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Abstract

High line density multilayer coated laminar gratings (MLLG) were designed, manufactured, and
analyzed for operation in photon energy range at 1-5 keV. Theoretical simulation presented in the
work are pointing out that a 5000 I/mm MLLG can be employed in high resolution mode at 3 keV
with a diffraction efficiency more than 40 times higher than the single layer coated grating. In order
to examinate performed simulations, two 3000 /'mm MLLGs were fabricated with different d-
spacing optimization: high efficiency MLLG-HE and high resolution MLLG-HR. In the case of
MLLG-HE, a maximum efficiency of 54.5% was achieved at 4.4 keV, and for the MLLG-HR, a
relatively high efficiency of 23.1% was achieved with a large Crfactor of 4.34 at 4 keV, which can

significantly increase the energy resolution of final instrument.

Introduction

The tender X-ray range (1-5 keV) is extremely interesting for spectroscopy-based techniques as
it contains many material absorption edges, among them could be mentioned K absorption edges of
P, S, Cl, K, Ca, and L absorption edges of some transition metals. Thus, in this energy range one can
accurately probe the chemical composition and electronic structure of these elements [1-3], which
are of great importance for research into energy chemistry, life science, and environmental science
study.

Gratings and crystals are the key dispersion optics in spectrometers and monochromators. Crystal
monochromators have high spectral resolution and transmission in hard X-ray range. However small
d-spacing in crystals only allows them to operate at near normal incidence in the tender X-ray range,

which expose them to very high photon density and thermal load especially for the next generation



diffraction limited ring [4]. Gratings are commonly the main dispersion elements for soft X-rays.
However, the efficiency of typical single-layer coated gratings is not higher than few percent even
in lowest part of the tender energy range [5].

To fill the tender X-ray range gap, multilayer coated gratings based on combination of multilayer
Bragg diffraction and grating diffraction have been developed. Such gratings can achieve more than
one order of magnitude higher efficiency compared to single-layer coated gratings and work up to
the hard X-ray range under grazing incidence condition [6]. Various types of multilayer gratings are
under wide research. The efficiency of ideal multilayer coated blazed grating (MLBQG) is rather
close to the reflectance of multilayer mirror (MM) and thus exhibits the highest efficiency. Sokolov
and Huang et al.[7,8] fabricated the 2400 I/mm Cr/C MLBG and showed a record efficiency of 60%
at 3.1 keV and 4.1 keV. Based on this research, a multilayer coated pre-mirror and grating have been
installed in the collimated plane grating monochromator at the U41-TXM beamline at BESSY-1I
synchrotron facility. After extensive commissioning work it was demonstrated that the new setup
provides a 100 times more flux at around 2 keV in comparison to single layer coated optics case [1].
Voronov et al.[9,10] developed a dedicated process for fabricating high quality blazed grating and
fabricated a 2500 I/m W/B4C MLBG with a efficiency of 25% at ~1keV. Nevertheless, large size
high line density blazed gratings with ultrasmooth surfaces are still difficult to manufacture and not
widely available [11,12]. On the other hand, laminar gratings (LG) with periodic profile of
rectangular-like groove shapes are easier to fabricate. Polack et al.[13] designed and fabricated a
1200 I/mm Mo/Si MLLG. Over 15% efficiency was measured in the 1.2-1.5 keV range. Chourikani
et al.[14] developed a 2400 1/mm B4C/Mo>C MLLG for monochromators working in 0.7-3.4 keV
range. A peak diffraction efficiency of nearly 27% was measured at 2.2 keV. Due to the L absorption
edge of Mo, the efficiency drops sharply above 2.5 keV. The MLLG has also been installed into the
DEIMOS beamline monochromator [15].

