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We present a rigorous theoretical treatment of nonspecular x-ray scattering in a distributed imaging
system consisting of multilayer-coated reflective optics. The scattering from each optical surface is
obtained using a vector scattering theory that incorporates a thin film growth model to provide a
realistic description of the interfacial roughness of the multilayer coatings. The theory is validated
by comparing calculations based on measured roughness to experimental measurements of
nonspecular scattering from a Mo—Si multilayer coating. The propagation of the scattered radiation
through the optical system is described in the context of transfer function theory. We find that the
effect of nonspecular scattering is to convolve the image with a point spread function that is
independent of the coherence of the object illumination. For a typical soft x-ray imaging system, the
scattering within the image field from the multilayer coatings is expected to be slightly greater than
for single surfacegas normalized to the reflectivityThis is because the roughness of the coatings
includes both replication of the substrate roughness and the intrinsic roughness of the multilayer
growth process. Our analysis indicates that the current multilayer coating technology is capable of
producing soft x-ray imaging systems that have acceptably low levels of scattering, provided that
the optical substrates are sufficiently smo¢®0021-897¢08)02214-2

I. INTRODUCTION cally. The effect of the roughness is to remove intensity from
the image(the specular fiel[dand scatter it throughout the
Advancement in areas such as extreme ultravi@®tv)  image field. This nonspecular scattering is problematic for
lithography and x-ray astronorfyare spurring dramatic im- two reasonsi(1) it decreases the useful throughput of the
provement in the performance of optical imaging systems fobptical system andp) it produces a background halo which
the soft x-ray regime (£ <100 nm). The ultimate goal is reduces the contrast of the image.
to achieve high throughput with resolution near the diffrac-  Soft x-ray imaging systems are particularly susceptible
tion limit. This requires the use of all reflective, distributed to nonspecular scattering. The first reason is that the optics
imaging systems working near normal incidence. Howeverare by necessity all reflective. The second reason is the well-
the normal incidence reflectivity of all materials is very low known X\ ~* dependence of the cross section for dipole scat-
at soft x-ray wavelengths. The problem is overcome by coattering. For a given interfacial roughness, the nonspecular
ing the optical surfaces with multilayer films, which in- scattering increases rapidly with decreasing wavelength. The
creases the reflectivity by several orders of magnitude inmplications for high resolution imaging are clear: the optical
comparison to a single surface. There are yet many potentisubstrates and multilayer coatings must be very smooth to
problems that can degrade the image formation and limit thavoid significant scattering. But how smooth is smooth
resolution. One of the most important of these is the nonenough? The answer to this question is of both fundamental
specular scattering from the multilayer coatings. and practical interest. Fundamentally, there has been until
The ultimate resolution of a soft x-ray imaging systemnow a general lack of understanding of the effects of scatter-
depends in detail on the nonideal nature of the optical subing in a multilayer-coated imaging system. From a practical
strate and the interfaces in the multilayer coatings. Thesperspective, the time and cost of producing figured optical
structures are imperfect at all spatial frequencies. The errorsubstrates increases dramatically with the smoothness of the
at frequencies less than10 cm * are called figure error and surface. An accurate model of scattering is needed to derive
are treated deterministically. The figure errors produce amealistic specifications for surface finish that can be used as a
aberration of the image that can be calculated using ray traguideline for manufacturing precision optical components.
ing techniques. The errors at higher frequency are called The problem of nonspecular scattering of x rays from
roughnesgor surface finishand are usually treated statisti- multilayer films has been addressed by many authors in re-
cent years~’ It is now understood that the scattering from a
dCurrent address: OS Associates, 1174 Castro St., Suite 250, Mountalmumlayelt film is fundamentally different Fhan the scatt_ering
View, CA 94040; electronic mail: healthst@ricochet.net from a single rough surface. The multilayer scattering is
BCurrent address: Ultratech Stepper, 3050 Zanker Rd., San Jose, CA 9513gharacterized by strong interference effects, due to the cor-
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relation of the roughness of the different interfaces. Reso-
nances in the scattering were theoretically preditteahd poncipal - _p
have been experimentally obsenfed® Dynamical effects Y
arising from the multiple specular reflection and extinction
of the scattered radiation can also be importapayticularly 7
in the vicinity of a specular Bragg peak. We will show that fs\,':f;tm
these unique characteristics of the scattering from multilayer
coatings have important consequences in an imaging system.

There have been previous attempts to address the prob-
lem of nonspecular x-ray scattering in an imaging system.
Church and Takad$ have considered the scattering in a
simple imaging system consisting of a single reflecting surfIG. 1. Schematic diagram of a distributed imaging system showing the

. L - ajectory of the principal ray. TheX(Y,Z) coordinate system of the rough
face operating near normal incidence. Here the mumla‘yegurface is related to thex(y,z) coordinate system of the exit pupil through

cpating is treateq as a Sil'"lgltl-:‘ rOUQh Sur'face- HaABps ;4 rotation of angley. The exit pupil is located a distan@e=zp from the
discussed scattering in a distributed imaging system, and hasugh surface.

proposed arad hocmethod for incorporating the effects of

multilayer coatings. More recently, Singgt al'® have ap- _ _ _ _ . .
plied a Monte Carlo ray tracing technique to simulate non_and obtain an effective pupil function for the distributed im-

specular scattering in a Schwarzschild imaging system. Iﬁging system. The intensity distribution at the image plane is

spite of this previous work, we believe that the current un-derived in Sec. IV. We show that the effect of scattering is to

derstanding of scattering in a soft x-ray imaging system iSconvolve the image with a point spread function independent

incomplete. In particular, these important issues have yet t8f the ngerfﬁce statef of IH.T object |1I_um|nat|3n. In Sletc. t\é
be adequately addressed: we consider the case of multilayer coatings, and we relate the

(1) Owing to the high spatial frequencies characteristicpomt spread function to the angular scattering distributions

of roughness there is significant diffraction of the scatterecIro.m the_: m_ultll_ayer_coatmgs._The calculation of the;e scat-
ering distributions is the topic of the next two sections. In

field as it propagates between the optical surfaces that pr% X o
duce the scattering and the exit pupil. How does this diffrac- ec. VI we review a thin film growth model that has been

tion affect the pupil function and the image formation pro- previously developéd to describe the interfacial roughness

cess in the context of the transfer function theor ofin multilayer coatings, and we apply this model to measure-

imaging? Y %ments of roughness in a Mo-Si multilayer film. The
) It.is well known that the coherence state of the Objectmultilayer scattering problem is treated in Sec. VIl using an

. O X . . . existing scattering theory extended to include dynamical ef-
illumination is an important parameter in the imaging pro-

cess. What is the relationship between the coherence staft%CtS in the scattered'fleld. To vallqate the scattering theory,
X . We compare calculations to experimental measurements of
and the effects of scattering on the image process?

. . : nonspecular scattering from a high-performance Mo-Si
(3) The scattering from a multilayer coating occurs over : . L
2 large number of interfaces throuahout the volume of themult|layer coating. In Sec. VIl we evaluate the scattering in
film gI'he magnitude and distributio?] of scattering de endsa Soft x-ray imaging system in terms of conventional perfor-
' 9 g dep mance parameters, namely the point spread function and the

on the detailed structure of the roughness of the interf"’me%ptical transfer function. We close our discussion by model-

Wha_t IS a correct d_es_crlpnon of the roughness of a muItllaye\rng the effects of scattering in a hypothetical imaging system
coating and how is it related to the roughness of the sub-

trate? designed for EUV lithography.

S rai. What the ch teristics of th ttering f Throughout the course of the theoretical development
(. ) at are the characterstics ot Ine scattering om g, \aye several critical assumptions and approximations. It

multilayer coating, partlcul_arly in the vicinity of _the Bragg is important to observe the restrictions and constraints im-

peak, and how do they differ from that of a single roughposed by these approximations whenever the theory is ap-

? i ioti i - . e . . .
surface? In. partlcul_ar, the description of the scatterln.g prop“ed to specific imaging systems. The approximations are
cess must include interference effechiom the correlation

of the interfacial roughnegsdynamical effectg§multiple re- 22%2%3?3_ as they appear in the text and are summarized in
flection of the incident and scattered figldsnd extinction of
the scattered radiation in the film. |1, DERIVATION OF THE TRANSFER FUNCTION

To investigate these issues we present a comprehensivé
theoretical description of scattering in a soft x-ray imaging  Consider a distributed imaging system consistingNof
system, which includes rigorous treatments of the image forreflecting surfaces and having a real aperture stop as shown
mation process, the roughness of the multilayer coatings, and Fig. 1. The Cartesian coordinates of the object plane and
the scattering process. In the following section we derivethe image plane ar&, ands;, respectively. We introduce
following Born and Wolf** a very general expression for the the scale normalized coordinates for the object plage,
transfer function that relates the mutual intensity at the objece MS,, whereM is the lateral magnification of the optical
and image planes. In Sec. lll we consider the scattering in aystem. This allows us to describe an object point and its
distributed imaging system having single reflecting surfacesGaussian image point by the same coordinate values. The
We explicitly include the diffraction of the scattered field aperture stop of the imaging system limits the angular dis-

Downloaded 20 Apr 2005 to 148.6.178.100. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 84, No. 2, 15 July 1998 Stearns et al. 1005

persion of rays through the system. For a point object, thaite size there will be many of these patches within the area
ray that intersects the center of the aperture stop is called thibuminated on the optical surface. If the surface is suffi-
principal ray. The image of the aperture stop by the part otiently ergodic then each patch represents a different con-
the optical system which follows it is called the exit pupil. figuration of roughness, and the ensemble average can be
The exit pupil is located a distanéefrom the image plane. replaced by an average over the illuminated surface area.
The amplitude of the radiation field at the plane of the exit
pupil is called the complex pupil functioz(s).

Let the object be illuminated by quasimonochromatic ra-
diation of wavelengthn. The mutual intensity functions in

the object and image planes alg(s,S') andJy(s;,s;'), To proceed further it is necessary to derive an expression
respectively. Following Born and wdft the Fourier trans-  for the pupil functionG(s) that includes scattering from the
forms of the mutual intensity functionsJo(f,f’) and  optical surfaces. For the moment let the optical surfaces be

lll. EFFECTIVE PUPIL FUNCTION

Ja(f,f"), are related by single surfacegnot coated with multilayer films and as-
sume that all but one of the surfaces are perfectly smooth, as
J1(f,f)=G(\RHG* (—\Rf")Jo(f,f"), (1)  indicated in Fig. 1. Since our goal is to determine the effect

wheres=\Rf are the coordinates of a point in the plane of of scattering on the pupil function, we can neglect the cur-

the exit pupil. This description of the transfer of the mutual Vature O_f the_ incident wavefront and the optlcz_il surface
intensity function through the imaging system is only valid (these will b? |r_1kqluded Iaté%rThen !et the specular f|elq 96 a
within two important approximations. These are: plane wavege"", of unit amplitude and polarizatioe

(@ The angle between the principal ray and any othetjnddem onto the rough surface with an anglémeasured

ray that propagates through the imaging system is smallvith respect to the normal The field is reflec;ted py the
Specifically, if we denote the angle as then the approxi- surface and propagates to the plane of the exit pupil. Choos-

mation is ing the plane of the exit pupil to be perpendicular to the
principal ray, we find tha® is also the angle between the
Sin? p<1. 2 normal to the exit pupil and the normal to the rough surface.
An expression for the field scattered by the rough sur-
We call this the “small angle approximation.” face has been derived in a previous paférhe results are

