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High-frequency multilayer diffraction Si-gratings with a low blaze

angle — fabrication
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High-frequency X-ray diffraction gratings with a groove density of 2500 mm™

! and a low blaze angle were

fabricated on Si(111)1.8° wafers using electron beam lithography and wet anisotropic etching. A multilayer Mo/Be
coating consisting of 40 bilayers for a wavelength of 11.3 nm was deposited by magnetron sputtering. The groove
profile during the fabrication of the gratings was monitored using atomic force microscopy and scanning electron
microscopy. The averaged and random groove profiles and high- and mid-frequency roughness values of the best
diffraction gratings obtained with atomic force microscopy will be used for subsequent simulation of the diffraction

efficiency using the PCGrate™ code.
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Introduction

Reflecting X-ray diffraction gratings with triangular
groove profile (,blazed) are used for the inelastic reso-
nance X-ray scattering spectroscopy, projection lithography
in the extreme ultraviolet range (EUV) and beyond it, space
mission instruments, X-ray free-electron laser end-stations
and fourth-generation synchrotron radiation sources. The
resonant inelastic X-ray scattering method requires diffrac-
tion gratings with extremely high resolution ~ 10°—10° and
maximum diffraction efficiency [1]. There are two main
methods for achieving ultrahigh X-ray spectral resolution:
use high-order diffraction of the blazed grating with a
medium groove density or use first-order diffraction of the
grating with high and ultrahigh groove density. It is known
that gratings with a low or medium groove density and a
small blaze angle a (reflecting facet angle) are required in
the X-ray range to achieve high reflectances of gratings with
one-layer coating and reduce the power density below the
critical damage threshold [2,3].

High-frequency multilayer low blaze angle gratings
(HMLBG) demonstrate good results in the EUV and soft
X-ray (SXR) ranges. Mo,C/C [4], Mo/Si [5-8], Sc/Si [9],
W/B4C [10], A/Mo/SiC [11], Cr/C [12], etc., are used as
multilayer reflective coating materials. Blazed gratings with
multilayer coating are the most promising for the EUV and
SXR ranges because they potentially concentrate almost all
diffracted energy in the order of interest, however, their
fabrication is more difficult because they require very high
quality of a ,,sawtooth“grating [7].

The study in Ref [5] reports about fabrication by the
ion etching method of a 2400 mm~! grating with @ = 1.9°
and Mo/Si multilayer coating that has the absolute (relative
to the incident beam intensity) second negative order
diffraction efficiency n(—2) = 36.2% with the incident
angle 0 = 10° and wavelength 1 = 13.62nm. The study
in Ref [4] reports about 3000 mm~! holographic grating
with a = 2.78° and Mo,C/C multilayer coating fabricated
using the ion-etching method with the measured n(—2)
equal to 29.9% at 6 =5.6° and 1 = 15.79nm, and the
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relative (relative to the reflectance of a multilayer wit-
ness mirror) efficiency of 53.0%. The grating with a
groove density of 5000 mm~!, a =6° and (Mo/Si) x 30
coating demonstrated n(—3) = 37.6% at 1 = 13.6 nm [13].
n(—8) = 40% of unpolarized radiation was obtained for
A =13.6nm and 0 = 70.5° for a 500mm~! grating with
a = 3.9° and (Mof/Si) x 5 coating, which is a record for a
medium-frequency grating operating in a high order [8].

The study in Ref [14] describes a 100mm~! grating
with the ultra-low blaze angle @ = 0.04° and Mo/Si mul-
tilayer coating that demonstrates a record-breaking EUV
diffraction efficiency n(—1) = 58%. The authors have
developed a quite sophisticated process to reduce the blaze
angle from 4° to 0.04° for the Si grating fabricated by
anisotropic wet etching: first, smoothing the surface with
a polymer layer, and then removal of the polymer and
underlying Si by plasma etching. The study in Ref [15]
demonstrates that the master-grating blaze angle is reduced
by a factor of 5 when fabricating a 200 mm~! grating
with @ = 0.2°. However, the multistage double copying
method and nonuniform plasma etching with reduction of
the blaze angle result in a degradation of the reflecting
facet surface; the resist surface roughness often moves to
the facet surface that, in addition, inherits high degree
of curvature from the master-grating. Moreover, it is
difficult to implement these processes for high-frequency
gratings.

