DI FI'—HKtTIO\I GRATI NG' This invention relates to the diffraction

~gratings which are suited for a spectronetric el enment pri
mar i | n t he
-__l.s_pft X-ray region. Conventionally, the foll ovmpng ty
-diffraction grating are generally known: [err] gratings desi gned to

di sperse beans by the diffraction effects s

maki ng the best use of the at omi ¢ B m£f= ;kafi n the single

silicon crystal, [err] gratings nmade by directly etchin rge nunber  of
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u or | e quartz substrate and nechanically ruling a |l arge

nunber of equally 10 spaced grooves on the Au- or Pt-coated layer with a

[glirgeaggﬁg?;zf ( t However, with respect to nmethod [err] since the
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single silicon crystal, @ gratings made by directly etching a large ghmoer of

~» Dy Bragg reflections

equally spaced grooves on a quartz substrate by using holographic exposure
technique and ion-beam etching method, and @ gratings made by coating 4u or Pt
on the quartz substrate and mechanically ruling a large number of equally
spaced grooves on the Au- or Pt-coated layer with a ruling apparatus. '

However, with respect to method (D, since the lattice consatant (grating

10

constant) “a” in the crystallihe is limited, no efficient beam dispersion takes
place against soft x-rays with wavelength about 10-100A . Furthermore, due to
its low heat conductivity, silicon tends to give rise to thermal strain against

15 high-intensity x-rays such as SR beams, posing problems in strength. In
diffraction gratings using quartz substrate, both gratings GD and @ can be
used in the range of soft x-ray but provide insufficient thermal conductivity,
generating thermal strain against x-rays with high intensity such as SR beams
and exhibiting deterioration of light dispersing capabilities.

20 Therefore, the inventor developed diffraction gratings by forming

chemlcally deposited film of silicon carbide (hereinafter called “CVD-SiC

e—————y

fllm ) on the substrate comprising sintered silicon carbide, polishing the

surface of this deposxted film, and ruling grating grooves by using etching such

as ion etching, ion-beam etching, and chemical etching. With the developed

25 diffraction gratings, since grating grooves are formed on the CVD-SiC fila

surface by using etching, the grating constant “a" can be freely set and

problems of defective spectral diffraction in the above-mentioned soft x-ray

region can be solved. Moreover, pecause the CVD-SiC film provides more

excellent heat resistance and thermal conductivity than silicon, it does not

30 give rise to thermal strain agéinst high-intensity x-rays nor produces any
problem in strength. |

However.-since the CVD-SiC film generally has the crystal planes free from

orientation as shown in Figure 4 or exhibits weak orientation to the (111)

blanes in terms of Miller indices, when grating grooves are formed by using



cjii‘f'r'é'é’tion gratings using quartz substrate, both gratings: [err] and [err]
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conductivity than silicon, it does not 30 give rise to thernmal strain
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This object can be achieved by forming chemically deposited fila of siliconm

1 ient : 2 ia in terms
sarpide in which the crystal planes are oriented to the (220) planes ir
. . . = 2 e
of Milier indices and the surface RMS roughness is adjusted to 3 A or less as

15 well as ruling the grating grooves on the surface of this deposited film by

using etching. For etching, ion-beam etching, chemical etching, etc. are
The CVD-SiC film can be obtained by chemically depesiting high-purity
rate surface, but in carrying out the

adopted.
B -type silicon carbide on the subst
depositién. the (111) planes in terms of Miller indices and other planes are

-y { 3
20 ad justed to be oriented to the (220) planes, and the x-ray diffraction

intensity ratio of the (220) planes to the (111) planes and other planes is 99

or more at the peak intensity.
| itet i raci rogves
The relation between the width/pitch and the depth of grating groove
L. i e fmant i
sormed cn the CVD-SiC fila surface is an important element for diffraction

25 overly seiecting the relation petween these two in accordance

efficiency, and pr > -
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with the type of the optical system used enables the first-order bDeam 1ntensl ¥
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to produce maxima at the desired wavelength, and the O order and secon
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waveiength used, but in generzl, the groove width/groove pitch becom?s 0.5-0.6

and the grcove depth Decomes 10-300 A . In general, several hundreds to,B?OO

35 géooves/mm are selected in ‘accord with the arrangement_of the optical system
used. |
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grating according to the present invention.

15 Figure 2A is a sectional view showing the condition in which resist is

coated on the deposited film.

Figure 2B is a sectional view showing the condition in which a resist

pattern is formed.

Figure 2C is & sectional view shoving
view showing the condition in which the remaining

the etching condition by ion-beam.

