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ABSTRACT

State of the art soft x-ray spectroscopy technidikesResonant Inelastic X-ray Scattering (RIXSjuize diffraction
gratings which can provide extremely high speateablution of 18-10°. This problem may be addressed with a sliced
multilayer grating with an ultra-high groove demsftip to 50,000 mif) proposed in the recent publication [Voronov,
D. L., Cambie, R., Feshchenko, R. M., Gullikson, Badmore, H. A., Vinogradov, A. V., Yashchuk, V., Proc. SPIE
6705, 67050E (2007)]. It has been suggested tacktbrsuch a grating by deposition of a soft x-nayltilayer on a
substrate which is a blazed saw-tooth grating (ésthe) with low groove density. Subsequent polighapplied to the
coated grating removes part of the coating and $axmoblique-cut multiline structure that is aedianultilayer grating.
The resulting grating has a short-scale periodiaftiines (bilayers), which is defined by the mialyier period and the
oblique-cut angle. We fabricated and tested a Sui8filayer sliced grating suitable for EUV applices, which is a
first prototype based on the suggested technigquerder to fabricate an echellette substrate, veel amisotropic KOH
etching of a Si wafer. The etching regime was ojztth to obtain smooth and flat echellette facetScASi multilayer
was deposited by dc-magnetron sputtering, and #fier it was mechanically polished using a numifediamond
pastes. The resulting sliced grating prototype wi2ii0 nm line period has demonstrated a dispeediiéy in the 41-
49 nm photon wavelength range with a diffractioficefncy of ~7% for the optimized 38th order assdnto the
echellette grating of 10 um period.

Keywords. resonant inelastic X-ray scattering, high dengitgting, anisotropically etched silicon gratingsft sx-ray
multilayers, sliced multilayer grating, spectraatution, RIXS

1. INTRODUCTION

Development of high resolution diffraction gratinfyg the EUV and soft x-ray energy ranges is ondahef major
challenges for modern astronohiyas well as for precision spectroscopy being cagngut at synchrotron facilities
around the world* A relatively new and extremely exciting developrnehhigh resolution soft x-ray spectroscopy is a
method of Resonant Inelastic X-ray Scattering (RIXft potentially allows to directly measure tmemgies of the soft
excitations of correlated electronic systems susthigh T superconductors (for review, see Refsand references
therein). However, in order to realize the potdntihthe method, a dedicated spectrometer mustesehenergy
resolution of ~10 meV in the 100-eV to 5-keV phomergy randethat corresponds to resolving powers up to 100
times that achieved now.

There are two principle ways to achieve ultra-hsglectral resolution in the soft X-ray wavelengthga. One way is to
use high order diffraction with a grating with reaably low groove density, while another one isi$e the first order
diffraction of a grating with an ultra-high densit§ grooves. A conventional grating, if it is uskd high order x-ray
diffraction, would provide very low diffraction eé€iency, because for all normal reflecting matexighe scattering
angle would need to be bigger than the criticall@mng the material. The effective critical anglendae significantly
increased with a multilayer (ML) coatifid.In this case, the Bragg equation for the multitagad the high order
diffraction equation for the surface grating hawebe simultaneously fulfiled. By choosing the apgmate set of
multilayer and grating period parameters, it becormpessible to maximize diffraction efficiency forsalected high
order. The lamellar ML gratintf;*? blazed ML grating**" and sliced ML grating®'® are the examples of such a
grating. The best result that has been demonstwitida grating with a multilayer reflecting coaiii was obtained
with a grating with an echelletfesubstrate.
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A number of methods have been developed to fakrizatechellette grating. For example, a methodugisml in Ref.
uses an argon and oxygen mixed-gas ion beam tatlgiretch the grating substrate through a rectaargplofile
photoresist grating mask. A holographic ion-etcbpterical blazed grating and three of its fourthegation replicas
are described in RefsA limiting factor of the methods is a significamtughness of the echellette facets that leads to
degradation of grating efficiency due to growingtpebation of the interlayer boundaries. Higherface quality of the
echellette facets has been obtained with anisatrefghing of an asymmetrically cut Si {111} cryst&he method was
first used in Ref! and brought to the state of the art level in warkMIT,**?? where the saw-like groove density of
~5000 lines per millimeter has been achieved.