Besides efficiency, energy resolution is the other critical parameter for monochromator and/or
spectrometer. High-resolution spectroscopy techniques such as Resonant Inelastic X-ray Scattering
(RIXS) requires diffractive optics with both high efficiency and high resolution. Compared to
traditional single-layer coated grating, multilayer grating works at a larger grazing incidence angle
which caused lower resolution due to reducing angular dispersion of diffracted beam from the
grating. This effect could be easily displayed by commonly used parameter for double elements
monochromators: Crr = sin(6,) /sin (6,), where 6, and 6, are grazing angles of incident and
n'" diffraction order beams at the grating [16]. Lower Cy; factor leads to lower instrument energy
resolution. Increasing the d-spacing of multilayer can reduce the grazing incidence angle and
compensate part of the resolution with the same line density grating. Based on this, Feng et al.[17]
fabricated an 1800 I/mm Mo/Si MLLG and obtained an efficiency of 25.6% and a Csf factor of
1.79 at 1700 eV. On the other hand, increasing the line density of grating is one of the main methods
to improve energy resolution [18,19]. It is especially suitable for multilayer grating since the

theoretical efficiency is not significantly affected by line density as for single layer coated gratings



[20]. Voronov et al.[19] fabricated a 10,000 I/mm blazed grating. However, the sawtooth grating
profile was considerably smoothed during multilayer coating, causing substantial degradation of
MLBG's efficiency. Huang et al. [21] demonstrated a 20,000 I/mm sawtooth multilayer grating
fabricated by self-assembled method, while the efficiency was limited by the groove shape. MLLGs
with high line density have not been well studied. The exact impact of line density on the theoretical
efficiency of MLLG and the optimal relation between multilayer and grating structure for MLLG is
still under investigation.

In this paper, the theoretical diffraction characteristics of MLLGs with different line densities and
the match of the multilayer d-spacing with grating groove depth for high efficiency were studied in
the tender X-ray range. Two high line density MLLGs of 3000 /mm were fabricated and
characterized for high efficiency (HE) and high resolution (HR) purposes, respectively. A maximum
efficiency of 54.5% was demonstrated at 4.4 keV with a Cr factor of 3.88, whereas a second
MLLG sample showed a Cr; factor of 4.34 with an efficiency of 23.1% at 4 keV.

Design and simulation

A schematic diagram of MLLG model is shown in Error! Reference source not found.. The
bottom is a laminar grating. The grating period is D. T" is ratio of groove width measured on top to
the grating period, and the groove depthis h. ¢ represents the trapezoid angle of the groove profile.
In the ideal model, the profile of each layer perfectly reproduces the substrate grating profile, so h
and ¢ are constants that do not change with the layer number. The spacer material (S) and
absorption material (A) are alternately deposited on the laminar grating, with the periodic thickness
d-spacing (d), forming a structure with two-dimensional periods. y is the ratio of absorption
single-layer thickness to d-spacing. The grazing incidence angle (6y) of incident light and the
diffraction angle (6,,) of n'" order diffraction light are also shown in the figure. In the following
simulation, the diffraction order n = —1. In the 2-5 keV photon energy range, Cr/C is a good

multilayer material combination and was used here [22].

Substrate

Fig. 1 Schematic diagram of the cross-section of ideal multilayer coated laminar grating
To achieve maximal efficiency at working photon energy, the structure parameters of grating and

multilayer should be matched to simultaneously satisfy the grating equation and generalized Bragg



condition[20]. For the high resolution of a grating monochromator/spectrometer, the most critical
factor from the grating optics is its dispersion capability and the resulted fix-focus constant Crr.The
requirements for efficiency and resolution should be balanced in practical designs.