20 Figure 2D is a sectional

resist is removed.

Figure 3 is a Nomarski differ
he surface of the CVD-SiC film strongly oriented to

ential-interference photonricrograph showing

the crystal structure on t
the (220) planes at 2 500x magnification.
e U is a Nomarski differential-interference photomicrograph showing

25 Figur
- non-oriented CVD-SiC film which is

the crystal structure on the surface of a

not strongly oriented to the (220) planes at a 500x magnification.

Now, ref o 3, the

will be described in more detail.

30 The diffraction grating 1 of thi
n the surface of the cvDp-SiC film 3 formed on the

erring to the embodiment shown in Figures 1 t

s embodiment comprises straight grating

grooves H4... equally spaced ©
and is fabricated as follows.

substrate 2 as shown in Figure 1,
y deposited on the

f all, pure B-type gsilicon carbide is chemicall

First o
and adjusting tne deposition,

strate 2 built with sintered silicon carbide,

sub
nes are strongly oriented to the (220)

35 the CVD-SiC film 3 whose crystal pla

planes as showWn in Figure 3 is formed. The X-ray diffraction intensity ratio



The-relation between the wi dth/pitch and the depth of grating grooves .
formed on the CVD-SiC fil msurface is anianportant el ement for diffraction
25 efficigpchhe aazd) plepey by tael @01) pladelcanded ier optabes ide?? ©Rewer takottien
accordance the type of the optical systemused enables the
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gr oove dept econes -3 [err general , severa dreds to 30, eg

gr ooves/ nm alcellr'se]'eé?@dhlwf‘ﬁéﬁ?ord*%‘feﬁ t"rﬁ'ée%*F%ﬁQEn"é'ﬁf "H‘f P HE2orht PREGH L

system pl 1a4k3€ds described above Qddeﬂéﬂt’ilﬁk tthe dlleysdge npimem tardéeh engA2e)
pl anes eli mnates variation of rate. d the tthhless

di fference @PLishirg: e TtH"&?'Fe" B PetiPat SB?%hﬁﬁeﬁhl w18 Fifiah g Fﬁ'
extremel y sngotshigt surface as well as elimnates variati on
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with level as described above, straight grating grooves U... are ruled arranged in
15 parallel at specified groove spacings “a’ (grating constant), by using ion-beam
etching as shown in Figures 2A to 2D. '

That is, to the polished surface of CVD-SiC film 3, positive type éhoto
resist OFPR5000 5 is spin-coated at 3000A and baked in fresh air oven at 90°C
for 30 minutes to fix resist S on film 3 (Figure 2A).

20 Then, after holographic exposure using two optical beam interference of He-
Cd laser (wavelengthA = 4u4163), development is carried out with a special-
purpose developeé, and 1200 grooves/mm of resist pattern 5a are formed (Figure
2B). Now, the cross sectional form of resist pattern 5a becomes a sinusoidal
half wave. In this event, properly controlling the exposure and the develeping

25 tipe dissolves resist in the developer and enables the ratio of the exposed SiC
surface to the portion covered with remaining resist (L&S ratio) to achieve a
desired value. This L&S ratio becomes an important factor to finally determine
the width ratio of grating grooves of the laminar type diffraction grating to
the grating bank.

30 Next, using this photoresist pattern 5a for an etching mask, etching is
carried out by ion-beam 6 of Ar + CHF, mixed gas (mixture ratio: Ar:CHr, = 67:
33) from the direction normal to the surface of film 3 (Figure 2C). This
selectively etches the exposed portion of CVD-SiC film 3, and since the etching
speed is slow for the resist, the majority remains unetched. In this event,

35 strongly orienting the crystal plane of CVD-SiC film 3 to the (220) plane allows
extremely smooth high-accuracy grating grooves to form because the etching
speed is fast for the (220) plane as compared to other planes and no delay nor
increase in etching speed is generated while grooves are being etched.

When the etching depth, that is, grating groove depth “d" reaches a

40 specified value on the surface of the CVD-SiC film 3, irradiation of ion-beams



the super-snmothed CVD-SiC film the grating grooves exhibit extrenely high

5 diffraction efficiency nearly free fronbseattered beans even to soft
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15 with those principles without departing from the spirit and scope of the
invention. For example, grating grooves u... can be formed’ by chemical etching,

etc. in addition to ion-beam etching, etc. described above.