Aiming for a resolving power in first order diffréon order of 18in a reasonably compact x-ray spectrometer assumes
the need for 10grating grooves with extremely high line densit0,000 I/mm. For high energy x-ray applications,
there is a unique opportunity to use an asymmdiiricat crystal as a ultra-high density gratfig> Unfortunately, it is
difficult, if not impossible, to find a crystal vitthe large enough lattice constant, which is &t s-ray applicationg®

A grating with very small period, suitable for EUNavelength range, has been fabricated by slicingpatishing the
MoSi,/Si multilayer structure at 10° angle to the plafi¢he multilayer'®*® This reveals the periodic bilayer structure
with the period determined by the values of thetitayer period and slice angle. The grating equaémd Bragg
condition are fulfilled simultaneously, so the héghdiffraction efficiency of the grating is achéeVin first order, while
the Bragg condition for the first order reflectimom the ML structure is satisfied. In spite of tfact that a high
dispersive power of the grating fabricated this was experimentally demonstratéd? the total resolution that is the
number of bilayers is difficult to exceed*ldue to limitations of the deposition techniques(agalysis in Ref).

At the ALS Experimental Systems Group (ESG) indlsgear 2007, an LDRD (Laboratory Directed Reseant
Development) project to establish and demonstraedchnology required for ultra-high resolutiorXBlwith soft x-
rays has been started. In the scope of the pr@eaethnique to fabricate a required high-dengiafigg based on cutting
at an oblique angle a small period multilayer mirdeposited on an echellette substrate has beegestagf’
Fabrication of such a grating for ultra-high resioin spectroscopy with soft x-rays is a challengingblem itself.

In this article, we present an overview of recdfurés on fabrication and characterization of athagnsity sliced Sc/Si
multilayer grating that is a proof of principle lieation of the fabrication method suggested in.BeéWith groove

density of ~3700 lines per mm, the grating protetyp suitable for EUV applications. Although th@ave density is
smaller than that required for ultra-high resolntispectroscopy with soft x-rays, the prototype igoatis rather
convenient for characterization with a number ahtdques, including scanning probe, electron, amdrierometric
microscopy. This allows checking the consistencythe approaches proposed, as well as optimizinggtia¢ing

fabrication technology.

The structure of the article is as follows. In tiext section, we discuss the essential elemerfebatation of a sliced
multilayer grating with an echellette substrate Skc. 3, the results of diffraction measurementk e EUV grating
prototype with sliced Sc/Si multilayer are presdnt€Ehe measurements were performed at the ALS biga6.3.2.
Directions for further investigations are outlinedhe Conclusion.

2. FABRICATION OF SLICED MULTILAYER GRATINGS
2.1 Design conception: three steps of grating fabrication

Figure 1 illustrates the sequential processeshndate a high density multilayer sliced gratindgpeTfabrication includes
three major steps depicted in Fig. 1.

a) anisotropically etched Si grating b) multilayer coated echellette 3) multilayer sliced grating

Figure 1: Sequential processes to fabricate a lkighsity multilayer sliced grating: a) a saw-toollysed grating
(echellette) is created; b) a high reflectivityltitayer is deposited on the echellette; c) thetitayler coating is sliced
at a small angle by chemical/mechanical polishing.

First (Fig. 1a), a relatively low resolution savwsti-shaped grating (echellette) is created. Cugréntthis step, we use
anisotropic etching of an asymmetrically cut Si{}trystal. Second (Fig. 1b), a high reflectivityuhilayer, optimized
for a certain photon energy range, is depositedhenechellette. For the grating prototype descrittedughout the



present work, Sc/Si multilayers of total number4d@f bilayers (overall multilayer thickness was abaytm) were

deposited onto a 10-um-period 6-degree-blaze-axjiellette using a dc-magnetron sputtering tecleniéa the same
time and conditions, a flat silicon witness wa®alsated. The witness was to be used for a comealsurement of the
multilayer reflectivity. And third (Fig. 1c), the uftilayer coating is sliced at a small angle byhamically/mechanically
polishing. The peculiarities of the involved proses are discussed below.