To study the effect of line density on laminar multilayer grating performance, systematic
calculations of the -1* diffraction order efficiency and corresponding Cr; factor were carried out
for a Ct/C MLLG with various line density (between 1000 1I/mm and 50001/mm) and multilayer d-
spacing (from 3 nm to 12nm). Results of simulations at photon energy of 3 keV are shown in Fig.2.
Typical profile parameters of laminar gratings manufactured by laser interference lithography were
chosen: y=0.4,T = 0.37, ¢ = 7°. To see the maximal of reachable efficiency, 200 bilayers were
chosen, which were definitely saturated. The groove depth and d-spacing were set to relation h =
0.5d, which was considered as one of the optimal conditions providing the maximal diffraction
efficiency [20].
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Fig. 2 Calculated diffraction efficiency (a) and Css factor (b) of MLLGs at 3 keV
versus line density and d-spacing, h = 0.5d. The black dots represent the MLLGs with efficiency of 20%.

In comparison of these two graphs, one can see a compromise between efficiency and resolution:
the areas with higher efficiency correspond to relatively low resolution. The maximal efficiency of
62.5% can be achieved for 1000 I/mm line density with d = 6.5 nm and Cr; = 1.42 in that case,
61.7% for 3000 I/mm with d = 4.75 nm and Cf; = 1.85, and 59.8% for 5000 I/mm with d = 4.25
nm and Crr = 2.34. With line density increasing the maximum efficiency is barely affected. A
sharp drop of efficiency occurs at relatively large d-spacing due to the resonant incident angle
approaching the total external reflection (TER) which caused the excitation of 0™ order [18]. This
threshold of d-spacing gradually decreased with higher line density. At the same time, the Cgf
factor rises as d-spacing and/or line density increase. Thus, a good balance should be found in
MLLG optimization.

Comparing MLLGs with the same efficiency of 20% at different line density (indicated by the
black dots in Fig. 2b), the Csf factor is 3.75 for 3000 I/mm MLLG, and that of 5000 I/mm MLLG
can reach 4.79 at 3 keV, which is nearly twice that of 1000 I/mm MLLG (Css = 2.50). For the 5000

I/mm Au single layer grating, its efficiency is lower than 0.6% at the same photon energy of 3 keV.



It is about 40~100 times lower than the MLLG. It is evident that high line density MLLG can both
improve the resolution and efficiency significantly. As 5000 I/mm grating is currently difficult to
fabricate, the line density of 3,000 I/mm was chosen to verify the above analysis in this paper.

The fabrication of a nanometer depth laminar profile for high line density grating is rather
challenging and could be achieved with an error of 1.5~2 nm for the h value. Thus, for development
of a high quality MLLG, the exact match of grating groove depth and d-spacing and their tolerance
is very important. Its effect on efficiency were further studied based on the previous result [20]. The
-1%t order diffraction efficiency of MLLGs (3000 [/mm,T = 0.37,¢ = 7°,N = 200) with various
d-spacing and groove depth at 3 keV is shown in Fig.3.
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Fig. 3 Calculated -1* diffraction efficiency of MLLGs versus d-spacing and groove depth at 3 keV. The white
(black) dots are MLLGs that achieves maximal efficiency at each fixed d-spacing (groove depth).

As shown in Fig.3, the efficiency chart appears radially as the optimum d-spacing is proportional
to the groove depth. The efficiency of the structures with d > 8 nm is extremely low as the
incidence angles are close to the TER. The high-efficiency structures are located around several line
areas with h=(k—0.5)xd (k=1,2,..), and low-efficiency structures are around h =
kxd (k=1,2,..), as indicated by the black lines. In the overall trend, the maximum efficiency
only slightly decreases with k increasing. The structure parameters with different k all can
correspond to high efficiency, which is an advantage as it provides a large freedom for MLLG design
and fabrication. Note that the width of the radial area narrows as k becomes larger which means a
smaller tolerance for the fabrication error. The groove depth also cannot be too large due to the
obvious shadowing effect during deposition leading to poor multilayer quality. The white dots
marked in Fig.3 correspond to the structures that achieve the maximal efficiency at fixed d-spacing
with optimized groove depth, and the results follow exactly the trend of h = (k — 0.5) X d. The
black dots represent structures with maximal efficiency at fixed groove depth, which are slightly
deviated from the trend and the reason can be explained as follows.