Since the blazed gratings are the best candidates for
the achievement of high efficiency in any diffraction order,
it is extremely important to obtain a near-ideal triangular
asymmetric groove profile with the smooth and flat surface
of reflecting facets. We concentrated our efforts in our
studies on obtaining highly efficient gratings with an ideal
triangular asymmetric profile and defined some minimum
requirements (criteria) for evaluation of the grating quality,
which we apply for the development and optimization of
fabrication processes. It is obvious that the efficiency
(reflectivity) of a blazed grating is defined by the reflecting
surface area and quality, whereas the reflecting surface area
is defined by the length of reflecting facets. The reflecting
facet length | should satisfy |1 > 0.75d (d is the grating
period) after removal of Si nubs in smoothing and polishing
etchant. The groove profile should remain asymmetric after
smoothing and polishing etching (the antiblaze angle y
should not be reduced considerably during etching) and we
use an asymmetry factor calculated as a ratio between the
antiblaze angle and blaze angle (k = y/a), which should
be k>5, as an asymmetry criterium. However, the
reflection of radiation into the order of interest involves
a part of the reflecting facet (so-called effective length)
not shaded by Si nubs both for the incident and reflected
(diffracted) radiation as well as it has the same effective
angle throughout its length. Figure 1 shows the negative
impact of the remaining Si nubs (Figure 1,a) that reduce
the effective facet length. The geometry defines a part of
the illuminated facet area (a part of the facet may be self-
shaded (Figure 1, b)), whereas the effective blaze angle may

Figure 1. Schematic image of the radiation reflected by the

reflecting facet of the blazed grating: a — with remaining Si nubs;
b — without Si nubs.

be estimated as a medium slope of the unshaded part of the
reflecting facet.

The quality of the reflecting surface depends on the sur-
face flatness (curvature effect) and smoothness (roughness
effect) of the reflecting facet. The authors of Ref [3]
believe that the curvature effect of the reflecting facet on
the grating efficiency should be considered for particular
groove profiles and diffraction geometry that defines a part
of the illuminated facet area. They note that the curvature
effect may be significant if the facet surface out-of-flatness
is comparable with the groove depth. The researchers in
Ref. [7] highlight a problem of significant groove surface
curvature in gratings with a period of 4 — 10um due to
uneven distribution of density of atomic steps over the
grating facet. To avoid this problem, it is possible to
fabricate high-frequency gratings with mean blaze angles of
1°—10° and a period of 100 — 500 nm, as their efficiency
is not affected so much by the groove curvature. It
should be noted that the reflecting facet curvature of the
grating not only reduces the effective length of the reflecting
facet, but also affects the maximum achievable working
order number at which the maximum diffraction efficiency
remains unchanged as we found in Ref. [16].

Surface smoothness depends on the irregularity sizes
that are characterized by random roughness. We agree
with the researchers in Ref. [7] that the grating fabrication
process should ensure both precise control of the groove
profile and low groove surface roughness. The reflecting
facet surface of the blazed grating has high-frequency and
medium-frequency (usually exhibited as ripples) roughness
on which incident radiation scattering occurs. Our studies
of the effect of random roughness of the reflecting facet
on the diffraction efficiency in Ref [17] found that an
additional parameter was required to determine accurately
the roughness statistics of the given surface and to use the
data properly for simulation of the diffraction efficiency
of gratings with a realistic groove profile and taking into
account the random roughness. Therefore, we use not
only the high-frequency roughness component measured
using the atomicforce microscopy (AFM) in the 1 x 1 um
field for describing the surface roughness in our practical
work, but also the medium-frequency component mea-
sured by 1D scanning of the reflecting facet surface at
a length of 20um along the groove. The requirements
for the root mean square (Rms) high-frequency roughness
Rms < 0.50nm (1 x 1um) and medium-frequency rough-
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ness Rms < 1.5nm (length 20 um) are the criteria of the
adequate smoothness of the reflecting surface.

We successfully improved the reflecting facet parameters
(maximum length, minimum curvature and allowable rough-
ness) by optimizing the grating fabrication process and also
the parameters of the whole grating (absence of the Si nubs,
triangular profile asymmetry, parameter uniformity across
the grating aperture, absence of defects on the reflecting
facet surface) that collectively affected the grating diffraction
efficiency.

The results of the optimization of the fabrication tech-
nique of HMLBG with a ~ 1°—2° and acceptable parame-
ters are provided herein. These results were achieved using
the grating acceptance criteria and the previously developed
technique of fabrication of medium- and high-frequency
gratings with blaze angles of 2°—4° by anisotropic wet
etching of silicon. A unique reflective multilayer Mo/Be
coating was applied to the Si master-grating using the
magnetron sputtering method after its fabrication with the
acceptable parameters.