(b) For a point object, the pupil function is independentvalid under the following approximation:
of the location of the point in the object field. In this case the  (c) The scattering is weak so that multiple scattering and
point spread function is independent of the position of theshadowing effects can be neglected. This is called the “Born
Gaussian image point, and the system is callechpproximation.” This approximation is generally valid for
“isoplanatic.” In practice, the assumption of isoplanacity x-ray wavelengths at angles of incidence away from the criti-
restricts the applicability of the transfer function formalism cal angle for total external reflection.
to objects of small spatial extent. The component of the scattered reflected fiEfi(x)
The effect of scattering from roughness at the opticahaving polarizatiora (S or P type) can be written as:
surfaces is to modify the pupil function in a simple way. Let
Go(s) be the pupil function for the optical system without _ R A . )
rough surfaces. Her&, contains all of the standard deter- & E"(X)= 7 (a~e)f f (f f expigxX)exp(iqyY)
ministic information about the imaging system such as aber-

rations. We will show in Sec. Il that the effect of the rough- exdigqzH(X,Y)]
- ——————— dXdY
ness can be represented as a pure phase modulation: gz(gz+knz)
G(9)=Gy(9exdiD(s)] 3) Xexp(ikm-x)dmydmy . 5)

HereA=1-¢, wheree is the dielectric constant of the sur-
face materialg=k(m—n) is the change of momentum of
the x-ray photon andH(X,Y) is the surface height function
, , describing the roughness of the surface.
(J2(f,F))=Go(ARD G5 (—ARF) The expressiol5) for the scattered field has a straight-
X (exi(P(NRF) — ®* (— AR ) NIg(F, ). forward physical interpretation: it is simply an expansion of
the scattered field using the plane waves #xp(x) as a
@ pasis set. The guantity in brackets is the scattering amplitude
The angular brackets denote taking an ensemble averagé the plane wave mod@. Note that there are two different
over many configurations of the rough surface. In practicespatial coordinate systems in E(). The relationship be-
this is realized by the breaking up of the coherence of théween these coordinate systems is illustrated in Fig. 1. The
illumination of the surface due to the finite size of the object.coordinate systemX,Y,Z) is defined such that is normal
For a coherently illuminated object of siteand a distance to the plane of the rough optical surface andYh& plane is
D between the object plane and the optical surface, the sizie plane of incidence. The coordinate systeqy(z) hasz
of the patch on the surface over which the illumination isnormal to the plane of the exit pupil. The transformation
coherent is approximatelyD/2L. For typical sources of fi- between the two coordinate systems is a rotation through an

where®(s) is a function directly related to the structure of
the rough surfaces. Then substitutif8) into (1) we obtain
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angled about thex=X' axis. The momentum transfer vector These expressions are valid within the small angle approxi-
g in the two coordinate systems is related according to mation (a), which requires thafjxy andqy be small. Noting

_ that
ax=0x
Qy=c0s 6, +sin 6q,=cos A+ 2k cog #sin 6  (6) n=sin §Y — cos #Z=sin 26y — cos ¥z )
gz= —sin 6q,+ cos 6q,=2k cos 6. we rearrange Eq5) to get

a-ER(x)=(1/47%)rSP cos 6 expiky sin20)exp(—ikzcosa9)ffff exp(iq- X)exp( —igyX)

xXexp(—i cosfq,Y)exp —2ik cog 6 sin 0Y)exy — 2ik cos OH(X,Y)]dXdYdgdaq, (8

whererSP=A(a- €)/4 cog 6 is the specular reflectance amplitude from an ideally smooth surface.
Next we propagate the reflected field to the plane of the exit pupil at pogitian . The field in this plane is the complex
pupil functionG(s) wheres=s,x+ sy§/. Then using Eq(8) the pupil function becomes

G(s)=(1/47?)rSP cos 6 exp(ik sin 20s,)exp( —ik cos Bzp)

<[ | [ | emtiasoexsiasexsiaz)

X exp(—igyX)exp(—i cos fq,Y)exp —2ik cog 6 sin AY)exd —2ik costH(X,Y)]dXdYdgdq, . 9)

This is the correct expression for the pupil function that includegdfgifican) diffraction of the scattered field on its way
to the exit pupil. However, the propagation of the mutual intensity, as described if1)Egequires the determination of the
transfer function(G(s)G* (—s')). Substituting from Eq(9) we have

(G(9)G*(—9'))=(1/16r")Rsp cos’ 0 exy ik sin 26(s,+s,)]
<[ [ [ | extiasiexstias, exstiazorexiaspextiass)exs —iazz)
xfffj(exp{—Zik cos [H(X,Y)—H(X",Y")]Hexp —iq,X)exp(ig,X")
xexd —i cos0(q,Y—q,Y")]exp —2ik cog 6 sin 6(Y—Y')]dXdYdXdY'dq,dqg,dgedg;,. (10

We make the following assumptions about the statistical properties of the roughness:

(d) The surface heighitl(X,Y) is a Gaussian random variable, is stationary and is ergodic in the sense that the ensemble
average can be replaced by an average over the illuminated surface area.

The assumption thadt is stationary leads to an important simplification: the quantity in the bra¢keti®epends only on
the separation of the pointd=X—X" andV=Y—-Y"’. In particular, if we define

F(U,V)=(exp —2ik cos [H(X,Y)—H(X",Y")1}) 11
then the inner integral in Eq10) becomes
fff j F(U,V)exp(—igyU)exp(—i cos #q,V)exp —2ik cog 6 sin OV)exd —i(gx—ay)X']

xexd —i cosf(q,—qy)Y']dX'dY'dUdV

=cos ! 05(qx—q)’()5(qy—q)’,)f f F(U,V)exp( —igU)exp(—i cos fq,V)exp —2ik cos’ 6 sin 6V)dUdV. (12

Substituting(12) into (10) we obtain:
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(G(s)G*(—9'))=(1/4w?)RSP cos § exd ik sin 2e(sy+s;)]J J J f F(U,V)exp —2ik cog 6 sin 6V)

xexgigy(sc+sy—U)lexdiqy(s,+s;—cosdV)]da,dg,dUdV

s,+S,
s+, u) (13

_ pSP ’ ’ — RS
=R cosoffF(U,V)a(sx+sx—U)a(sy+sy—c030V)dUdv—R F v~

We find that the transfer functiofG(s)G*(—s')) does not  optical surface into a particular nonspecular directiomill
depend orgp, the distance between the optical surface ande imaged by the subsequent optics to a different psjii

the exit pupil. In other words, the diffraction of the scatteredthe image plane. Tracing rays back through the imaging sys-
field between the optical surface and the exit pupil does notem from the image poins;, the propagation through the
contribute to the image formation. This surprising conclusionimaging system of the radiation scattered into directiois

is due to the process of averaging over an ensemble of coieund to be equivalent to the imaging of a point source at the
figurations corresponding to a stationary distribution.conjugate positiors) in the object field. Consequently, the
Diffraction effects must cancel out in the ensemblepropagation of the scattered radiation that intersects the im-
average because all points on the optical surface arage field is equivalent to the propagation of radiation from an
equivalent. Consequently, for the purpose of evaluatingsxtended object in the absence of scattering, a process that is
(G(9)G*(—¢')), we can map the rough surface directly correctly described by transfer function theory.

onto the exit pupil as if there was no separatiap=0). The Thus far we have considered the scattering from a single
effect of the roughness on the pupil function can be reprerough surface. We next consider an imaging system where
sented as a simple phase modulation each of theN reflecting surfaces has a roughness described

by a unique height functioHl ,(X,,,Y,). We assume that the
. (19 roughness of the different surfaces each satisfies the condi-
tions(d) for stationary and ergodic distributions, and are mu-

Here we have reintroduced the effects of the wavefront Cur'gually statistically independent. The effective pupil function

vature and surface figure in the fact@g(s), which is the for the (‘-::nure m]:alglng system can be derived by imagining
. L ; that we “turn on” the roughness of each surface sequentially
pupil function in the absence of scattering. The factegs

—s,/X and a,=s,/(Y cos¢) account for the change of gnd apply Eq(14) iteratively. In particular, the pupil func-
: . . tion for n rough surfaces becomeé, for the case oh+1
scale between the optical surface and the exit pupil, as de- . . :
i . . fough surfaces, etc. Then the effective pupil function for the
termined, for example, by the change in separation of the N .
. : . . éntire distributed system is
extrema rays. The scaling relationship fgrincludes a fac-
tor of cosé to account for the angle of inclination of the G(s)=Gy(s)exgid(s)]
optical surface with respect to the plane of the exit pupil. We N
- . . . S
emphaS|_ze that Ec(;L4) |s.not the correct pupil function for = Gy(9)ex —2k2 cos Ban(—X, Sy )
any particular configuration of surface roughness. It can be n=1 Qyn Qyp COS O,
used, however, as agffectivepupil function, in the sense
that it produces a correct result in the calculation of image
. . A
formation yvhen the quant|t)/(G(_s)G ( _s)_) is averaged IV. DESCRIPTION OF THE IMAGE
over a statistically random arsfiationarydistribution of con-
figurations. o Having derived the effective pupil function, we now ap-
At first glance it might appear that E¢L4) cannot cor-  ply the transfer function formalism of Ed4) to obtain a

rectly account for all of the radiation scattered within the description of the image. We begin by evaluating the quan-
imaging system. For example, radiation scattered at larggty

angles by the first optical surface in the distributed syste , . ,
will not pass through the subsequent optics and reach the erz'?xq' (B(5)=P*(=s)])
pupil. Yet within the context of the transfer function theory, N
the roughness of each optical surface is mapped onto the exit = < exp{ —2ik Z cos 6,
pupil and all of the scattering occurs at the exit pupil. The n=1
resolution of this apparent inconsistency is to understand that

o

Sy Sy )

G(s)=GO(s)exr{—2|k cos 6H ay’ @y C0S6

(15

Sy sy )

Sy Sy
Hyl —, ————
Qyn ayp COS 6,
any scattered radiation that in reality does not reach the exit ,
Qyn  Qyp COS O,

. (16
pupil, is scattered outside of the image field in the transfer ]>

function description; the transfer function theory Correctly” can be shown generaﬂg/that for Gaussian random vari-
accounts for all scattering that intersects the image field. ThigplesB,, the ensemble average reduces to

can be illustrated using the following argument. Consider the )

ideal imaging system that images a point objecsato a <ex;<2 Bn) > =exr{£ < 2 B ) H (17)
point s; in the image plane. The scattering from a rough n 2 N
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We have assumed that the roughness of the different optical 0 ) . , )
surfaces is completely uncorrelated, requiring tHatH ) ‘]1(81151):J J Go(ARH Gy (—ARf") Jo(f, ")
=0 for n¥m. Then we obtain

(exfi(P(s)—P*(=s)])

Xexp2mis,-fexp(2mis)-f)dfdf’, (23

is the mutual intensity at the image plane in the absence of

N ) roughness. Sinc€,, is dependent only on the difference vec-
=ex _4k2n§=:1 cog On(Ha(Xn,Yn) tor u,, the double integral i122) collapses to yield,
N (Ju(s1,8))=J3(s1,8D)* 8(8—8))
+4k2Y, cof O(Ha(Xn, Yo Ho( =X, =Y |,
n=1 memmnE T xex;{—4k22 cog Ono?
(18) "

where X,,Y,) =[(S¢/ax)(sy/ay, cos6y)] are the spatial xf f exp{4k22 cog 6,Cp(Up)
coordinates on thath optical surface. The assumption that n
H is stationary requires that the quantitd?(X,Y)) be in- X exp(2mis, - v)dv, (24)

dependent of X,Y) and the quantity(H(X,Y)H(—X’, ) S )
—Y’)) depends only on the separation of the poidts X vyherevzf+f’. The intensity distribution is obtained by set-
+X" andV=Y+Y’. These statistical quantities are conven-1ing s;=s;. Then,

tionally defined in terms of the surface height variance

wherea is called the root-mean-squaf®ns) roughness, and (I 1(S1)>:|2(Sl)*exl{ —4Kk2Y, cog G073
the height—height autocorrelation functi@y given by :

xff ex;{4k2; cog 6,C(up)