According to the analytic theory [20], the expression of the maximal non-zero order diffraction



efficiency R, can be described as the following analytic equations:

Pl I e —p,-P,-P
"Iy T Ty YT

sin(7tjy) _ 2y/sinf,sin b, p. — 2 sin(mnl) ( _h)
Ty +9)’ 27 sin(6,) + sin(6,)’ 3= o oWy

The parameters f and g are totally determined by the optical constants of multilayer materials.

1

Thus, the larger |y|, the higher R,,. The parameter P, is constant here because of the same materials,
y and operating energy. P»is determined by 6, and 8,, which is calculated by the grating equation
(cos8, = cosBy, + nA/D). The effect of h/d on P; is sinusoidal and Pz oscillates faster with
smaller d-spacing, resulting in narrower radial area at larger k. Fixing d and optimizing h, P> will
not change with groove depth. The maximum -1 order efficiency will be achieved when |P;| is
maximal, that is h/d = k—0.5. Fixing h and optimizing d, 6, will decrease with d
increasing, and P> will drop, causing the optimal d to be smaller than h/(k — 0.5). This explains
the deviation of the two ways of optimization of d and h in Fig 3. Thus, when designing a MLLG
for high efficiency, if the groove depth is fixed as obtained from the fabricated grating substrate, the
d-spacing needs to be adjusted accordingly. In this case, the optimal relation h = (k — 0.5) X d is

not valid and the exact d-spacing requires accurate simulations.

Experiment

According to demonstrated above design and simulations, two MLLGs were fabricated by coating
Cr/C multilayers with different d-spacing on a 3000 I/mm laminar grating. The laminar gratings
were fabricated using laser interference lithography and ion beam etching at Helmholtz-Zentrum
Berlin [23].The grating structure was examined with the atomic force microscopy (AFM) over its
whole used aperture before coating multilayer, the average value of groove depth of 3.9 nm, groove
width to period ratio I' of 0.37, and trapezoid angle ¢ of 3.7 degrees. The multilayer parameters
were optimized using these measured grating parameters. Fig.4 shows simulated peak efficiency
values (a) and Csf factor (b) versus d-spacing for energies from 2 keV to 5 keV. As it seen from
Fig.4, the maximum efficiency what can reached is 36.3%-66.5% at 2-5 keV. To achieve maximum
efficiency at higher energies one need to apply smaller d-spacing. The C¢s factor can be obtained
with higher energy and/or larger d-spacing. To obtain maximum efficiency in the energy range of
2-5keV, d = 5.7nm was selected for the MLLG-HE sample. The d-spacing of MLLG-HR sample
was selected as 6.7 nm to achieve high resolution and maintain an efficiency of more than 30% in
the 2-4 keV energy range. After coating, the d-spacing of the reference MM and MLLG were
measured by grazing incidence X-ray reflectometry (XRR) and transmission electron microscopy

(TEM) respectively. It was found that final values were almost the same as designed ones.
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Fig. 4 Calculated -1* diffraction efficiency (a) and Crs (b) versus d-spacing of Cr/C laminar multilayer grating at
the energy of 2-5 keV. The black dotted lines show the efficiency and Cr; factor at the target d-spacing.

Deposition for Cr/C multilayer coating was performed using a direct-current (DC) magnetron
sputtering technique on top of laminar gratings and plane reference mirror samples. High purity Ar
was used as sputtering gas under a working pressure of 1.3 mTorr. The thickness ratio (y) was
chosen as 0.4. The bilayer numbers of MLLG-HE and MLLG-HR were 40 and 20, respectively,
which were both close to saturated bilayer numbers.