1. Fabrication of gratings

HMLBG with the constant of d =~ 400nm are made
using the previously developed technique of fabrication of
medium-frequency gratings with @ ~ 4° [18].

Silicon oxide or silicon nitride masks made by reactive ion
etching are most often used as a protective etching mask.
One of the disadvantages of these masks is that the mask
material dissolves in the BHF used to remove oxide from
the silicon surface before KOH etching, therefore very thick
layers should be applied and long-term repeated treatment
in BHF should be avoided, which is not convenient because
the same sample often has to be etched in KOH several
times to achieve the desired angle. Another disadvantage
of these masks is the silicon surface damage during the
deposition of the materials and also during reactive ion
etching of the materials, which is probably associated with
formation of nanowells during subsequent removal of Si
nubs in piranha solution (or RCA-1) oxidation/HF etching
cycles that are generally used by researchers [19].

We tried silicon nitride and chromium as the etching mask
material when developing the etching technique. The silicon
oxide was not chosen for the study because it dissolved not
only in BHF, but also in KOH, therefore a thick layer should
be applied. We applied the layer of stoichiometric SizN4
using the low-temperature plasma enhanced chemical vapor
deposition (PECVD). The Si3N4 mask was obtained by BHF
wet etching or inductively coupled plasma (ICP) etching of
silicon nitride through an organic photoresist mask. No
defects were found after etching when the open silicon
surface on nitride mask was examined by the scanning
electron microscopy (SEM) method. However, ripplet-form
defects were found on the reflecting facet surfaces after
KOH etching of a sample with the SizN4-mask produced by
wet etching and ripplet-form defects and deep wells were
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Figure 2. SEM plan-view images of Sv-4-2 grating surface: a —
EBL mask; b — after KOH etching and removal of Si nubs.

found on a sample with the SisN4-mask formed by the ICP
etching. These defects can be probably attributed to the
silicon surface damage during the silicon nitride deposition.

As for chromium, we tested two Cr mask formation
methods: cerium wet etching through an organic photoresist
mask [18] applicable only to gratings with the constant
> 2um and metal lift-off technique [20]. We chose the
chromium fabricated by the metal lift-off technique because
this is a multipurpose process (suitable for any grating), it is
sufficient to apply a ~ 20 nm layer for protection, chromium
is resistant to HF, BHF and KOH solutions, it does not
damage the silicon surface during sputtering and can be
easily removed.

For Si gratings with different constants and different
blaze angles it is important to chose the optimal Cr strip
width on the protective mask (the angle defines etching
depth and, therefore, time): too narrow strips will not
provide protection during anisotropic alkaline etching, and
too wide ones will lead to the wide Si Nubs forma-
tion and, thus, a decrease in the reflecting facet length.
The gratings were fabricated using boron-doped Si(111)
wafers with a misorientation angle of 1.8°, resistivity of
0.015Q2 -cm, @ 100mm and thickness of 1.5mm. To
select the optimal strip width of the protective mask, a
15 x 15mm Cr mask was fabricated on the surface of
three fragments with size equal to 1/4 of the Si(111)
wafer by the metal lift-off technique using a single-layer
electron-beam lithography mask (EBL mask) with different
exposure. The EBL mask was recorded in the organic
resist layer by electron beam with 6.3 x 6.3 um exposure
fields in the lithography system. The resistive mask was
developed in MIK:IPA (methylisobutyl ketone :isopropyl
alcohol =1 : 3) mixture using an automatic electron resist
developing system. The quality of the EBL mask defines
the quality of the future grating. Poor exposure field
stitching areas may occur during EBL mask recording
that are later developed as areas with offset pattern, with
pattern discontinuities and with a different pattern period
(Figure 2). Stitching areas negatively affect the grating
resolution and reduce its efficiency. Deep etching is
observed in these areas: Figure 3 shows the AFM profiles
obtained by measuring medium-frequency roughness along
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Figure 3. 1D scan of Sv-4-2 grating surface along the groove on the length of 20 um.

500 nm

the groove surface with scan length of 20um in two
areas.

The Cr mask was obtained by vacuum deposition of a
20 nm chromium layer to the samples with developed EBL
mask and lifting-off in dimethylformamide. Figure 4 shows
the SEM plan view images of the obtained Cr mask with
the strip widths of 126, 169 and 183 nm and an exposure
of 500, 600 and 700 c.u., respectively.