X exp(2is; - v)dv. (25

Further simplification is possible if each surface is suffi-
1 ciently smooth to satisfy the following condition:
CUV)=% f HXY)H(U+X,V+Y)dXdY.  (20) (e) The deviations of the surface heidht(X,,Y,) from
the ideally smooth surface are small compared to the radia-
Here we have replaced the ensemble average with an averaien wavelength such thatk2cos 6,H(X,,Y,) <1 for all X, ,

over the aread, of the illuminated surface. We write Yn. We call this the “small roughness approximation.” A
necessary consequence of the small roughness approxima-

0'25% f H2(X,Y)dXdY (19

and

N tion is that the power scattered into the nonspecular field is
<exp[i(<I>(s)—CI>*(—s’)]>=exp< —4k2nZl cos 6,07 small compared to the specularly reflected power, a condi-
- tion that is implicitly satisfied by high-performance optics.
N For a randomly rough surface the autocorrelation func-
+4k2nZl oS’ 0,Cr(Up) |, tion C, will have a maximum value of-2. Then invoking

the small roughness approximation, we can expand the ex-
(21)  ponential in the integrand in E425) to obtain

h
where (Il(sl)>=l(1’(sl)*exr{ —4k?>, cog 9n0§>
Sy+Sy . sytsy . ’
U= : k?
an ayn COS B, x| 8(s)+ 322 > @nayn COS 6,
n

The final step for determining the intensity distribution

in the image plane is to take the inverse Fourier transform of X PSD, ynS1x  @yn COS 6,,Syy 26)
(J4(f,f")). Applying the convolution theorem to E¢4) we AR AR
obtain

Here PSI is the (power spectral densitof the nth surface,

which is the Fourier transform of the autocorrelation func-
<J1(si,31)>=J?(sl,Si)*exp( —4K2>, cod Gncrﬁ) tion.
" The result shown in Eq.26) has a simple physical in-
terpretation. The effect of the surface roughness on the for-
mation of an image is to convolve the image that would exist
in the absence of scatterinlﬁ,, with a point spread function
Xexp(2mwis;-flexp2mis - f')dfdf’. (22)  due to scattering

Here (11(s1))=12(s))* kPSFYs)). (27)

xff exp{4k2 > cog 6,C,(uy,)

n
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The point spread function, PSFconsists of two parts: The incident specular field scatters at each of the multilayer
dP,(s,) interfaces, and these contributions add coherently to produce

E n . (29) a total scattered field. Hence, in principal, the calculation of

n ds; the scattered field from a multilayer coating requires knowl-

The first term is the contribution from specular reflection. Itedge of the PSD of each of the interfaces, as well as the
is simply a delta function reduced by the Strehl fact®y, correlation of the roughness between every pair of interfaces.

1
PSFY(s)=—|Sd(s) +

where: It is intractable to measure the roughness of each interface in
each coating of an imaging system. We have found that an

S=H Sn:H expl — 4k? cog Gncrﬁ). (29) effective approach to this very complicated problem is to

n n describe the multilayer interface structure in terms of a

The Strehl factor represents the power removed from th&MPle multilayer growth modef. The model provides a
specular field due to nonspecular scattering. The second terijaightforward method for describing all of the detailed
in the PSF corresponds to the power per unit area Scattere$t§ructural information required by the scattering theory in

into the image plane given a point source in the object pland€'Ms of a small set of fundamental parameters. A descrip-
tion of the multilayer growth model is presented in the next

where i
section.
dPn(s) _ 4k*S o oS 8 The nonspecular scattering from a multilayer film is fun-
ds AZRZ TXnTyn " damentally different than the scattering from a single sur-

p face. This is because the scattered field is the coherent su-
xPSQ( a’xnslx, @yn COS ”Sly> (30)  Perposition of the fields scattered by each of the interfaces.
AR AR Just as the specular reflectance is a resonance property of the

The factorx accounts for any loss of integrated image inten_.coating,_ the nonspecular scattering exhibits resonance behav-
sity due to, for instance, scattering outside of the image fieldor that is absent in the case of a single surface. The phenom-

or absorption in the multilayer coating. It is defined by enon of resonant nonspecular scattering has been discussed
previously>® The scattering is enhanced whenever the mo-
KEI f 55(51)+2 dPn(sy) ds, (31) me_ntum change normal to the film is equ_al to a reqiprocal
n ds; lattice vectorandwhen the structure of the interfaces is cor-

which ensures that the PSF integrates to unity. related f_rom Ia_yer to Iayg(i.e:, is_ at least partially (?onfpr-
We note that the effect of scattering on the image for-_m"’“)'_-rhIS has |mp9rtant implications _for the scattering in an
mationis independenof the coherence of the illumination of Imaging system. Since the s_pecular field is near the center of
the object. All of the coherence effects in Ha9) are con- j[he Brggg peak, th_e_scatterlng at small anglgs will necessar-
tained in the imagé®(s,) formed in the absence of scatter- ily satisfy the _condlthns for resonar_lt scattering. To the ex-
ing. The effect of scattering is to convolve this image with atent that the interfacial roughness is purely conformal, the

PSF® that is independent of the coherence state. This interMultilayer film will behave like a single surface having the
esting result is due to the process of taking an ensemblPughness of the substrate. However, we will see that realis-
average over the statistical distribution of configurations ofiC Multilayer films have intrinsic interfacial roughness that
surface roughness. The coherence state of the source det8todifies the substrate roughness and reduces the conformal-
mines the specific illumination of the rough surface. How- Ity of the interface structure. These “multilayer effects” tend

ever, taking the ensemble average makes each surface pofft&nhance the resonant scattering at small angles and sup-
equivalent in terms of its contribution to scattering, which Preéss the scattering at large angles. To accurately describe

means that the specific illumination pattern cannot effect th&h® scattering from realistic multilayer film we must account
scattering distribution. for the variation of the interface structure through the film,

and the interaction of the radiation field with each interface.
Once the scattered field is outside of the multilayer coat-
ing, its propagation through the distributed optical system to
Thus far we have assumed that the optical surfaces athe image plane is described by the transfer function formal-
single reflecting surfaces. In fact, these surfaces are coatésin derived in the previous section. In particular, the effect
with multilayer films to produce efficient reflectivity at soft of scattering is to convolve the image with a PS&s de-
x-ray wavelengths. Although the reflectance from a singlescribed by Eg.(28), where now the quantitiesS, and
surface is small at these wavelengths, the reflections frordP,/ds; correspond to the contribution from thath
each interface in the multilayer coating add constructively tanmultilayer-coated optical surface. The roughness ofrttie
produce a large total specular reflectance. For example, fore@oating reduces the specular field by a factorSpf the
single Mo surface the normal incidence reflectance of sofpower per unit area scattered hth coating into the image
X rays at a wavelength of 13 nm i80.15%; the reflectance plane(for a point sourcgis dP,/ds;.
from a Mo—Si multilayer coating consisting of 40 bilayers of To derive an expression fadP,/ds;, we relate this
period 6.8 nm is~70% (see Sec. VI quantity to the angular distribution of power scattered from
Multilayer coatings typically have roughness at the layerthe nth coating. The power incident at the poisit in the
boundaries, due to both replication of the substrate roughnessiage plane corresponds to radiation that is scattered by the
and roughness introduced during the film growth processath coating into the directiom, given by

V. EXTENSION TO MULTILAYER COATINGS
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AnySix The rms roughness and correlation lengtlf of the surface
Mx="R change with the thickness of the growifgr eroding film.
The scaling laws predict that~ 7 andé~ 77/, wherer is
@nyS1y COS O, the thickness of the film angd is a second independent scal-
my=——¢  Tsind, (32 ing parameter.
) The second approathof describing the roughening of a
Mo — &y sin 0, S +COS 0 surface is through the use of a kinetic continuum equation
z R by n for the evolution of the surface heighit(r). The linear ver-

sion of such a continuum equatidto lowest order irH) has

Note thatm is projected onto theX,Y,Z) coordinate system
bro) X ) y the form:

of the rough coating. The power distribution in the image

plane is related to the power scattered per unit solid angle by  gH(r) . an
the nth coating according to Py [ VIH(r)[+ o (36)
dPn(s) _ anxany > dPy(m,a;n,e) (33 I this approach the evolution of the surface roughness is
ds, RR? 4 dQ ’ viewed to be a competition between relaxation of the sur-

face, wherev is an independent growth parameter that char-

whereRﬁP s the specular reflectivity of the coating ande acterizes the relaxation process, and the stochastic roughen-
are the direction of propagation and the polarization of theIn due to the random ghot no’i of the de osition(org
incident field, respectively, and we must sum over both po- 9 e P

larization states of the scattered field. In essence, E@2) Egg?\é?}dspigcdeasr?{ \é\:]htehné ;Surr;gtszgl\rlsﬁ trr:i;srj[v:ﬁirlrentg‘e Egc.:on d
and(33) represent two mappings: first tim¢h rough coating P 9

is mapped onto the exit pupil and second the angular distri'Eerm Increases the r_oughness W.'th film thl(_:kness. The_ expo-
bution of scattering from the rough coating is mapped to thenentn in the relaxat|0_n term varies accqrdlng to the kinetic
spatial coordinates of the image plane. Our task then reduce”s]echanlsm that dominates the smoothing process. Edwards

to finding the angular distribution of scatterindP,,/d(}, ;ned :(\alltltll('lr?sooi :rStr:r?ﬁg?d|aEZ§36)n;v;rh t?u; .Zm'flo Sr?c?g”obfethe
and the Strehl factds, for a multilayer-coated surface given >etting granular fayer un me infiu
an incident plane wave propagating in directibmwith po- gravitational potential. Herrirfg has identified several relax-

larization €. This problem is addressed in Sec. VII. How- ation mechanisms relevant to film growth corresponding to

. .. viscous flow (=1), evaporation and condensation
ever, before we can calculate the scattering from a multilaye e ! e
9 y (nz 2), bulk diffusion (=3) and surface diffusion

ing, we m in a realisti ription of the rough- . .
coating, we must obtain a realistic description of the roug n=4). It has been pointed out by Saldét al?? that, for

ness of the multilayer interfaces, which is the subject of the . . .
next section. igh-energy deposition processes su_ch as sputtering at low
pressures, the case nf=2 will more likely correspond to
the sputter and redeposition of adatoms via atomic bombard-
ment of the surface. Tong and Williahishave suggested
VI. GROWTH MODEL FOR MULTILAYER FILMS that by using a negative value ofthe first term in Eq(36)
Much attention has been given to the problem of theSd" als_o degcribe roughening pf the surface due to three-
roughening of the surface of a thin film by growth and ero__dlmensmnal |slgnd growt'h.. In this case- 1 corresponds' tq
sion. Stochastic theories of the evolution of the surface have land growth via deposition onto the surfgces of e?<|st|ng
been developed using two generally different approaches. | _Ianqs, andn=3 represents the growth of islands via the
the first approact® the phenomenological observation that |ffu5|or_1 of atoms on the surface. L
randomly rough surfaces are self-affine is used to derive Taking the Fourier transform of E(36) readily yields a

simple scaling laws describing the width of the interface as goluuon for the PSD of the growing surfate:

function of film thickness and the amount of surface area 1-exd —2v|27f|"7]
sampled. One consequence of the scaling theory is that the PSOf)=0 20|27 . (37
autocorrelation function for the rough surface is approxi- ) ) ]
mately described by Here ) is the volume of a constituent element of the film
oe (e.g., atom, molecule, clus}ett is surprising to find that the
2|4 ﬂl [) } for r<¢ scaling and kinetic continuum models predict essentially the
C(r)= 2 & ' B (34) same form for the PSD of the surface! A comparison of Egs.
0, forr>¢ (35 and(37) shows that the scaling parameters are related to

