groove ridge,
and steep slope of the anti-blazed facets. Although anisotropic wet etching can provide almost
ideal triangular grooves, the final quality of the groove profile depends on all manufacture steps.
For example, higher line edge roughness of the mold correlates with imperfections of groove
profile for the 6000 lines/mm grating while a better mold results in almost ideal grooves for the
3000 lines/mm grating and higher diffraction efficiency.

5. Summary

We developed a process for fabrication of high groove density gratings for high resolution x-ray
spectroscopy. Two full-sized blazed x-ray gratings with groove density of 3000 and 6000 lines/mm
were fabricated for the new RIXS spectrometer of the Qerlin beamline which is currently under
construction at the ALS. Diffraction efficiency of 2.5% was achieved for the 2" order grating,
close to that predicted by theory. Although 1% order gratings with higher groove density are
preferable, they are significantly more challenging to make. Further refinement of the fabrication
process is expected to yield improvement of the quality of the high groove density gratings and a
commensurate increase in diffraction efficiency. However, the use of 2" order gratings provides
a robust way to obtain the performance we need and this use of higher order gratings points to
many new possible applications in very high resolution soft x-ray spectroscopy.
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