After fabrication, the surface profiles of the reference multilayer mirrors and multilayer gratings
were characterized using AFM on a Bruker Dimension Icon system in tapping mode. The scan sizes
were 2 um X 2 um, which consisted of 512 X 512 pixels. The AFM images of the high efficiency
and high resolution MLLG samples are shown in Figs. 5 (b) and (c), respectively. And Fig.5 (d)
displays the PSD spectra of the coated gratings and the LG substrate. The major peaks of the PSD
spectra after coating remain similar as before with a slight increase at the high spatial frequencies
range of 20~60 um™1. It is indicated that the grating period and groove-to-period ratio of MLLGs
are similar to that of LG with a small growth of high frequency roughness after the Cr/C multilayer

deposition, as also observed from the AFM images.
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Fig. 5 The AFM surface morphology of (a) laminar grating substrate, (b)MLLG-HE,
(¢) MLLG-HR, respectively. (d)Comparison of PSD functions.

To analyze the internal multilayer structure on grating, the cross-sectional image of MLLG-HE
was obtained by TEM and shown in Fig.6(a). Fig.6(b)~(e) are zoom-in TEM images of side wall
areas of the grooves. The dark layers corresponds to Cr and the bright layers to C. From TEM one
can see that multilayer structure has good quality with clear and sharp interfaces. To visually display
the quality of groove profile replication, the surface/interface profiles of the grating substrate and
MLLG-HE after different bilayers deposition were extracted from TEM images and shown in
Fig.6(f). It can be seen that, the layer profile well replicated the grating bottom with a slight side
shift. The profiles trapezoid angles were almost the same as the substrate one (¢, = 4.3%, ¢, =
4.8° ¢y = 4.75° ¢, ~ 4.0°). The AFM and TEM results consistently prove that there is no obvious
smoothing when depositing Cr/C multilayer with a total thickness of about 240 nm on the 3000
/mm lamellar grating. More obvious smoothening effect should be seen on even higher line density

gratings and in the high spatial frequency range [19,24].
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Fig. 6 (a)The whole cross-section TEM images of MLLG-HE. The slope TEM images of MLLG-HE on the left
sides of the bottom (b) and top (c) area, and on the right sides of the bottom (d) and top (e) area.
(f) The surface profiles of MLLG-HE substrate and after deposition several bilayers of Cr/C multilayer, obtained
from the TEM images. The black dotted curves are the substrate profiles after being shifted.

Tender X-ray measurements

The diffraction efficiency of both MLLG samples and reflectivity of multilayer coating on
witness sample were measured in a broad photon energy range from 600 eV up to 5.6 keV.
Measurements in XUV energy range were carried out with 11-axis UHV Reflectometer at the Optics
Beamline (PM1) [25,26] and the tender x-ray measurements were performed with portable small-
Reflectometer [27] at KMC-1 double crystal monochromator beamline [28], which both are at
BESSY-II synchrotron radiation facility. The beam spot size on the sample position at optics
beamline was 0.36 X 0.2 mm?(v X h) with vertical divergence of 0.5 mrad. High spectral purity
and accurate energy collaboration are provided in the whole beamline energy range and well
described in [29]. Sample alignment with respect to the beam were done in all 6-degrees of freedom
with in situ UHV tripod system and accuracy better 0.01deg and 0.01lmm. Angular scan accuracy of
360 degrees goniometers of sample and detector stages are better than 0.02deg [25]. At the KMC-1
beamline the beam spot size on the sample position was ~0.1 mm vertically with divergence less
than 0.2 mrad. The beam intensity stability was supported by MOSTAB control with in-situ
feedback system. The measured and ideally calculated efficiencies (assuming perfect multilayer
structure) are shown in Fig.7.