2.2 Anisotropic etching of Si wafer

The process of anisotropic etching of a Si {111ystal with an aqueous solution of potassium hydtexikKOH, was
optimized in order to fabricate a high quality didtee grating with relatively low groove densitfhe parameters
(grating period of 10 um and blaze angle of 6 degiref the grating used for the optimization experits were chosen
from the point of view of convenience of charactation of the etched surfaces and structures whighavailable
instruments: a scanning electron microscope (SEM¥jcanning probe microscope (SPM), and an interfengc
microscope. We use {111} Si wafers with 6 degregimation of the surface plane from the {111} caigplane towards

either direction<112>, or direction<11§> as the material for echellette fabrication. Waf@ade of float zone (FZ) Si

crystals and crystals grown by the Czochralski essc(CZ) were used. Before etching in KOH, a lonsst silicon
nitride layer was first deposited onto the wafdnef a grating pattern was printed on the nitridedrytact lithography
and reactive ion etching.

Figure 2 shows the SEM images of the echellettérgys etched on Si wafers with different inclinasoof the surface
plane from {111} crystal plane: towards directi(éﬁi2> - Fig. 2b, and towards directi0<|11§> - Fig. 2c. The nitride

mask is seen on the tops of the Si nubs in FigTBb.nitride mask is removed after etching is catgl
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Figure 2: SEM images of the echellette gratingsi¢abed by anisotropic etching of Si [CZ for a) dmdand FZ for c)]
wafers with aqueous KOH: a) top view of a gratinithvperiod of 10 microns and the blaze angle otgrdes; b) and
c) profiles of similar gratings made of a Si waféth 6 degree inclination of the surface plane fribva {111} crystal
plane towards directio(ﬁiz} and towards directio@ﬁ), respectively.

Surface morphology (via 2 dimensional surface hedjstributions) of an echellette grating facet swad with the
SPM is shown in Fig. 3. Figures 3a and 3b corredpgona grating that was etched in 20% aqueous KOka@m

temperature. Figure 3c represents a grating additipetched for 20 minutes in ammonium fluorideHjR). The same
scan is shown in Figs. 3a and 3b, but for Fig.nHgbrmeasured height distribution was detrended @l suway that
{111} terrace planes are parallel to the image glaather than a plane surface detrending ovedigtabution, which
was applied to plot Fig. 3a.

After KOH etching (Figs. 3a and 3b), the facet acef consists of atomically smooth {111} terracespdc steps, and
pits on terraces. Such morphology is characterfstiche step-flow mechanism of KOH anisotropichétg?*=° The
facet surface roughness measured ovdr [Inf area was achieved to be ~2.6 A (rms). The valud®foughness is
determined by anisotropy of site specific etchgdte terraces (i. e. probability of removal ofiicen atom out of a
{111} plane) and steps (i. e. probability of rembwfan atom from a step). The achieved facet roegh of 2.6 A (rms)
is larger than that of a polished wafer used (~1bdij significantly smaller than the roughness ®6-A obtained for an
echellette grating fabricated with holographic &tohing?
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Figure 3: a), b) SPM images of the surface heiggttidution of a facet of an echellette gratinghetd from a CZ wafer in
20% aqueous KOH at room temperature; c) similargeniut of a grating made of a FZ wafer with the sat®H
etching and after that additionally etched for Z@utes in NHF at room temperature. Images a) and b) show tie sa
height distribution but differently detrended — $ext. The size of the scanned areasxis {inf. In the course of the
SPM measurements shown, the echellette groovesaxierged horizontally with the deeper side atlib&#om of the
images.

One of the straightforward ways to improve smoo#isnef the grating facets is to use an etchant withigher
anisotropy of etching of steps and terraces. Herghrpose, we have used ammonium fluoride thiahdsvn to have a
significantly higher anisotropy of etching of SathKOH. After the KOH etching, an additional etahim ammonium
fluoride for 20 min at room temperature allowedtasmprove the facet surface roughness to ~1.1 A)rrFig. 3c.
Note, that the etching in NH is not yet optimized. We are working on the ojtation.