Adhesion of the Cr mask to Si for all samples was good:
Cr mask did not separated in any sample after anisotropic
etching in 20% KOH solution. We chose an exposure of
600 c.u., because the sample had the lowest width of Si nubs
after KOH etching. However, discontinuities and pattern
strip width narrowing were observed in some field stitching
areas due to the lack of exposure of these ones during field
stitching, and, therefore, an optimization of the recording
mode was required. To optimize the EBL mask recording
mode, which provides accurate stitching of the exposure
fields and prevents grating period failure, as well as to check
the reproducibility of the mask parameters and the wafer
etching homogeneity, a single-layer EBL mask was formed
with an exposure of 600 c.u. on three 15 x 15 mm squares.
Then, the Cr mask was fabricated and anisotropic KOH

500 nm
Figure 4. SEM images of Cr mask with exposure: ¢ — 500, b — 600, ¢ — 700 c.u.

etching was performed. After anisotropic KOH etching, the
protective Cr mask was removed with cerium etchant.
During KOH etching, on the ridge of the triangular
profile Si nubs are formed as a result of side etching of
Si under the protective mask (Figure 5,a on top). The Si
nub removal and reflecting facet surface polishing method
that we developed for medium-frequency gratings [20]
was optimized for high-frequency gratings and applied for
HMLBG: the Si nubs (26 nm height, 78 nm width) on the
grating profile were removed by wet etching in a smoothing
and polishing etchant. Smoothing and polishing etching
was controlled by the width of Si nubs on the SEM plan
view images using the Zeiss Supra 25 microscope (Figure 5,
bottom) and by profile measurements using an atomic-force
microscope (Figure 5, top). After removal of Si nubs, the
reflecting facet length of Sv-4-3 grating increased by 53%
and met the minimum requirements for an X-ray grating.

2. Characterization of the groove profile
and Mo/Be coating deposition

The perfection of the grating groove profile is one of
the most important parameters of blazed gratings, therefore

Technical Physics, 2024, Vol. 69, No. 7
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Figure 5. AFM profiles and SEM images 100 m.u. of Sv-4-3 grating surface: a — before removal of Si Nubs; » — Si Nubs are removed.

a thorough characterization is required for controlling the
parameter variation during fabrication, obtaining data for
grating quality assessment and efficiency prediction, for
the analysis of parameter uniformity across the grating
aperture, etc. The grating characterization uses absolute
and relative efficiency, resolution and design parameters
on which the efficiency depends. The last ones include
design parameters of the whole grating and of the groove.
The grating design parameters are: grating shape and
dimensions (widthxlengthxthickness); grating material;
reflective coating composition and thickness. Groove design
parameters are: grating period (law of variation of period
for gratings with variable spacing and groove curvature
for curvilinear gratings), groove depth, length, blaze angle,
curvature and random roughness of the reflecting facet,
antireflection facet angle, groove profile shape, reflecting
facet and grating surface appearance. We developed a
method to determine the groove parameters of a diffraction
grating. The groove profiles are scanned on a length of
5—10 grating periods depending on the groove density: on
a length of 10periods — for gratings with a period from
0.2 to 4um, on a length of 5 periods — for gratings with
a period from 4 to 10um. The profiles are scanned in
several areas depending on the grating size and purpose
of measurement. For example, the profile measurement to
evaluate parameter distribution uniformity over the grating
area @ 76.2 mm is performed in seven regions.

6™ Technical Physics, 2024, Vol. 69, No. 7

The smoothness of the reflecting surface of the work-
ing facet was characterized using the additional medium-
frequency roughness measured on a length of 20 um along
the groove (1D scan of the surface along the groove). Fig-
ure 6 shows the results of AFM 2D scanning (Figure 6, a)
and 1D scanning along the groove (Figure 6,b) of Sv-4-3
grating surface before sputtering the reflective coating.

Averaged parameters of three fabricated gratings before
reflective coating deposition are listed in the table. The
parameters of the reflecting facet (length | and rough-
ness Rms) of Sv-4-2 grating did not meet the minimum
requirements for X-ray grating as shown in the Table:
[ >0.75d, Rms <0.5nm (1x lum). The image of
Sv-4-3 grating with better parameters before deposition of
reflective coating is shown in Figure 7.