: . ) ) the exponent according to
where ¢ is the correlation length and is an independent

scaling parameter called the “roughness exponent.” The @=(n—2)/2, B=(n—2)/2n. (38)
corresponding PSD of the rough surface is given by The kinetic mode(36) predicts a characteristic shape for
a the PSD of a single layer grown on a smooth substrate given
p o?g,  for q<1/¢ by Eqg.(37). An example is shown in Fig. 2 for several dif-
PSOf )= ) . (35  ferent film thicknesses and reasonable parameter values of
X O a1 0=0.02 nnt, v=2.5nn?, andn=4. The PSD is flat at low
— f , for g= 1/¢ . .
s frequencies and rolls over to asymptotically approach a
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10 prr— T T laxation mechanismlarge v) to compensate the natural
f__t=125n roughening due to the stochastic nature of the deposition. By
1 25 nm 1 balancing the roughening and smoothing mechanisms, the
F roughness is never allowed to become large enough to trig-
< 10'1, AL 1 ger the nonlinear and nonlocal growth modes. We believe
g F 1nm that under these conditions the continuum model of (B6)
~ 10k 1 is an appropriate description of the thin film growth. This
9, view is supported by recent experimental stufligisrough-
a 104; ] ness in multilayer films.
Thus far we have considered the growth of a single
- T , . layer. We next extend the kinetic model to describe the evo-
10 -3 -2 -t 0 lution of interfacial roughness in a multilayer film. This is
10 10 10 10 :

achieved by considering the growth of a multilayer film to be
a sequence of single layers, each growing upon a ‘“sub-
FIG. 2. The theoretical PSD of the top surface of a film grown on a perfectlyStrate” corresponding to the underlying layer. Then the
smooth substrate at different values of the film thickness. The growth paroughness of an interface naturally separates into two com-
rameters aré)=0.02 nni, »=2.5 nnt, andn=4. ponents:(1) the “intrinsic” roughness due to the growth of
the ith layer, as would occur if the underlying layer was
perfectly smooth, and2) the “extrinsic” roughness due to

power law dependence of f~" at high frequencies. The the replication of the roughness of the underlying layer. To
transition point moves to lower frequency as the film thick-TéPresent the growth of such a sequence of layers, we recast

ness increases. In the limit of infinite film thickness the PSDEY- (36) as a finite difference equatith
of the surface becgmes a pure power law, whic_h is_ the sig- h(F)=v(f)+a,(Hh,_(F), (39)
nature of a self-affinéfractal) surface, and explains in part
the similarity between the kinetic continuum and scalingwhereh;(f) is the frequency spectrum of the roughness of
models. The behavior of the PSDs shown in Fig. 2 has gheith interface,H;(r), and
straightforward physical explanation. The low frequency
(large wavelengthcomponents of roughness have a flat re- a(f) =ex — w27 f[ 7], (40
sponse characteristic of white noise, which is simply the shofs the replication factor that describes the fraction of the fre-
noise of the random deposition process. At high frequencyjuency componertt in the (i—1)th interface that is repli-
(small wavelengththe PSD rolls off due to local relaxation cated in theith interface. The first and second terms on the
of the growing surface. In particular, surface features havingight-hand side of Eq(39) correspond to the intrinsic and
a size less thani¢)'" are unstable and are damped out.  extrinsic roughness components of itile interface, respec-

It should be emphasized that E(B6) is the simplest tjyely.
possible kinetic model for roughening. It is a linear and local  The growth theory is typically applied to measurements
description of the roughening process, and is expected to g surface or interfacial roughness using a statistical descrip-
valid only when the surface heights and slopes are small. Thgon of the roughness in terms of the power spectral density
first nonlinear correction, corresponding to a terniVH)?,
has been considered by Kardatral?® Physically, this term
represents growth along the local normal to the film surface
as might be expected under the conditions of isotropic depo- ) .
sition characteristic of, for example, chemical vapor deposi© the autocorrelation function
tion. The assumption that the roughening is a local process Ci(r)=(H,(OH (x+T)) (42)
breaks down when the distribution of deposition angles is ! ! ! '
large and the surface slopes are large. In this case the depohere the expectation value denotes an average over an en-
sition at a point on the surface depends on the topology afemble of interface structures having statistically equivalent
the surrounding surface due to shadowing effects. Karunasirandom roughness. These quantities are related by a simple
et al?* and later Tanget al®® have proposed growth models Fourier transform, and in principal are equivalent descrip-
that explicitly include a nonlocal growth mechanigshad- tions of the structure of the rough surface. In practice, how-
owing). It is found that when the nonlinear and nonlocal ever, all measurements of surface roughness are limited to a
effects dominate the roughening process, the film surfacénite instrumental bandwidth, and the PSD has the distinct
rapidly develops discontinuities in the form of cusps andadvantage of being accurately measurable within the instru-
columns. These features have often been observed in thimental bandwidtd® We consider the case where the
film morphology, particularly for films grown using low- multilayer film is grown by alternately depositiig pairs of
energy deposition process®€s?® In contrast, the high- high-index {H) and low-index () layers onto a substrate
performance multilayer optical coatings which we are con<{S) having an isotropic surface roughness described by a
sidering in this paper have small roughness by design. This isower spectral density PS[y The PSD of the top surface of
achieved by using a high-energy growth process, such ake multilayer film is found by successive iteration of Eq.
sputtering at low pressure, that incorporates a significant re:39) to be

Frequency (nm-1)

1
PSQ(f)= 7 (hi(Hhi (), (41)
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FIG. 3. Surface height distributions of a fused silica substrate and a Mo—Si|G_ 4. The PSDs of a fused silica substrate and the top surface of a Mo—Si
multilayer film grown on the substrate, measured using atomic force microspitilayer film grown on the substrate, measured using atomic force micros-
copy. The structure of the multilayer film EMo(2.1 nm/Si(4.75 nm] copy. The PSD of the substrate is empirically described by D)

X40. The solid lines are Gaussian fits to the data. = (1.4¢ 10 9/f43)[1—exp(—7.5x 10*139)] in nm* (dashed ling The solid

line is a best fit to the PSD of the top surface of the multilayer film using the
growth model discussed. The dotted lines are the calculated PSDs for the
interfaces at the 10th and 20th bilayer period as measured from the

1—(a2a2)N
( H L) substrate.

PSD\‘Zl——azH? (PSOr+a;PSOy)
+(afa)" PSQup, (43)

whereay, | is the replication factor of the high- or low-index
layer and

Gaussian distributions. The PSDs of the surfaces were ob-
tained directly from the surface images through Fourier
transform. The two-dimensional PSDs were found to be iso-
tropic and were averaged over all directions to generate the
2v;| 27 f|" ’ radial PSDs shown in Fig. 4.

(44) A complete description of the interfacial roughness in

is the PSD of the intrinsic roughness of the layer. Here wéhe multilayer film can be inferred by fitting the data shown

have used the fact that the intrinsic roughness of each intef? Fig- 4 to the model of Eqs(43) and (44). To limit the
face is statistically independent so thagy*)=0 wheni degrees of freedom of the fitting process, we place the fol-
£]. ! lowing constraints on the values of the growth parameters:

Our measurements of the roughness of high-performance (1) We set the growth unit volume for Si to the atomic

multilayer optical coatings are generally in good agreemenylume of 0.020 nrh The Silayers in the multilayer film are
with the predictions of Eqs(43) and (44). As an example, deposited in an amorphous phase. The choice of the atomic
we show in Figs. 3 and 4 results of surface metrology meaY0lume assumes that the final position of the adatoms on the

surements on a superpolished fused silica substrate and tR'0rPhous growth surface are random and uncorrelated.
top surface of a Mo—Si multilayer film grown on the sub- (2 We set the relaxation parameters for the Mo and Si

strate, which we will refer to as our “canonical” multilayer '2Yers t0 be equaly=vs=wvy,. This is an arbitrary and
sample throughout this paper. The multilayer film was de_!,lnreahs_tlc constraint, which is likely to produce a result that
posited using magnetron sputter deposition in an Ar plasmis @ Weighted average of the true values.

of 1.75 mTorr pressure as described in detail elsewffere. The solid line in Fig. 4 represents the best fit using values of
The film consisted of 40.5 layer pairs with individual layer v=2.5 nn?, ,,,=0.050 nni, andn=4 for the remaining
thicknesses of 2.1 nm for Mo and 4.75 nm for Si. The firstfree parameters. We note that the growth unit volume for Mo
and last layers deposited were Si. Images of the surfacis approximately three times the atomic volume. This sug-
height were measured using a Digital Instruments Dimensiogests that the final position of the atoms on the growth sur-
5000 atomic force microscope operating in the tappingace are partially correlated. Indeed, the Mo layers in this
mode. The lateral resolution was10 nm, due to the width film have a polycrystalline bcc phase with a strofid O

of the tip of the single-crystal Si probe, resulting in a band-texture®! and the ordering due to crystal growth is expected
width limit at high frequency of~0.1 nm L. The height to increase the size of the growth unit. Within the context of
resolution of the microscope was0.01 nm and the surface the growth theory, the growth parameté€lsv, andn, along

area sampled was a square region of widthind. To obtain  with the PSD of the substrate, provide a comprehensive de-
images of these ultrasmooth surfaces it was necessary to ogpeription of the roughness of the multilayer film. From these
erate the microscope inside an environmental chamber thaarameters we can determine the PSD of any interface in the
significantly reduced noise from vibrations and air currentsmultilayer. For example, the dotted lines in Fig. 4 show the
The surface height distributions for the two surfaces ard?SDs calculated for the interfaces corresponding to the tenth
shown in Fig. 3. The data are seen to be well described bgnd twentieth bilayer periods as measured from the substrate.

1—exd —2v|27f|" 7]

. 1
PSO.(f )=K<7i7i*>=Qi
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The value oin=4 indicates that the dominant relaxation _0.20 L — m
mechanism in these Mo-Si multilayer films grown by sput- g
ter deposition is surface diffusion. The importance of surface = 0.18F
diffusion in Mo—Si multilayer growth has been previously b
noted? in a study where films were grown using electron ¢,
beam evaporation onto substrates at elevated temperatures. 11§
was found that the roughness of the interfaces decreased dra-£
matically as the temperature of the growing film was in-

o

-

(=2
T

012} Top Surface of

Roug

creased, up to a point where interdiffusion caused broaden- Muiltilayer Film

ing of the interfaces. The decrease in roughness was ¢y ¢.10} -
accompanied by an increase in the size and texture of the & :
crystallites in the polycrystalline Mo layers. Smooth and 0.08 : - - - : A
abrupt interfaces, comparable to the best sputtered multilayer 0 10 20 30 40
films, were obtained in a rather narrow temperature range Bilayer Number

around 525 K. This result was interpreted to indicate that the . , "
formation of smooth interfaces required sufficient energy a IG. 5 Th_e vana_tlon of t_he rms_roughn_ess of the interfaces within the
- ! o-Si multilayer film, obtained by integrating the PSDs over the frequency

the growth surface to allow adequate surface mobility with-range of 104-10° nm™*.
out activating bulk diffusion. A similar result ai=4 has
been found for sputtered i;F&, ;o~Au multilayer films®
In contrast, Salditet al?? have observesh=2 behavior in _ . .
sputtered W—Si multilayer films, indicating that sputtering (1) At low spatial frequenciegless than~10"* nm™* in
and redeposition might be another important smoothing Fig. 4) the |nterfaC|aI roughness replicates the substrate
mechanism for specific material systems. It is interesting to roughnesg and is pu'rely confprmal.
note that in these experiments both the W and Si layers wer?) There is  an intermediate  frequency  range
amorphous, whereas in the case of the Mo-Si and (10 %~ 1_0_1 ”m__l in Fig. 4) in which the top surface of
Nig siF ey 1-AU multilayer films at least one of the layers the multilayer film is _s_|gn|f|<?anftly _rougher than the SL_Jb-
was polycrystalline. Hence it is possible that surface diffu- st_rate due to the addltlo_nal intrinsic roughness associated
sion is the dominant smoothing mechanism when the major  With the growth of the film. L L
source of interfacial roughness is polycrystalline faceting. (3 Athigh frequenciesgreater tham-10"° nm™"in Fig. 4)

For the case of relaxation via surface diffusion, it is  the multilayer film growth process has a smoothing ef-
shown in Appendix B that the parametecan be related to fect and can actually result in a damping of the rough-
other standard growth parameters according to ness of the substrate.