After NH,4F etching, the facet surface morphology (Fig. 3chaticeably modified and looks now as a set ofmkéd
atomically smooth terraces with steps of the saigw segularly distributed across a facet. As alltehe facet surface
deviates from the {111} crystal plane. The deviatican be an inherent property of the anisotropahieg of an
asymmetrically cut Si crystal. In this case, thisra difference in time of exposition with the etohfor the upper and
the bottom parts of a facet. As a result, a neyw stn appear on a terrace plane formed on the ygreof a facet,
when the bottom part of the same plane still remauried. Such a step will propagate down to théohopart of the
facet. In this model, the value of the deviationnigersely proportional to the anisotropy of etchand stays constant
(with a constant declination angle) along the facet

However, in Fig. 3c, the atomic steps are disteduton-uniformly (step density higher on the botjoant of a facet)

suggesting that anisotropy of the etching signifiavaries along a facet. The non-uniformity leadsa curved facet
that is clearly seen in Fig. 4, where a profileaof echellette groove is shown. The concave shapheofacets is

consistent with assumption of an autocatalytic matof etching chemical reactioffswhich can also explain the
variation across a facet, the anisotropy of etcimmgtioned above. Note, that the 30-min long,Nldtching applied so
far is probably too short in order to significangffect the overall shape of the grating facets.
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Figure 4: Profile of a grating groove measured wite SPM. The grating was etched for 4 hours in 20041 at room
temperature. The curved shape of the facet repesdihe variation of the terrace sizes across a iia¢eég. 3c.



We have observed that the average density of #pes stecreases and distribution of the steps becoroes uniform
with increased etching time. Accordingly, the facetvature is also decreased. However, longer rgcleiads to other
severe defects on the facet surface. These ammithten-scaled conical pits — Fig. 5. Diameter of fhits can be 10-
20 um with a depth of tens of nanometers. The stoyge of the generating lines of the pit cones magasured to be
within a narrow range between 0.5 and 1 degreg®niing on etching parameters.

W _\?:.’_j 9_‘ F Section

30

2 4 ‘s 3 10 12 14 um

Spectral Period 0.00 pm Spectral Frequency 0.00 /um
Spectral M5 Amplitude 367 nm Temporal Freq: 0.00 Hz

10
a

&
7
-1
£l
4
3
2
1
|IH.
1

1
0.0 11 Height 50.0 pm 2

pum

Figure 5: Conical pits on the facet surface of amedlette etched for in 20% KOH at ~25C on a CZexaf

Nucleation of pits is usually ascribed to a higlygen content in a CZ wafét* We have etched at the same conditions
(20% KOH at ~23K with a magnetic bar steering) @#¥and FZ wafers with the specified concentratiboxygen of

20 ppm and <1 ppm, respectively. In spite of et that the resulting surface quality for the Fafev was better, we
cannot reliably conclude that in our case oxygentamination in the initial material is a dominatifactor for pit
formation. Note, that the wafers also differedtia tirection of the 6 degree inclination.

Among other possible reasons for pit formation,taonnation of Si surface with some patrticles,(@etal atoms, solid
reaction products, etc.) in the course of etchingnost probable. Figure 6 provides a clue to agmass of a particle in
the centre of a pit seen in the amplitude signalgenobtained with the SPM.

Figure 6: Conical pit on the surface of a faceit @s reproduced with the SPM in the amplitude sigmage. The size of
the exaggerated area is about linf. There is an obvious discontinuity at the pit'stee. It can be a manifestation of
a foreign particle.



Unfortunately, a measurement, such as one in Fidoés not allow us to reliably conclude anythibgut the physical
meaning of the observation. But in any case, wendothe situation shown in Fig. 6, where there risolvious

perturbation in the center of a pit, to be ratlypidal. The perturbation is probably responsiloied local, near the pit
center, decrease of etching anisotropy. The deerefastching anisotropy manifests itself via a wdfl of the pit cone

generating lines observed in pit cross-section tieapit center; see Fig. 5. Due to the perturipatibe probability for
formation of a new step on the lower terraces it & higher at the pit center; whereas for thet of the pit, the etching
anisotropy is constant and can be numerically ctaraed via an asymptotic slope of the generdiires.

The assumption about a relation between shape mif and etching anisotropy can be modeled in a k&inyay
illustrated in Fig. 7.
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Figure 7: Sketch to illustrate the suggested mashanf formation of a conical pit and to explainedation between shape
of a pit and anisotropy of etching.