not ‘'strongly oriented to the (220) planes at a 500x nagni f [fEat Tom— "
Now, referring to the enbodiment shown in Figures 1 to 3, ]|t H&S SHE <7 i ‘PFIEEN

be described in nore detail. 30 The diffraction gflati ngi‘imtﬁ“
enbodi nent conprises straight grating -6 - grooves 4... equally spaced on
the surface of the CVD-SIC film3 forned on the substrate 2 as shown
in Figure 1, amtAIMSfabricated as follows. First of all, pure

[err]-type sili,con .con car bid ilf C y”gﬁo Qenpeds Oy tdhemically substrate
2 built with sllnt ered sil fbcoﬁréarrgn gHi

dj.ust the d
the CVD-Si C fi ldepesikedcLidm st of rﬁléhéﬁnar‘@%{*a%nlgl'%‘%??eerﬁ%&%%?%l ?Ee (220)

pl anes as Sho"‘”bl'aﬂeg' ¢ & 30h§1§ UriRfred Neo dehieay (dR0f r aultdnes i atensity
ratio

th 220
planes t6 the (tBIWF pl @hes MAdent HOALERENANY s “§8sG; %%er a ta%e © (pea%(

intensity. roughned6Xtis bAgusdda Sk fsimo% hasst hEosmed are thel i shed so
that the surface roughness I s adjust.ed t ﬁ cé:b:. Ieg Now,
because hi gh- plRUDSHEaY® emETislng  SigEReed |SHACTHI v cry Hi1ihe and is
extrenely hardgatihgat gifatesof nefddor byl setchingr eguthedsuxfassl PEh t he
surface to obt a| n a s er ot h surface as descri bed above. Because
It requires an &Sy "rﬁCg% vel of polishing energy, the pol i shed
surface g likely to break and it is difficult to produce a high-

2. Diffraction gratings according to Claim 1

wherein the x-ray diffraction intensity ratio of the
(220) plane to the (111) and other planes in the
deposited film is 99 or over at the peak intensity.

15 |
3. Diffraction gratings according to Claim 1
or Claim 2 wherein the grating grooves are directly
etched by using ion~beam etching.

20 4. Diffraction gratings according to any of
the preceding claims wherein the grating grooves are
straight and arranged in parallel at specified groove
spacings, and the groove width/groove pitch is 0.5-0.6
and groove depth is 10-300A.

25
5. Diffraction gratings according to Claim 4
wherein the grating constant is 1/1200 mm, groove

width/groove pitch is 0.5, and groove depth is 75A.

This Sheet Has Been

[T il



accuracy, snooth surface. However, orienting the crystal planes to
specified 10 pl anes as descri bed above and setting the cl eavage pl anes in
order enabl es polishing the surface to a super-snooth |evel, while

m ni m zi ng danage with | ess pol i shi ng energy. I n addi tion,
on the surface of CVD-SiC film 3 polished to the super-snpoth | evel as
descri bed above, straight grating grooves 4... are ruled, arranged in 15
paral |l el at specified groove spacings "a" (gratlng constant) by using

i on- beam etching as shown in Figures 2A to 2D. That is, to
the polished surface of CVD-SiC filmB/2positive type photo resi st
OFPR5000 5 is spin-coated at 3000A and baked in fresh air oven at 90[err]C
for 30 mnutes to fix resist 5 on film3 (Figure 2A). 20 Then, after
hol ogr aphi ¢ exposure using two optical beaminterference of He- Cd

| aser (wavelength [err] = 4416 ygrLL)ézgevZIOpnent is carried out with a
speci al - pur pose devel oper rooves/ nm of resist pattern ba
are formed (Figure 2B). Now, the cross sectional formof resist
pattern 5a becones a sinusoi dal hal f wave. In this event, properly
controlling the exposure arﬁ—-ab—dﬁveﬁb g 25 time dissolves resist in

t he devel oper and enablé; he ratijo of thg exposgd Si|C surface to the
portion covered with r-vqrulng"- |st Cr&38 rg ;? to aghieve a desired
val ue. This L&S rat [0 he&cgmp » o oF finally determ ne

the width ratio of gQati g A fay” type diffraction grating

to . the grating ba is photoresist pattern 5a
for an etching mask, etchifgdi g Aé%L' -beam 6 of Ar +

CHF[ err] m xed gas (SL AR t L 33) fromthe
direction normal to I N QuNe™2C).  This

sel ectively-etches the exposed portlon of CVD-SIiCfilm3, and since the

et chi ng speed is slow for the resist, the ngjority renmains unetched.
In this event, 35 strongly orienting the crystal plane of CVD-SIiCfilm3
to the (220) plane al | ows