In general, the transition points between these frequency re-
gimes are not unique; they can vary with both the multilayer
growth parameters and the PSD of the substrate.

The increase in the multilayer film roughness in the fre-
quency range of 10°~10 ! nm™is a particular concern for
soft x-ray imaging, as it represents in some sense the limit of
Here ¢ is the surface energy) is the surface diffusion co- Smoothness that can be obtained for a multilayer-coated sur-
efficient, V,, is the atomic volumer is the deposition rate, face. For 13 nm radiation near normal incidence these fre-
k is Boltzmann’s constant, aril is the local temperature of quency components will produce scattering at angles ranging
the growth surface. Based on our measurement of the relaftom ~0.1 to 90 degrees. The integrated power scattered
ation parameter we can infer from Eq(45) an estimate of over this angular range is proportional to the variance of the
the surface diffusion coefficient for the Mo—Si multilayer surface heightg?, which is the second moment of the sur-
film growth. Using value¥ for Mo of ¢=2250 erg/cr face height distribution shown in Fig. 3, and can also be
V(=0.016 nni, rp=0.2 nm/s, andT=525K we obtain a obtained from the PSD according to
surface diffusion coefficient oD=4x10"1%cn/s. Then
the range of an adatom on the surface before it is “frozen” , fm

o =277f

1

¢DVYR
V= rokT

(49)

aXPSIZIf )fdf. (46)

f min

by the deposition of the next monolayer would be approxi-
mately given byDt=0.9 nm. This suggests that the ada-
tom has the opportunity to relax to a energetically favorable
position within a radius of several atomic sites. Monte CarloThe rms roughnessr, determined by integrating the PSD
simulations* of thin film growth have indicated that such a over the frequency range of 16-10 ! nm™2, is plotted in
relaxation mechanism is sufficient to produce low defectFig. 5 for all of the interfaces in the multilayer film. The rms
films of near bulk density. roughness is observed to double throughout the thickness of
Itis evident in Figs. 3 and 4 that the roughness of the toghe film, increasing from a value @f=0.09 nm at the sub-
surface of the multilayer film is significantly greater than thestrate too=0.18 hm at the top surface. From this example it
substrate. The kinetic growth theory predicts three distincts evident that the intrinsic roughness associated with the
regimes: growth of the multilayer film can be a significant part of the
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total roughness, and should be included to obtain an accuratd neglects polarization effects, which is strictly only valid

description of nonspecular scattering from multilayer-coatedat grazing incidence.

optical surfaces. An important practical issue in the formulation of the
scattering theory is the way in which the roughness of the
interfaces is incorporated. It is easily shoWthat the scat-

VIl. THEORY OF NONSPECULAR SCATTERING FROM  tering from a single surface is proportional to the Fourier

A MULTILAYER FILM transform of the quantity e{qﬁC(r)/Z]. Consequently, there

The last decade has seen considerable progress toward@s been a tendency to describe and model surface roughness
developing a rigorous theory of the scattering of x rays fromin terms of the autocorrelation function. However, in the
multilayer films. The existing theoretical framework exploits imit where gZo®<1, which we call the “small roughness
the fact that the interaction between x rays and matter i§PProximation,” the exponential can be expanded to obtain
typically weak, and treats the nonspecular scattering fronthe well-known result that the scattering cross section is pro-
interfacial roughness using first- or at most second-order peRortional to the PSD of the surface roughness. The formula-
turbation theory. Consequently the theory is limited to thetion of the scattering theory in terms of the PSD has several
case where the scattered power is small compared to tHéistinct advantages:

incident power. Within the context of perturbation theory (1) The PSD is directly measurable by instruments having
there are basically two different formulations, each validina ~ finite bandwidths. as mentioned previously.

Qiﬁerent regime. StearAdas presented a theory.of scatter- (2) Knowledge of the PSD within a limited bandwidth is
ing from multilayer structures based upon previous v?i%rk sufficient to model scattering for a given angular range.
describing the scattering from a single interface within the | contrast, the complete autocorrelation function is re-

Born _apprOX|mat|on._ In this treatment, the |nC|_dent field at quired to describe the scattering within any angular
each interface consists of plane waves incoming from both range

S|de_s, corresponding to the exact e|genstat_e of the _'de?é) The scattering problem can be inverted to determine the
multilayer structure(no roughness The rough interface is PSD of a surface from the angular distribution of the
considered to be the perturbation, and a solution of Max- scattering

well's equations is found for the scattered vector field, which
includes the polarization dependence. The total scattered In the case of scattering from multilayer films the situa-
field, consisting of outgoing plane waves from each of thetion gets more complicated; the scattering is proportional to a
interfaces, is treated kinematically. The Born approximatiorsum of Fourier transforms of exponential terms containing
neglects the refraction of the incident field, which becomesross-correlation functions between every pair of interfaces.
important near the critical angle for total internal reflection, Specific models of the correlation functions are typically in-
and hence this scattering theory is only valid for anglegroduced in arad hocfashion. In contrast, applying the small
greater than the critical anglas measured from the surface roughness approximatiofwhen valid provides the impor-

In an alternate approach, Hogt al> have developed a tant simplification of linearizing the dependence of the scat-
scattering theory using the distorted-wave Born approximatering amplitude on the interface roughnég$). It then be-
tion (DWBA), based upon the description of scattering fromcomes possible to directly integrate into the scattering theory
a single rough surface presented by Siehal® The theory the linear growth model described in the previous section.
has been extended to second order by de Bbém. this In this paper we are interested in modeling the scattering
approach the incident field is an eigenstate of the idealrom high-performance multilayer optical coatings in con-
multilayer structure(in the absence of roughness, althoughfigurations near normal incidence. Under these conditions it
the interfaces need not be abrifphaving a wave vectdr,, is appropriate to apply the scattering theory of Stearns based
including both the incoming and outgoing waves, and theon the Born approximation and linearized using the small
scattered field is a time-reversed version of an incident fieldoughness approximation. It is necessary, however, to extend
having a different wave vectdr. The perturbation is just the the previous theory to account for two effects which are im-
change of the multilayer structure upon introducing theportant in modeling the performance of realistic imaging sys-
roughness. At first glance the DWBA formulation appears tatems. These new developments are:
be unphysical since the scattered field includes incoming (1) The scattered field is treated dynamically, that is, we
plane waves. This paradox is resolved by realizing that théake into account the multiple specular reflection of the scat-
final state only needs to be a reasonable approximation of thiered field within the multilayer structure. The dynamical
scattered field within the interaction region, that is, the restreatment of the scattered field is important when the scatter-
gions where the roughness exists. When the reflectivity isng angle is within a Bragg resonance condition, as will gen-
large, such as near the critical angle, the “outgoing” scat-erally be the case for small angle scattering in an imaging
tered plane wave will experience multiple reflections withinsystem.
the interaction region, thereby creating a strong “incoming” (2) The description of the unperturbed multilayer struc-
plane wave component, and this state is well-represented kyre (without roughnessis allowed to included interfacial
the DBWA final state. Hence this theory is valid at anglesdiffuseness. The diffuseness, corresponding to a broadened
near the critical angle, but is generally not applicable atomposition profile across the interface, arises from interdif-
larger angles. Another limitation of the DBWA approach is fusion and reaction at the layer boundaries. For example,
that it is based on the Helmholtz equation for the scalar fielchigh performance Mo—Si multilayer coatings exhibit inter-

Downloaded 20 Apr 2005 to 148.6.178.100. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 84, No. 2, 15 July 1998 Stearns et al. 1015

m,3 +
P type: e ———nixniz
Interf. Loey= ,
" Naceww | (niX)2+(niY)2
N-1 & E, f niYn'+Z
- | ' + | + 2 2
ey=——————, €=+ \(Nix) "t (Niy)°. (48
s E \SJ\//‘\—-\\_—A " )P+ () . 3 "
H(X, . . . .
i+1 /; \ t X We define interface to be located between layersand |
P - =i+1. Then there are two plane waves; & exp(k;f;
& -x) and E"&" exp(kn'-x), incident on theith interface
R — AAASTNAA AN N . s ..
- o . from above and below, respectively. Within the spirit of per-
: turbation theory, the incident plane waves correspond to the
12—~~~ specular field in the multilayer film in the absence of rough-
& ness.
0 e Let us consider the field scattered by the multilayer film

o _ _ _ _ into directionm with polarizationa. As before, the scattered
FIG. 6. Schematic diagram of a multilayer film having rough and diffuse field undergoes muItipIe specular reflections within the film

interfaces. The inset shows the scattering process atltheterface. The which produces counterpropagdating waves in each laver hav-
specular fieldsE; and E; are incident on either side of the interface. The P propag g y

nonspecular scattering into modé,@) consists of two parts, the field ing wave vectork;m;” and polarizations; . Following the
that is scattered towards the top of the film and the fielthat is scattered  formalism of Ref. 3, the amplitude of the field scattered by

towards the substrate. the ith interface towards the top of the multilayer film is
given by
AK3 .
diffusion zones of~1nm at the Mo-on-Si interface and ri(m;” ,ér)Zﬁ (Ej_(éfr-éj_) guci%)
~0.5 nm at the Si-on-Mo interfacé.The relative effects of 1Mz "z
roughness and diffuseness on x-ray scattering are discussed oat A gi(ay)
in Ref. 16. In general, diffuseness of the interfaces reduces +E (&) -€ a,, (49

the specular reflectivity of each interface, and thereby redis-
tributes the specular field within the multilayer structure. InHere g, =kjm —kjf;” and g/ =k;m; —k;d;" are the mo-
this way diffuseness can have an important effect on thénentum transfer vectors);; = e€;—¢; is the change in the
nonspecu|ar Scattering without producing any Scattelu'eg dielectric function across the interfa@,(q) is the Fourier
se transform of the normalized gradient of the dielectric func-
We begin by considering a multilayer film having a se- tion given by
ries of rough and diffuse interfaces as shown schematically 1 de(X)
in Fig. 6. Lgt the incident fjeld be a plane wave with gi(X)EK 7
wavevectorkn and polarizatiore, corresponding to eithes
or P type. Multiple specular reflection within the multilayer andg;(gx,9v,97)=0i(dx.0y,—0dz). Since we are treating
film produces counterpropagating plane waves in each layehe scattered field dynamically, we must also include the
and refraction modifies the wave vectors and polarizatiorscattering that is initially directed towards the substrate, as
vectors. The wave vectors in thi¢h layer, kin;”, for the  this radiation can be reflected back out of the film by under-
fields propagating towards the top of the fil#r) and to-  lying interfaces. The field scattered by thé interface to-
wards the substrate-) are related to the incident field ac- wards the substrate is given by

(50

cording to . Aijkig e 3.(q)
kinjy=kny t(m; ,a )_87726i_miE i (8 -€) o
kiny=kny (47 B8 gi(g?t)>' 51
ni=+kve—n2—n2 tz
kiniz == kye— N ny. whereq,=kim —kf[" andg; =k —k;n; .
Here the wavenumbés = eil’zk becomes a complex quantity All of the information about the structure of the interface
for the case of an absorbing medium. The polarization vecis contained in the quantity, which can be thought of as a
tors within theith layer are given by structure factor for the interface in the terms of x-ray diffrac-
tion theory. We choose to describe the interface using a
+ Niy model
S type: ey=7———,
Vi) 2+ (ny)? g(X)=WP[Z—H(X,Y)]. (52)
n Here the function°(Z) represents the gradient of the di-
eiin — ;x’ eiizzo electric function across the interface due to the diffuseness;
V(Nix) “+ (Niy) the position of this diffuse interface is modulated by the
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TABLE |. Several examples of the gradient functiwP(Z) for a diffuse

interface and its Fourier transform®(q_).