In Fig. 7, the line 1 is a measured surface prdfila facet (compare with Fig. 3a). On the profilee can sight multiple
terraces that involve only four {111} atomic plan&$e line 2 is an approximation of the profile simowith the line 1,
but now the terraces and steps have an ideallysffiape. The 1-um long trace 2 consists of totét®hic steps that
include 12 upward and 13 downward steps. The aeeragidth of a terrace is ~40 nm. This value is u$ad
transformation of the line 2 to the line 3. Finallsing an assumption about a larger probabilitpibformation at the
center (but ignoring a change of the etching aropyy, the steps of the opposite directions arersgpd, reproducing a
shape of a pit etched at the same conditions. dhegponding slope angle found to be about 0.5edsgis in a good
agreement with the facet declination angle in respe the {111} plane that, we think, also relatesthe value of
anisotropy of KOH etching.

Note that pit nucleus with an ideal shape, as twave in Fig. 7 with the line 4, become stable aadnot be removed
with continuing of etching. It relates to an obseinr*® that probability of pit formation on a surface nearallel to a
{111} plane has a strong dependence on the deloreangle. At a surface declination angle largemtlthe angle
characteristic for the slope of the tip generatings, nucleation of a new tip becomes impossible.

Due to the pit stabilization effect, a fluctuatiorechanism of pit formation on a {111} plane is afssssible. In this
case, fluctuation of positions of new steps cad keathe appearance of a pit with a size large ghdar triggering of

the stabilization effect. Because of longer etchinge and smaller declination angle, pits stadtfio grow in the upper
part of the grating facets. Therefore, one of tammeters of the etching process to be optimizeah isptimal etching
time, short for the pits to start to actively gragrand long enough to provide completed smoothgace

We have chosen to stop KOH etching as soon asritepit nuclei appear. This situation is depictedrig. 8, where
surface morphology of an echellette grating, fadtgd with KOH etching with all other parameteroadptimized, is
shown. The optimization allowed us to obtain anedlelte with the facet surface with a wide bandtwidbughness
(measured over an area of 20 x 6°area) of ~5 A (rms). A major contribution to theugbness gives a residual
waviness of the grating facets clearly seen in &idgVe believe that the waviness originates from diefects of the
lithographic mask we used, rather than from the K&thing itself. The waviness remains a seriouslpro, and we
are working to solve it.



Figure 8: Surface morphology of a 50 um x 50 puna afean echellette grating fabricated with KOH @tghwith optimized
parameters (see text). Practically, on the scaaned, there is not a self-evident pit. Howeverretae a few marks
(depicted with the circles) of pit nucleation. Tiesidual waviness of a facet gives the major cbution to the value
of the wide bandwidth surface roughness that wassored over a 20 pm x 6 pm area to be ~5 A (rms).

2.3 Deposition of Sc/Si multilayer coating on an echellette grating and finishing polishing

In experiments on the deposition of a Sc/Si mylélacoating we have used a number of echellett@ksnmade of CZ
and FZ crystals with different directions of thelégree inclination. For the prototype grating diéset below, Sc/Si
multilayers of total number of 40 bilayers (thealahickness of the multilayer coating was aboutrl) were deposited
onto a 10-um-pitch 6-degree-blaze-angle echellgiie dc-magnetron sputtering. We used a FZ waféh \6i degree

inclination of the surface plane from the {111} stgl plane towards directio@i2> . At the same time and conditions,
a flat silicon witness was also coated. The witrveas used for a control measurement of the mudtilagflectivity.

Figure 9 shows the SEM images of a cross-sectioanoéchellette grating covered with the Sc/Si naylér. In the
course of multilayer deposition, the nubs of theedlette substrate shadow a significant portiotheffacets leading to
the formation of cavities in the vicinity of thelmi- Fig. 9b. Nevertheless, a significant parheffacet looks acceptable
for diffraction measurements — Fig. 9a.

SEI 100kV X8000  1um  WD56mm SEI 50KV X30,000 100nm WD 57mm

Figure 9: a) SEM image of a cross section of th&SiSmultilayer coating deposited on an echelletiigg with 10 pm
period made of a CZ wafer. b) Higher magnificatiorage of the vicinity of a groove nub. In the cauc§ multilayer
deposition, the nubs of the echellette substratel@h a significant portion of the facets leadingfaomation of
cavities in the vicinity of the nubs and decreashwyeffective area of the multilayer coating.

The Sc/Si multilayer coating on the echellette iggatvas mechanically polished using a number ofndiad pastes. In
the course of polishing, the coating on the tothefechellette nubs was totally removed — Fig.THds avoids parasitic
diffraction from a periodic multilayer mirror strure appearing on the top of nubs after coating.