Since Sv-4-2 grating had significant stitching error (Fig-
ures 2 and 3), and high-frequency roughness and reflecting
facet length did not meet the minimum requirements for X-
ray gratings, no reflecting coating was deposited to it, and a
transverse cleavage was made for SEM examination of the
profile and surface (Figure 8). Figure 8,a shows that the
grating profile is almost ideal triangular, asymmetric, and
Figure 8, ¢ shows etching marks due to stitching during the
EBL mask recording.

A reflective coating is deposited to the grating to
increase the reflectance. The composition and thickness
of the coating depend on the diffraction grating application
with respect to spectral range, operation scheme and use
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Figure 6. AFM topography of Sv-4-3 grating without coating: ¢ — Rms=0.37nm (1 x 1 um); » — Rms=0.60nm (on the length of

20 um).
Grating parameters before reflective coating deposition
Grating Groove depth, Length of reflective BlazeO Roughness, Rms, nm
nm edge, nm angle, (1 x 1um) (20 um)
Sv-4-1 11 345 1.8 045 0.69
Sv-4-2 9 292 1.8 0.80 0.71
Sv-4-3 11 356 1.8 0.39 0.70

h

Figure 7. Image of Sv-4-3 grating (15 x 15 mm).

conditions. The gratings are designed to be used in classical
scheme (in a plane perpendicular to grooves) with the
near-normal incidence (6 =0°—8°) of 1 = 11.3nm EUV
radiation. A reflective multilayer Mo/Be coating with the
number of periods N =40, period ~ 5.7nm and layer
thickness of 2.25nm (Mo) and 3.45nm (Be) was applied

to Sv-4-1 and Sv-4-3 gratings by the magnetron sputtering
method. A Si wafer fragment was placed near the grating
for coating deposition to be used as a reflecting coating
witness to measure layer thickness, interlayer roughness
(diffuseness), period and reflectance of the multilayer
Mo/Be coating. The reflectance measured for the multilayer
coating (Mo/Be) x 40 witness was equal to ~ 60% due
to the interface diffusivity (and lower material density),
which was 12% lower than the maximum reflectance for
the chosen multilayer coating at N = 40.

The triangular groove profile and random roughness
varied insignificantly as follows from the comparison of the
AFM scanning results for Sv-4-3 grating without reflective
coating (Figure 6,a) and after sputtering of the reflective
multilayer Mo/Be coating with a total thickness of~ 230 nm
(Figure 9): the blaze angle decreased from 1.78° to 1.69°
(and the groove depth decreased from 11.0 to 9.2nm),
roughness Rms (1 x 1um) increased from 0.39nm to
0.46nm.

Conclusion
Several blazed diffraction grating samples with

d ~400nm, low «a = 1.7° and area equal to several
square centimeters were fabricated using electron-beam

Technical Physics, 2024, Vol. 69, No. 7
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Figure 9. Sv-4-3 grating with Mo/Be coating:

lithography and only anisotropic wet etching of the
Si(111)1.8° wafers. The optimized fabrication process
ensured the precise control of grating parameters and
grating groove profile both with very short antireflection
facets and atomically-smooth surface of the blazed facets.

The first Mo/Be HMLBG (Sv-4-3) was fabricated using
magnetron sputtering and was qualified for application in
the classical diffraction configuration with A = 11.3 nm. The
Si master-grating and original multilayer grating fabricated
with deposition of 40 periods of the Mo/Be coating with
a total thickness of ~ 230nm have a near-ideal triangular
asymmetric groove profile with the acceptable surface
roughness of reflecting facets.

The fabricated HMLBG are designed for application in
the classical optical scheme (in a plane perpendicular to
grooves) with the near-normal incidence (6 = 0°—8°) of
A = 11.3nm radiation. The absolute diffraction efficiency
of gratings measured using the laboratory reflectometer
with Czerny-Turner high -resolution spectrometer [21] and
calculated by simulation in PCGrate™ v.6.7.1 [22] using

Technical Physics, 2024, Vol. 69, No. 7
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Figure 8. SEM images of Sv-4-2 grating: a — cross-section, b — isometry at 10°, ¢ — isometry at 10°.
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a — AFM topography; b — AFM profile.

averaged AFM groove profiles and AFM distributions of
random roughness was about 38% in —2 order [23].

We are planning to focus our future efforts on the
optimization of the EBL mask recording modes to avoid
(reduce) the stitching error and improve the uniformity of
grating parameters across the area, and on the improvement
of the multilayer Mo/Be coating deposition process to
increase its reflectance to the value close to the theoretical
limit.
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