Description
of
interface WP(2) wP(a)
(a) Ideal
—n 200 e
8(2) 1

[}

(b) Error Function

— 2q,

{c) Linear

— 20, —

(d) Step

- 25, —

— 1

0.5

1

\ 277(7%

exp—Z%203)

0, |Z|>V30p

. |Z|<30p
2V3op

382+ 0p)+AZ—0p)]

exp(—oh3/2)

sin(v3op0z)
V3op0z

cos(rpdz)

Stearns et al.

models to the second moment of the gradient functigs,
defined as

3= f Z°WP(Z)dZ. (53)

Choosing the appropriate model requires a detailed knowl-
edge of the microstructure of the interface. This information
is accessible from high-resolution imaging techniques such
as transmission electron microscopy of cross-section
specimens! Advances in new scanning techniques such as
high-angle annular dark-field microscaPymake it possible
to map the composition gradient at interfaces with nanometer
resolution.

Taking the Fourier transform of E¢52) we obtain for
the nonspecular case{,qy#0):

g(q)=wD(qz)f exp( —igyX)exp(—igyY)
Xexg —iqzH(X,Y)]dXdY

=—iqzh(ax,dy)WP(dz) (54)

where we have used the small roughness approxim#éon
to expand the exponential. Substituting into E9) and
(57) yields

_ iAjikjshi(QX,QY)

(&)=~ gz my LB (& &)wo(a)
+E (& &)WP(—q,)]
- . iAjkPhi(ax.ay)
(i A ) = — P TR (A8 )WP(— o)

roughness functioil (X,Y). The key underlying assumption
of this model is that the diffuseness is constant over the
interface. We would expect this model to be valid when the

physical mechanisms causing the roughness and diffuseness The power per unit solid angle scattered by all of the

2 —
8w em;,

+Ej (& -&)wP(ai)].

are essentially independent. This would be the case, for eddterfaces in the multilayer film is

ample, when the interface roughness is predominantly due to
the replication of roughness of the underlying layer and the
diffuseness is due to the local interdiffusion or reaction of

dP(f,a) 4m’m2

2
> (iri+ i)

dQ  KZAny]

(595

(56)

the layers. One example where our model would be inapproyhere A is the area of the film illuminated by the incident
priate is the case where the interface roughness is produceg|d. The propagation factorg) and ¢! account for the
by nonuniform interdiffusion or reaction at the layer bound-phase shift and attenuation of the field scattered fromittne

ary.

interface as it propagates to the top surface of the multilayer

Several important examples of a diffuse interface argjim. we rearrange Eq(56) to show explicitly the depen-

listed in Table I, along with the gradient functit¥®(Z) and
its Fourier transfornw®(q;). In case(a) we show an ideal
interface, where the dielectric function changes abruptly be-
tween layers. In this case the gradient is a delta function with
a Fourier transform of unity. Classical interdiffusion is rep-
resented by casv), where the dielectric function across the
interface is described by an error function, and both the gra-
dient and its Fourier transform are Gaussian. When a com-
pound is formed at the interface, and the growth of the in-
terlayer is rate limited by diffusion through the interlayer,
then the dielectric function should have a linear profile as
shown in caséc). However, if the growth of the interlayer is
limited by the reaction rate at the interlayer boundary, then
the dielectric function has a step profile as shown in ¢dse

In Table | we normalize the width of the different interface

dence on the interface structure:
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The next step is to incorporate the multilayer growthby high performance multilayer optical coatings, where the
model to describe the roughness of the interfaces, includingoughness is minimized by design. Equatié2) should not
the correlation of roughness between interfaces. In particulabe valid when the roughness is large and the film growth is
iteration of Eqg.(39) shows that the roughness of theith  dominated by nonlinear and nonlocal effects such as shad-
interface is a superposition of the intrinsic roughngs®f  owing and columnar growth.

each of the underlying layefand the substrateThe rough- Although the formulation of the scattering theory is
nessh; can be written as complete, its implementation requires a method of calculat-
i ing the incident field amplitude&;" and E; , and the propa-
h= E Cin¥n - (59 ge_ltion _factors¢{ and ¢!. These quant_ities are to be dgter—_
n=0 mined in the absence of roughness, since we are considering

fthe scattering process as a first-order perturbatioa Born
approximation. This is accomplished using a well-known
matrix approach to analyze the propagation of the specular
fields within the multilayer film. The matrix method is de-
. scribed in detail in Appendix C.

- pam The description of the image formation in the presence
=Hnm_oam- 60 of scattering(Eg. [29]) also requires the calculation of the
_ N o _ ~ Strehl factorS. This factor accounts for the total decrease in
Assuming that the intrinsic roughnegsof each interface is  the specular intensity due to scattering and, for the case of a

The factorc;, represents the amount of intrinsic roughness o
the nth layer that propagates to thth interface. It is explic-
itly related to the replication factors,,,, of the intervening
interfaces according to

Cin

statistically independent, we have multilayer film, includes losses due to the absorption of the
for kei K K scattered field within the film. In practice, the accurate cal-
hih? E CinCrnYn Y IAE CinCrnP SO, . culation of the S_trehl fac_;to_r is problematic When_ there is a
n=0 n=0 strong reflected field. This is because the scattering from the
(61) roughness significantly alters the configuration of the inci-
Substituting into Eq(57) yields dent specular field. In particular, the roughness redistributes
the power between the reflected and transmitted specular
dP(m,a) m3 fields, which generates loss through increased absorption.
dQ  167%k?|n| This is a purely dynamical effect, requiring second-order
N i perturbation theory to correctly describe the lowest-order
2 % change in the specular field due to the interfacial roughness.
xizo [(n}—:o C"‘Psq;“)riri Unfortunately, a general second-order theory of scattering

from rough multilayer structures has not yet been developed.
* * An alternative approach for estimating the Strehl factor,
ngo CiannPSETm) (Il + T )}' based on amd hoctreatment of these interference effects, is
presented at the end of this section.
(62) As an example of the application of the multilayer scat-
This expression is the central result of the multilayer scattertering theory, we have modeled the specular reflectivity and
ing theory. The angular distribution of the scattering powemonspecular scattering from the canonical Mo—Si multilayer
is directly related to the detailed structure of the interfacedilm described in Sec. VI, and we compare these results to
through the PS[} of the intrinsic roughneséncluding the  experimental measurements. The x-ray scattering measure-
substratg and the factorg;, which describe the replication ments were performed using synchrotron radiati®molar-
of roughness between interfaces. These quantities are in turpation) provided by Beamline 6.3.2 of the Advanced Light
defined, within the context of our growth model, by the Source at Lawrence Berkeley Laboratory. A detailed descrip-
growth parameter§), v, andn, which are characteristic of tion of the beamline and reflectometer is presented
the film media and deposition conditions. It is evident in Eq.elsewheré® A unique feature of this experimental facility,
(62) that the scattering separates naturally into two termswhich is particularly important for performing scattering
The first term corresponds to the uncorrelated scattering, andeasurements on high-quality multilayer films, is the com-
is simply the sum of the intensities scattered by each interbination of high photon flux~ 10'? photons/s in 0.1% band-
face independently. The second term corresponds to the caridth) and excellent collimation of the incident beam. An
related scattering. This contribution represents the interferexample of the profile of the incident beam is shown in Fig.
ence of the radiation fields scattered by interfaces that aré. At angles greater than four degrees the wings of the inci-
correlated due to the replication of roughness from layer talent beam are suppressed by over nine orders of magnitude,
layer. making it possible to measure very low levels of scattering.
We note that Eq(62) is only applicable under the con- The measured specular reflectivity of the Mo-Si
ditions for which the multilayer growth model is expected to multilayer as a function of x-ray wavelength is shown in Fig.
be valid, that is, when the roughness is sufficiently small s@ for angles of incidence ranging from 5 to 20 degrees as
that the growth kinetics are local and linear. This limit is measured from the film normal. The reflectivity was modeled
consistent with the “small roughness approximatiofé) using the matrix method described in Appendix C, with op-
that was invoked previously, and is expected to be satisfietical constants provided by the CXRO World Wide Web

k

i—1
+2
k=0
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FIG. 7. The measured angular profile of the incident beam for the experi- 3 10 10 %
mental configuration used to obtain the scattering data. The intensity of the 'l‘-v'
incident beam is reduced by nine orders of magnitude within four degrees of ¢ 3
the center of the beam. The high spatial purity is achieved using a combi- &9 10 F
nation of focusing optics and apertures.
4 H
site*® Modeling the position and width of the Bragg peaks oy N
provides an accurate and unique determination of the indi- -50 -40 -30 -20 -10 0 10 20 30 40 50
vidual layer thicknesses. The interfaces have been modeled Scattering Angle (deg)

as asymmetric zones of intermixing having linear composi-

tion profiles, based upon previous detailed studies of the miE'Glt-,| 9. ’\#Fl’”sfecu'af Slcfme_(;ing me?futr_ed f:"m thel Caf;ﬁ(”;;éi'z '\8"0—5i
P . . . . multiliayer 1iim 1or normal Incidence radiation at a wavelen .

crostructure of Slm”?r Mo-Si mU|tI|ayer f|Inf§._The width, nm ané/(b) 13.4 nm. The dotted lines are the calculated spegular reflectivity

op, of these zones is 0.3 nm for the Mo-on-Si interfaces and the film as a function of incident angle.

0.15 nm for the Si-on-Mo interfaces. The best fits are shown

as the solid lines in Fig. 8, and correspond to a layer struc-

ture Of,[MO(,Z'l nm/Si(4.75 nm] >,<40' The amplitude of the (dotted line$. The measurements correspond to the scattered
reflectivity (|._e., the Strehl facf[()ns not accurately modeled ... per unit solid angle, normalized to the incident power.
by thz matr|;< meff[h_od, as discussed above, and has be§fese data were obtained using a channeltron detector oper-
treated as a free fitting parameter. _ating in pulse counting mode. The solid angle subtended by
The nonspecular scattering measured at normal INCig e detector was defined by a 2.0-mm-diameter pinhole po-

dence ¢=0 deg) and at wavelengths of 12.8 and 13.2 nm i%itioned 225 mm from the multilayer sample. The scattering

shown in Fig. 9 as a function of the scattering angle. We alsq» measured by scanning the detector in the plane of inci-
show the calculatedspecular reflectivity for comparison  yence while keeping the incident beam fixed. The scattering
could be measured to within approximately 4 degrees of the
angle of specular reflection, at which point the background
level overwhelmed the scattering signal.
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The angular dependence of the nonspecular scattering
exhibits several characteristic features. In both cases there is
a broad peak that mimics the specular Bragg peak. At 12.8
nm [Fig. 9(a)] the scattering peak is shifted to a larger angle
than the specular Bragg peak. At 13.4 ffig. 9b)] the
scattering and specular peaks appear to coincide. Further-
more, the nonspecular scattering exhibits a small oscillation,
more easily observed in the 13.4 nm dffég. 9b)], which
dies out at larger scattering angles.

The origin of the broad peak in the nonspecular scatter-
ing is the same as the Bragg peak in specular reflection: the
interference of the fields scattered from the different inter-
faces. This phenomenon has been called “quasi-Bragg

FIG. 8. Measured specular reflectivity of the canonical Mo—Si muItiIayerscattering”3 or “resonant diffuse scattering® in the litera-
film as a function of soft x-ray wavelength for several different angles of y;re. We will refer to it as resonant nonspecular scattering

incidence. The peak reflectivity varies from 66% at five degrees and 13.
nm to 70% at 20 degrees and 12.6 jost above the Si edge. The solid
lines are best fits using a multilayer structure[ bfo(2.1 nm/Si(4.75 nn)]

X 40.