Figure 10 shows a SEM image of the sliced multilagrating as it looks like after the polishing mnepleted. The wide
black strips in Fig. 10 are the surfaces of the#is cleaned by the polishing. The filled lightygsdrips below the Si
strips are the polished material of the coatingctvlivas deposited on the steep walls of the nudtswhas not shadowed
during the deposition. Resolution of the SEM is eabugh to resolve the very dense layer structtteecstrips.
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Figure 10: SEM images of the surface of the sli€edSi multilayer grating prototype. The lined sture of the sliced
multilayer is well visible. There is a variation thie period of the sliced multilayer lines withimaultilayer stack of an
echellette groove. The variation is due to the edrshape of the echellette facets. The surfacenrmsg affects the
straightness of the lines.

The periodic (with period of 10 um determined by dthellette substrate) structures of very denss iin Fig. 10 is the
sliced multilayer grating. The period of the sliggating is about 270 nm that corresponds to thérgy groove density
of about 3,700 lines per millimeter. There is aicerble gradual variation of the line periodicibgide a 10 um step.
This is due to the curved shape of the echellettet discussed in Sec. 2.2. The resulting usefal af the dense line
structures is only about 60% of the total surfate¢he grating. The grating is a first proof of priple prototype
fabricated according to the technology propdSéche prototype with such parameters is suitabléEfdW applications.

3. INVESTIGATION OF DIFFRACTION EFFICIENCY OF THE SLICED
MULTILAYER GRATING PROTOTYPE

The diffraction measurements with the EUV gratimgtptype with sliced Sc/Si multilayer were perfodrat the ALS
beam line BL6.3.3*The beam line is equipped with a reflectometer bipaf independently varying the angle of
incidence on the samplés(= 90-w) and the detector angléy(= 180—-a—B) — Fig. 11. High accuracy reflectivity and
diffraction measurements are possible at wavelangphto 50 nm.
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Figure 11: Geometry of the experiment at the ALSrbdine BL6.3.2. to measure diffraction efficienmlythe sliced Sc/Si
multilayer grating prototype.
First, the witness sample coated with the sameilaygt as the prototype grating was investigated.
3.1 Reflectivity of the Sc/Si multilayer

Figure 12 shows the small angle reflectivity of ®&Si multilayer witness deposited on a flat Sisitate. Thed-20
scari® of the detector was performed at the photon waggteof 0.154 nm (Guh edge). The high quality of the periodic
multilayer stack is manifested with a set of walsalved diffraction peaks extending to the diffimctangles of 7
degrees.
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Figure 12: Reflectivity of the Sc/Si multilayer asfunction of the detector angular positidy, The reflectivity was
measured near the Cu,Kedge at x-ray wavelength of 0.154 nm. The highlityuaf the periodic multilayer stack is
shown by a set of well resolved diffraction pediat extend to the diffraction angles of 7 degrees.

The parameters of the multilayer coating founditiin§y of the experimentally measured diffractogramirig. 12 with a
model consisting of four layers, Sc/ScSi/Si/ScB¢luding two interlayer of silicide, are listed Trable 1. The normal
incidence reflectivity of the withess was measurele 44% at the photon wavelength of 46.5 nm —1g

Table 1. Parameters of the Sc/Si multilayers detexdhwith the small angle x-ray diffraction measneats.

Material of a layer ScSi Sc ScSi Si
thickness of the layer, nm 2.3 9.53 2.5 12.22
interface roughness, nm 0.3 0.6 0.42 0.4

0.5 Sc/Si multilayer
on a flat polished Si wafer
0.4
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Figure 13: Reflectivity vs photon wavelength of tha& witness mirror coated with Sc/Si multilayergether with the
echellette substrate. The measurement was perfoatad angle of 5 degrees from normal incidenceAib® beam
line 6.3.2. The maximum of mirror reflectivity ofi% is at the x-ray wavelength of 46.5 nm.