The MLLG-HE achieved an efficiency higher than 27.5% throughout the wideband energy range
of 2-5 keV. And the maximum efficiency of 54.5% was achieved at 4.4 keV. Relatively small
efficiency drop at 3.2 keV does not appear in the calculated curves of reference MM and MLLG-
HE, which is caused by the absorption edge of noble sputtering atoms of Ar incorporated in the
layers [7]. A 4.0% atomic ratio of Ar was detected mainly in the C layers as measured by energy
dispersive X-ray spectroscopy (EDX) obtained with TEM measurements. The difference between

the measured and calculated -1% order efficiency at high energies may be due to the measurement



error of the 0" order, and the match of layer thickness with the practical groove profile. For MLLG-
HR, its diffraction efficiency is lower than that of MLLG-HE with a maximum efficiency of 38.6%
at 3.2 keV. If the interface width and roughness o = 0.4 nm obtained from XRR fitting and the
practical profile of MLLG-HE obtained from TEM are taken into account, the fitting curves of both
samples are both close to the measured results which confirmed the theoretical model. Compared to
previous research of the high efficiency MLBG[S], the experimental efficiency of MLLG-HE is
significantly lower than that at 2-3 KeV range with a efficiency of 10%-15%. This is mainly due
to theoretical efficiency differences from the lamellar and blazed grooves of the grating. [20].
Nevertheless, the efficiency of MLLG-HE is only a few percent lower than that of MLBG at around

4keV. Moreover, the fabrication of laminar grating is easier and can bring some advantages in

applications.
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Fig. 7 The measured (points), ideal simulated (o = 0, solid curves) 0" and -1* order diffraction efficiency curves
of reference MM, MLLG-HE and MLLG-HR. The dotted curves are the -1 order fitting efficiency curves of
MLLG-HE (o = 0.4nm and TEM profile) and MLLG-HR (¢ = 0.4nm).

By fixing the grazing incidence angle at the resonance angle (8,) of each energy and scanning
detector, the angular distribution of -1% order diffraction of two MLLGs was measured at different
energy, as shown in Fig. 8(a)(b). Both 0" order and -1 order diffraction peaks were recorded in the
measurement, which are marked in the figure. The intensity distribution of diffracted light between
0™ and -1% orders is visually displayed on the dispersion plane. The diffraction angles at different
working energy can be seen from the figure, which is defined as the angle between incident light
and grating plane. Thus, the diffraction angle of the 0" order equals the grazing incidence angle for
both 0™ and -15t orders. Based on this, the measured C 77 factors and the theoretical calculated Cys
factors were depicted in Fig.8(c), which are mostly consistent. The small difference of MLLG-HE
in high energy might be explained by effects superposition of sample substrate waviness and beam
divergence together with residual sample surface misalignment which are relatively increasing their

impacts with decreasing of the incident angle. With energy increasing, 6, decreases, and Cys



factors increase. MLLG-HE achieved a Cy; factor of 3.88 at 4.4 keV with an efficiency of 54.5%.
MLLG-HR achieved a Cr; factor of 2.76 and maintained an efficiency of 32.5% at 2.6 keV. A high
Crs factor of 4.34 was achieved at 4 keV with a practical efficiency of 23.1%.
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Fig. 8 Detector scans of the MLLG-HE (a) and MLLG-HR(b) measured at different energy. The x-coordinates of
0™ order peaks are equal to 8, and them of -1% order peak are the corresponding diffraction angles 6_;.

(c)The measured (points) and theorical calculated (solid curves) Cry factors of MLLG-HE and MLLG-HR.

Conclusions

The diffraction property of high line density Cr/C MLLGs were theoretically studied and
experimentally demonstrated. A higher line density of 3000/mm to 50001/mm with optimized d-
spacing can significantly enhance the resolution of MLLG with almost the same high efficiency as
the conventional 1000l/mm MLLG, in theory. The fabricated MLLG-HE achieved a maximum
efficiency of 54.5% at 4.4 keV with a Cff factor of 3.88. The MLLG-HR achieved a Csf factor
of 4.34 and maintained an efficiency of 23.1% at 4 keV. Both the efficiency and Cr; factor
demonstrated are consistent with the theory. It is shown that by combining high line density grating
with multilayer, both the advantages of high efficiency and large dispersion can be fully utilized. It
will provide a new way for achieving high flux and high resolution monochromator/spectrometer in

the tender X-ray region.
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