‘tRNS) in this paper. Two conditions are required to observe

a peak in RNS. First there must be correlation between the
roughness of the interfaces in the multilayer. Second, the
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(a) q degrees, respectively. The two peaks only coincide when the
z wavelength and angle of the incident field satisfy the condi-
Bragg Sheet tion for Bragg reflectionK=k,), as is the case in Fig.(19).
\‘ An important consequence of the relationship between
1 the position of the RNS and Bragg peaks is that the total
0 1 M y integrated scattering increases significantlk axceeds,.
RNS |~ The total integrated scatterin@lS) corresponds to the total
Ewald km power nonspecularly scattered into all angles for a given in-
Sphere 2ko cident angle and wavelength. The TIS obtained by integrat-
kn ing the scattering shown in Fig. 9 is found to be 0.98% and
0.30% at the wavelengths of 12.8 and 13.4 nm, respectively.
Y The increase in TIS at the shorter waveleng#rgerk) is
Ay due to a significant increase in the transmission of the
b q multilayer film as the RNS peak shifts away from the specu-
( ) Z lar Bragg peak. Within the Bragg peak, scattered radiation is
trapped inside the film in a standing wave similar to the
specular field, which reflects much of the radiation back into
the film. However, when the RNS is outside of the Bragg
peak, as occurs at shorter wavelendffig. 9a)]. The radia-
tion scattered at interfaces within the film propagates to the
top surface with little loss. This purely dynamical effect
2k, causes the extinction of the RNS to vary dramatically with
scattering angle.
In Fig. 9 the RNS exhibits a small oscillation having the
same period as the high frequency oscillation of the specular
Qv reflectivity (sometimes called “Kiessig fringes’ The oscil-
FIG. 10. (@ An Ewald construction showing the nonspecular scatteringlation in the RNS has the same origin as that in the specular
process in reciprocal space. The Bragg sheet is locateg=a2k, and the  reflectivity, namely the interference of the radiation scattered
incident radiation, of momentynkﬁ, is normal to the film. The nonspecular  from the front and back surfaces of the multilayer film. This
scattered field, o_f momentulm, is constrained to the surface of the Ewald can occur in scattering whenever there is a correlation be-
sphere. A peak in the resonant nonspecular scattéRNfS) occurs when
the Ewald sphere intersects the Bragg shéet.An Ewald construction  tween the roughness of the substrate and the roughness of the
illustrating the conditions for specular reflectivity. top surface. Indeed, the existence of a finite thickness oscil-
lation in the scattering intensity is an unequivocal indicator
of conformality in the roughness of the multilayer film. The
fields scattered from the different interfaces must add iramplitude of the oscillation indicates the degree to which the
phase constructively. These requirements are best illustraté@ughness of the substrate is replicated at the top surface.
using an Ewald construction in reciprocal space, as shown ithe growth theory of Sec. VI asserts that the degree of rep-
Fig. 10. Here the Bragg reflection g5 =2k, is spread out lication is a strong function of frequency, decreasing at
into a sheet parallel to thg— gy plane due to the correlated higher frequency. Hence we expect that the RNS at small
roughness of the multilayer interfaces, which produces coscattering angles, corresponding to lower frequency rough-
herent scattering with finite momentum transfer in ¥y  ness, should exhibit larger finite thickness oscillations than
plane. Figure 1&) shows the configuration for scattering at the RNS at large scattering angles. This is consistent with the
normal incidence with an x-ray momentuki» Kk, [as is the data shown in Fig. 9, where the amplitude of the oscillation
case in Fig. @9)]. The allowedelastig values of momentum is observed to dampen with increasing scattering angle, and
transfer are constrained to be on the surface of the Ewalt essentially absent at angles greater thétb degrees.
sphere. The peak in the RN8gys, is given by the angle at In Fig. 11 we present additional measurements of non-
which the scattering vectdcm intersects the Bragg sheet. specular scattering from the canonical Mo—Si multilayer film
The RNS peak generally occurs at a larger angle than theéor normal incidence and wavelengths of 12.8, 13.0, 13.2,
specular Bragg peak. This can be seen in FigbjlGvhere  and 13.4 nm. The solid lines are calculations of the scattering
we show an Ewald construction for specular reflection fromintensity using the parameters summarized in Table Il. The
the multilayer at the same value of x-ray momentkinHere ~ growth parameters that characterize the multilayer roughness
the angle of incidence and reflectiondg. Inspection of the are based on the measured PSDs of the substrate and top
two diagrams in Fig. 10 shows that the relationship betweesurface of the multilayer film, shown in Fig. 4. The layer
the angular positions of the RNS and Bragg peaks is thicknesses are derived from measurements of the specular
reflectivity, shown in Fig. 8. We emphasize that all of the
2k cos Bl =k+k cos frns, (63 input parameters are obtained from independent measure-
which reduces tddgns=Vv2 65 in the limit of small angles. ments and the calculations of the nonspecular scattering have
This predicted behavior is consistent with the data of Figho adjustable parameters. The good agreement between the
9(a), where the RNS and Bragg peaks are~&25 and 18 measured scattering and the calculations based on the mea-

oo
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cation of multilayer coatings in imaging systems: how does
the scattering from a multilayer coating compare to the scat-
tering from a single reflecting surface? The unique charac-
teristics of scattering from a multilayer film are illustrated in
Fig. 12a) where we show calculations of the nonspecular
scatteringnormalized to the specular reflectivifpr three
configurations of the surface. In each case the incidence field
is unpolarized, has a wavelength of 13.4 nm and is incident
normal to the surface. The dotted line corresponds to scatter-
ing from a single surface having the roughness of the fused
silica substrate shown in Fig. 4. The scattering is featureless
and decreases relatively slowly with increasing scattering
angle. The rolloff is mostly due to the frequency dependence
of the PSD. In contrast, the dashed line represents the scat-
tering from our canonical Mo—Si multilayer film having
completely conformal interfaces, that is, the roughness at
each interface is identical to the substrate. Here the scattering
is characterized by strong interference effe@NS). The
RNS from the conformal multilayer is comparable to the
scattering from the single surface at angles less than
~12 degrees(The scattering from the multilayer is slightly
reduced due to an increase of the x-ray wavelength within
the film)) Beyond 12 degrees the scattering intensity drops
precipitously, as the radiation fields scattered by the different
interface interfere destructively. Hence the conformal
multilayer scatters like a single surface within the RNS peak,
and strongly suppresses scattering at larger angles.

The solid line in Fig. 12a) shows the scattering calcu-
lated for the canonical Mo—Si multilayer filirig. 9), where
the interfacial roughness is due to both the replication of the
substrate and the intrinsic roughness of the film growth pro-
cess. The scattering exhibits an angular dependence similar
to the case of the purely conformal multilayer, but has a
nearly sixfold increase in scattering at all angles greater than
~1degree. The scattering is increased because the
multilayer interfaces are rougher than the substrate, particu-
larly towards the top of the film where most of the scattering
originates(see Fig. 5. It is also apparent that the finite thick-
ness oscillation is smaller and the decrease in scattering at
large angles is less rapid than for the case of the purely
conformal multilayer film, behavior which is consistent with
the partial correlation of the interfacial roughness. Compar-
ing the realistic multilayer film to the single surface, we find
that the scattering is equivalent only at very small angles of
<1 degree, where the interfacial roughness in the multilayer
film is purely conformal. The scattering from the multilayer
is enhanced in the region of 1-20 degrees due to the intrinsic

Scattering Angle (de
g 9 ( g) roughness of the film, and is suppressed at angles greater
than 20 degrees due the interference effects characteristic of
FIG. 11. Nonspecular scattering measured from the canonical Mo— ShNS

multilayer film at normal incidence and for several different wavelengths. . o

Data within four degrees of the specular direction is obscured by the wings ~ The total integrated scatt€f|S) within a cone of half-

of the specularly reflected beam. The solid lines are the scattering distribuyidth 6 centered about the film normal is plotted as a func-

tions predicted by the theory, based on the measured roughness of ﬂfﬁ)n of @in Fig. 12b). The TIS is normalized to the specular

multilayer film. L 3p ' .
reflectivity, R°>". We observe that, compared to the single
surface, the scattering from the multilayer coatings is con-
centrated in the relatively small annular region within

sured roughness provides an important validation of the-14 degrees from the normal, corresponding to the peak in

multilayer growth model and scattering theory. RNS. This suggests a simpésl hocmethod for estimating

Finally we address an issue that is central to the applithe Strehl factor for the multilayer film in the condition
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TABLE II. A list of the parameters used to model the nonspecular scattering from the canonical Mo-Si
multilayer film. The multilayer growth parametefs v, andn are described in Sec. VI. These together with the
substrate PSOshown in Fig. 4 define the roughness of the multilayer interfaces. The diffuseness of the
interfaces is described by a linear profile of widtg (cas€gc] in Table ). The thickness of the individual layers

is 7. The atomic scattering factors afg andf,, thep is the mass density, and is the atomic weight.

Structural
Growth parameters parameters Optical parameters
Q v T op N p W
(nf)  (nnT) n  (nm (nm) (nm) fy f, (glen?)  (g/mole
Mo 0.05 25 4 2.1 0.3 12.8 14.34 1.270 10.2 95.94

(Mo-on-S)  13.0 14.52 1.320
13.2 14.67 1.372
13.4 14.82 1.424
Si 0.02 2.5 4 4.75 0.15 12.8 —1.397 0.487 2.33 28.086
(Si-on-Mg  13.0 —0.763 0.475
13.2 -0.321 0.464
13.4 0.023  0.452

where the RNS and Bragg peaks effectively coincide. Our 1
main assertion is that the effect of roughness can be divided
into two regimes, corresponding to the frequencies that scat-
ter within and without the RNS peak. Defining as the
scattering angle at the edge of the RNS peak, we divide the
rms roughness into two parts: the low frequency roughness,
o, Obtained by integrating the PSD over the spatial fre-
guencies less than the valfig=sin 6c/\, and the high fre-
guency roughness, obtained by integrating the PSD over
the spatial frequencies greater thgn. The low-frequency

(1/Rs?)dP/dQ

Multilayer Growth Model K ]
10 Eo--mee- Conformal Multilayer Model kY 3
Fon Single Surface " ]

roughness produces scattering within the RNS peak. Since 10" L X , %

the roughness is conformal at these frequencies, the scatter- 0.1 1 10 100
ing from the different interfaces is coherent and interferes Scattering Angle (deg)
constructively. Then the reduction in the specular reflectivity

due to these low frequencies can be estimated by a simple 0.8 ——r

factor of the Debye—Waller type, exp(6m2a? cos 6\?). (b)

For the frequencies of the roughness that scatter outside of

the RNS peak, the situation is very different. Here the loss ;\: 0.6 T
due to scattering is significantly reduced for two reas¢bs: ;_"

the interference of the fields scattered by the different inter- ‘6: 0.4l |
faces becomes destructive, &l the coherence of the scat- a )

tering is reduced due to the decreased correlation of the in- 2

terfacial roughness. Thus in the high-frequency range the 0.2}
primary effect of roughness is not to produce scattering, but

instead to increase the transmission of the interfaces, thereby
resulting in a larger penetration depth for the incident specu- 0-%1 1
lar field and correspondingly greater absorption. This is in ’ .
fact the same loss mechanism as the case of a diffuse inter- Cone Halfwidth 6 (deg)

face broadened by intermixing or chemical reaction, and can

be treated in a similar way. Specifically, we estimate the

reduction of the specular reflectivity due to the high-riG. 12. (@ Calculations of nonspecular scattering from three different
frequency roughness by including a contribution from thesurfaces, normalized to the specular reflectivity. The dotted line is a single

high-frequency roughness in the interface widd surface having the roughness of the fused silica substrate shown in Fig. 4.
The dashed line corresponds to an ideally conformal Mo—Si multilayer film

- \/(.TD+ On- This mot_jmed lvalue otr C‘jin be applled in the where the roughness of each interface is identical to the roughness of the
matrix method described in Appendix C to calculate thesingle surface. The solid line is a realistic Mo—Si multilayer film having
specular reerctivityRSP( o) of the multilayer coating re- interfacial roughness due to both replication of the substrate roughness and

; i e intrinsic roughness of the growth proce@d®. The total integrated scat-
duced by both diffuseness and hlgh frequency I’Ol'lghnes%;ring (TIS) within a cone of halfwidthg, calculated for the three surfaces

Then the _S_trehl faCtO!’ descri_bing the reduc_tion i'f‘ the specUsng normalized to the specular reflectivity. Nearly all of the scattering from
lar reflectivity due to interfacial roughness is estimated as the multilayer films is within 20 degrees of the specular direction.