3.2 Diffraction efficiency of the dliced Sc/Si multilayer grating prototype

The diffraction efficiency measurements with theeesl Sc/Si multilayer prototype were also perfornadhe ALS
beam line 6.3.2 — Fig. 11. In the course of thesueaments, the photon wavelength was varied inathge of 43-47 nm
near the position of the reflectance maximum fa thultilayer mirror in Fig. 13. The incidence anglethe photon
beam was adjusted to 10 degrees and was held ngnstiile the angle of diffraction was scanned tgnslating the

detector.
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Figure 14: a) Angular dependence of the diffractfficiency of the Sc/Si multilayer sliced gratingeasured at the photon
wavelength of 45 nm. For reference the angulartipos of the corresponding diffraction orders cidted for the
grating period of 10 um are shown as a additionalesaxis on the top of the plot. b) Angular depsmg of the
diffraction efficiency of the prototype measuredtatee different photon wavelengths. The shiftha tependence is
clear evidence for dispersive power of the protetgpating. The tiny difference of the profiles ma&sl at the photon
wavelength of 45 nm and presented in the plotsd)lg is due to the fact that the profiles werestalwith different
samples with slightly different groove period.

Figure 14 presents the diffraction profiles for tpeating prototype measured at different photonrgias. For each
profile, there are several peaks which corresporttia@ high order diffraction induced by the 10-pemipdicity of lines
of the sliced grating prototype. The angular wi@th2° of a diffraction peak is defined by the da&teslit size of
~500 pum.

For the photon wavelength of 45 nm (Fig. 14a), lasolute efficiency of diffraction in the -38th ords ~7%. The total
efficiency of the prototype evaluated by summingroall observed orders is about ~14.7%. After atioa for the
effective (working) surface of the grating (exchuglithe surfaces of the nubs), the total efficieatyhe contributing
surface becomes 24.5%. This is about 55% of theirmanr reflectivity of the multilayer coating itselbér a photon
wavelength of 45 nm — Fig. 13. The dispersive pouwfethe prototype grating is demonstrated with Higp via the
shifted diffraction profiles measured at the phot@velengths of 44, 45, and 46 nm.

The measurements in Fig. 14 indicate that the Sui8iilayer sliced grating prototype diffracts intoultiple orders

rather than diffracts to solely one (first) difftea order, as one should expect for an ideal dliveltilayer grating. This

behavior of the prototype relates to the resid@aliin periodicity of the grating structure. Thecgsih nubs and the at-
nubs wide strips of the coating material as wellheesgradient of periodicity of the sliced multieaylines (Fig. 10), all

have the 10 um period determined by the echebetbstrate.

The gradient of periodicity of the sliced multilaynes is probably the main reason for the apprately equal
absolute diffraction efficiency for the 37th andii8®rders (Fig. 14). Indeed, due to the gradienpexiodicity of the
lines (curvature of the facets and, correspondinthly multilayer), the blaze condition of the malger is satisfied for
both these orders.

4. CONCLUSION

We have presented proof of principle results ofedtgyment of a principally new method for fabricatiof super dense
diffraction gratings for EUV and soft x-ray applitas. The peculiarities of the processes usedatmication of a first
prototype of sliced multilayer gratings optimizeat photon wavelength of 45 nm have been descri¥ézl have also
discussed the results of measurement of diffractitiniency of the prototype grating. The gratirgstdemonstrated an
absolute efficiency of diffraction to the main ordthat is the -38th order for the 10 pum echellpieiod) of ~7%. The
total efficiency (evaluated by summing over all @tved orders and with correction for the effectsugface of the
grating, excluding the surface of the nubs), isuatib% of the maximum reflectivity of the Sc/Si tilalyer coating
applied.



In spite of the fact that the prototype grating hlieady demonstrated rather high performancs, féi from an ideal
sliced multilayer grating, which would be expecteddiffract solely in the first order determined hyperiod of the
sliced multilayer lines. The diffraction to multgplorders observed in the experiments with the ppéois due to

residual 10 pm periodicity of the grating structufbe major distortion factor is the gradient ofipdicity of the sliced

multilayer lines inside one echellette groove thisb repeats with the 10-um period of the echellstibstrate. The
gradient of periodicity of the lines is due to thevature of the echellette facets. We expecttti@facet profile can be
significantly improved by using an echellette wétlsmaller period and by using an etchant with &driginisotropy of
etching.

We also believe that the quality of the grating ldobe improve by suppression of the shadowing efeg., with a
multilayer coating technique using a collimated-mam. The overall efficiency of the grating canitereased almost
by a factor of two by removal of the echellette siety., with the lift-off technology described inf2
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