FIGZ2C
F,GZA yIPdd L d 6
-5 5a

KLy &R

FIG2B FIG2D

A
S

73
N2




extrenely snoot h high-accuracy grating grooves to form because the etching
speed i.s fast for the (220) plane as conpared to ot her planes and no del ay
nor i ncrease in etching speed is generated while grooves are being

et ched. When the etching depth, that is, grating groove depth "d"
reaches a 40 specified value on the surface of the CVD-SiC film 3,

I rradi ati on of ion-beans

-b5- is stopped, then the remaining resist is ashed to renove by O[err]
pl asma, and grating blank after renoving resist pattern is washed

(Figure 2D). In this way, 2the | am nar type diffraction grating 1
Is obtained with grating grooves 4 ... of groove spacing "a" = 1/1200

nm groove w dth/groove 5 pit = 0 groove depth "d" = 75[err]
formed on the CVD-SIiC film3 (Fi ur4 ] Using this diffraction

grating 1, the diffraction efficiency at the soft x- ray region is
nmeasured and it is found that the grating is nearly free from
scattered beans and.gexhibits extrenely high diffraction efficiency. 10
| nconveni ence such ol TENeaR =Tk R RN |

Havi ng descri bed ny

; t shown in the
B i on be not limted
Vg ous and vari ed

by any of the § i
@ skilled in the art

ot her ar rangent
I n accordance 15
and scope of the
formed by chem ca
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etc.'in addition to ion-beametching, etc. described above.

«6- Claims 1. Adiffraction grating conprising: a chemcally
deposited filmof silicon carbide (3), formed on a substrate (2)
conpri sing sin- tered silicon carbide; said filmhaving a RVS
surface roughness adjusted to O0.5nm (5[err]) or | ess; and '
grating grooves (4) ruled by etching on the sur- face of the
deposited fil mcharacterized in that, crystal faces of said silicon
carbide film(3) are or ABSWRMTt 0 t he (220) plane in terns of MIler
I n- dices. 2. Adiffraction grating according to claim1
character- lzed in that the x-ray diffraction intensity ratio of the

(220) plane to the (111 ) and other planes in the de-
DIFFRACTION GRATING

The present invention discloses diffraction gratings
which do not generate any thermal strain and can
perform extremely high-precision and high-efficiency
diffraction substantially free from scattered beams.
The diffraction gratings are built by allowing the
chemically deposited film of silicon carbide whose
crystal planes are strongly oriented to the (220)
planes in temms of Miller indices to form on the
substrate cosmprising sintered silicon carbide,
polishing the surface of the deposited film to 5A RMS

or less, and directly etched lgminar—type grating
grooves on that surface by using ion-beam etching.

(Figure 1)



posited.filmis 99 or nore at the peak intensity. 3. Adiffraction grating

according to claim1 or claim?2 characterized in that the grating
grooves (4) are di- rectly etched. 4. A diffraction grating according
to -any of the preced- i ng clai ns char Substitutedsheeti-had Nbeembet 1997

gr ooves (4) are straight and arranged Tn parallel_at_speciiied

groove spacings, and the groove w dth/gr8ove pitch REP = . i
groove depth i ©igithg'm (1 0-300[err]). 5. Adiffr actﬁl (g‘%ogigg'n%ﬁujrdi ng
Copgt.ant ™ ) 0 ]mn

to claim4 character- ized in that the grating |[cepgt.ar
groove width/groove pitch is 0.5, and groove depth l—=-s 2 G5 N

1. Adiffraction grating comprising:

s 7SN CT5] grr]).

a chemically deposited film of silicon carbide
(3), formed on a substrate (2) comprising sin-
tered silicon carbide; said film having a RMS
surface roughness adjusted to 0.5nm (5A) or
less; and

grating grooves (4) ruled by etching on the sur-
face of the deposited film characterized in that,
crystal faces of said silicon carbide film (3) are
oriented to the (220) plane in terms of Miller in-
dices.

2. Adiffraction grating according to claim 1 character-
ized in that the x-ray diffraction intensity ratio of the
(220) plane to the (111) and other planes in the de-
posited film is 99 or more at the peak intensity.

3. A diffraction grating according to claim 1 or claim 2
characterized in that the grating grooves (4) are di-
Y rectly etched.

4. Adiffraction grating according to any of the preced-
ing claims characterized in that the grating grooves
(4) are straight and arranged in parallel at specified
groove spacings, and the groove width/groove pitch
is 0.5-0.6 and groove depth is 1-30 nm (10-300A).

- 5. Adiffraction grating according to claim 4 character-
ized in that the grating constant is 1/1200 mm,
groove width/groove pitch is 0.5, and groove depth
is 7.5 nm (75A).