100
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RS{o=\op+07) 167207 cog 6 PSFYs,)
= exp ———5——|. (64)

R¥(o=0p) . 1 Ay dP,(m,a;n,e)
_ = nx&ny nlm,a,n,
AL AR D e e

a

As an example, consider the scattering from the canoni-
cal multilayer coating calculated from the PSDs of Fig. 4 and (66)
shown as the solid line in Fig. 1&. The separation of the
low- and high-frequency ranges is found by inspection to b
at a scattering angle af-=14 deg, corresponding to a fre-
quency off c=0.02 nm%. We integrate the PSD of the top
surface of the multilayer coating as prescribed in EH)
over the low- and high-frequency ranges to obtaip
=0.09 nm andoy=0.15 nm, respectively. Using these val-
ues in Eq.(64) in conjunction with the structural parameters
of Table I, we obtain a Strehl factor of 0.988 for normal
incidence and =13.4 nm.

We emphasize that the method described by(E4). for
estimating the Strehl factor is only necessary when there is a
strong reflected field, such that dynamical effects associated K:f f (H Shé(sy)
with the interference of the fields scattered by the different "
interfaces are important. When the incident field is not near Anyny dP,(m,a;n,e)
the Bragg peak, or if the specular reflectivity is small +§n: RSPR2 za: do ds, (67)
(<0.1) then the scattering process is well approximated by "
kinematical theory, that is, the scattering does not signifiwhere the integration is over the image field. This factor
cantly alter the configuration of the incident field. In this accounts for the loss of image intensity due to the scattering
case, the Strehl factor can be estimated from either theutside of the image field and the increased absorption aris-
Debye—Waller factor of Eq(29) or the matrix method of ing from the high-frequency interfacial roughness.
Appendix C with modified Fresnel coefficients, using a rms  Taking the Fourier transform d65) we obtain
roughnesso obtained by integrating the PSD over all fre-

is the point spread function due to scattering. The quantity in
%rackets is calculated using the scattering theory presented in
the previous section; the angular scattering distributions
dP,,/dQ are obtained from Eq(62), where the scattering
vector is related to the poiwst in the image field through Eg.
(32). The Strehl factorS,, corresponding to the ratio be-
tween the specular reflectivity of theth surface with and
without roughness, can be estimated from the PSD of the top
surface of the multilayer coating using E§4). The normal-
izing factor « is

0 —
quencies, (D15 = OTF4(f), (69)
wherel ((f) is the Fourier transform of the image intensity,
and
1 1 Anyny
VIII. MODELING THE PERFORMANCE OF A SOFT X- OTPAM = K l_n[ St K f f zn: R>R?

RAY IMAGING SYSTEM .
dP,(m,a;n,e) i

We now turn our attention back to the problem of mod- X; dQ exXp(—2mis; - 1)ds;.
eling the nonspecular scattering in a distributed optical sys- 69)
tem consisting of multilayer coated optics. The conventional
method for characterizing the performance of an imagingequations(68) and (69) provide the basis for relating the
system is to measure the optical transfer functiofF). The  optical performance in the presence of scattering, as charac-
OTF is the ratio of the image intensity to the object intensityterized by the OTF, to the key structural parameters of the
at a particular spatial frequency, and is also the Fourier transptical surfaces, including the surface finish of the substrates
form of the point spread function. It is only defined for the and the roughness of the multilayer coatings. This allows us
case of incoherent illumination, where there is a purely lineato determine specifications for the roughness of the sub-
relationship between the Fourier transforms of the intensitiestrates and coatings, given certain performance requirements.
in the image and object planes. However, we have showithe operational procedure for deriving such specifications
that the effect of scattering is to produce a point spread funceonsists of first defining a minimally acceptable GTH
tion, PSES, that is independent of the coherence of the illu-that will allow the production of useful images. Then, taking
mination. Then the Fourier transform of PSKields an into account the intrinsic roughness of the multilayer coating,
OTF* that describes the modulation of the image intensitywe determine the limits of substrate roughness required to
due to scattering under any illumination conditions. In par-satisfy the specified value of OTFat each frequency.
ticular, collecting the results of Secs. Il and Ill, the intensity A significant simplification is possible in the limit of

at the image plane is given by very smooth substrates, where the scattering is dominated by
the intrinsic roughness of the multilayer coatings. In this case
(I1(51))=19(s))* kPSF{s,), (65  the scattering is uniform out to fairly large angles

(~10 degrees) because the PSD of the intrinsic roughness is
wherel(l) is the image produced by the optical system in theflat for frequencies less tharn-107* nm™! (see Fig. 2
absence of scattering and When the scattered light is uniformly distributed throughout
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FIG. 13. Schematic diagram of a hypothetical soft x-ray imaging system for 0.0 L L L 4 I I 1 L

EUV lithography. The optical system, consisting of four multilayer-coated 0 2 4 6 8 10 12 14 16 18 20
mirrors, projects an image of the reticle onto the wafer. Angle of Incidence (deg)

. . . - N FIG. 14. Calculated reflectivity of the two Mo—Si multilayer coatings used
the image field it is called “veiling glare.” Under these con- in the hypothetical imaging system. The arrows indicate the angles of inci-

ditions the second term in Ed69) is negligible and the dence of the principal ray on each of the optical surfaces.
OTF® can be approximated as having a constant value of
S/k, that is, the image contrast is reduced by a constant

amount at all but the lowest frequencies. ~that optimizes the reflectivity for the first, second, and fourth
As an example, we model the nonspecular scattering iy faces is [Mo(2.80 nm/Si(4.00 nm]x40. The third
the distributed optical system shown schematically in Figsyrface requires a slightly different design  of
13. The imaging system is purely hypothetical, but is basegmo(2.80 nmi/Si(4.10 nm]x 40, due to the larger angle of
on generic designs being considered for applications in EUNncidence. The calculated reflectivity of these designs at a
lithography?? It consists of four reflecting surfaces and, wayelength of 13.2 nm is shown in Fig. 14. These calcula-
although designed to be used as aring field, we will considefions include interdiffusion at the interfaces @f,=0.3 nm
for the purpose of modeling scattering that the image field ior the Mo-on-Si interface andrp=0.15 nm for the Si-
a square of width 2.5 cm. A requirement for lithography on-Mo interface. All roughness and oxidation is neglected,
applications is that the imaging system be telecentric at thgnd hence the reflectivity values are slightly overestimated.
wafer, that is, the principal ray is parallel to the optical axis ~ The PSP®is calculated using the methodology described
for all points in the image field. A consequence of telecen-apove. The plane of incidence of the principal ray isyhe
tricity is that the exit pupil is infinitely large and is located an pjane for all optical surfaces, and the radiation incident on
infinite distance from the image plane. However, we showegach surface is assumed to be unpolarized. We assume that
in Sec. IIl that the effects of scattering on the transfer funCthe roughness of the substrates is the same as the superpol-
tion are independent of the position of the actual exit pupiljshed fused silica flat having the PSD shown in Fig. 4. Fur-
We can choose to evaluate the transfer function at any posihermore, we assume that the roughness of the Mo-Si
tion on the image side of the last optical surface, providednyltilayer coatings is equivalent to the “canonical” film dis-
that we apply the correct scaling factors. In this case Weyssed in the previous sections, and that the roughness is
evaluate the transfer function at the position of the last mirgescribed by the thin film growth model and the correspond-
ror (M4), located 23 cm from the image plane. The scalinging growth parameters listed in Table 1. Consequently, the
factors and angles of incidence of the principal ray, as determgyltilayer coating contributes roughness to the optical sur-
mined by ray tracing c_alculatlons, are listed in Tab!e IIl. Wefaces, causing the rms roughness to increase from the sub-
assume that the optical surfaces are coated with Mo—Siirate to a final value of=0.18 nm at the top surface. The
multilayer films designed for an operating wavelength ofstrehl factorsS, for the coatings are determined from Eq.
13.2 nm. Since the dispersion of the angles of incidence 0{64), where the rms roughness is divided into low- and high-
any given optical surface is small, the multilayer coatingsrrequency components af, =0.09 nm ando=0.15 nm,
will have uniform bilayer spacing. The multilayer structure corresponding to those frequencies that scatter within and
out of the RNS peak, respectively. The calculated values of
TABLE Ill. Design parameters for a hypothetical soft x-ray imaging system the Strehl factors are listed in Table I1I. . . .
consisting of four mirrors. The scaling factors, andey , are set equal and The PSF* calculated over a 2:62.5-cm image field is
6is the angle of incidence of the principal ray as measured from the normashown in Fig. 15. The delta function corresponding to the
to the optical surface. Also listed are the Strehl facydor the multilayer  specular field the first term in Eq.66)] has been omitted
coatings calculated at an x-ray wavelength of 13.2 nm. from the plot. The PST exhibits a peak at the optical axis
which drops off to a relatively constant level of scattering at

Mirror  ax=ay 6 (deg Multilayer structure S, ] . i

- distances beyond 0.5 cm from the optical axis. The edge of
M1 L7 30 [Mo(2.8nm/Si(4.0nm]x40 0985  the jmage field corresponds to a scattering angle of only
M2 0.9 70 [Mo(28nm/Si(4.0nm]> 40 0.985 ~ 3 degrees. Since the strong resonant scattéRiNG) from
M3 18 120  [Mo(2.8 nmy/Si(4.1 nm]x40  0.985 grees. , g
M4 1.0 60 [Mo(2.8nm/Si4.0nm]x40 0986  the multilayer coatings exists out to an angle of

~14 degrees, it is evident that the image field intercepts only
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image contrast by a constant amount at all but the lowest
frequencies.

At the risk of oversimplification, we can use our ex-
ample to make some general comments regarding the effect
of scattering in the performance of multilayer-coated imag-
ing systems. High performance imaging systems for soft
X rays require a numerical aperture 0.1 or less in order
to have a reasonable depth of focas] wm). Consequently
the range of scattering angles subtended by the image field
will be limited to a few degrees, and all of this scattering will
be within the RNS peak of the multilayer coatings. The com-
ponents of roughness that scatter into the image field are in
the midspatial frequency range 6f10 5/ —10"Y/x nm™%;

. it is this range of frequencies that is responsible for the de-
-1.0 . - crease in image resolution and contrast. In this range the
) roughness of the multilayer coatings is dominated by the
replication of the substrate roughness and inclu@sthe
higher end of the frequency rangsome intrinsic roughness
FIG. 15. The point spread function due to scattering (BSEF the hypo- of the multilayer film. Consequently, the scattering within

thetical imaging system, calculated assuming that the roughness of tH1€ image field for a mUIt”ayer'Coate_d imaging system is
Mo-Si multilayer coatings is equivalent to the canonical film shown in Fig. expected to be comparable to, and slightly greater than, an

4. The delta-function component of PSE not shown. equivalent system having single reflecting surfaces. Most of
the intrinsic roughness of the multilayer-coatings occurs at
higher frequencies (IG—10 ! nm™1) that will scatter out-

a small fraction of the total scattered radiation. In this caseside of the image field. Hence the main detrimental effect of

the Strehl factorS for the imaging system is 0.94, corre- the intrinsic roughness of the coatings is to reduce the

sponding to a 6% decrease in the specular image intensitjhroughput of the imaging system.

However the fraction of the specular intensity scattered into

the image field is only 0.3%S «=0.997). The OTF ob-

tained by taking the Fourier transform of the P9E shown IX. CONCLUSION

in Fig. 16. The OTF drops rapidly to a constant value of In summary, we have presented a theoretical framework
S/k=0.997 for frequencies greater than2.5cm ™. This  for modeling nonspecular scattering in a soft x-ray imaging
behavior is characteristic of Veiling glare and illustrates thesystem Consisting of mu|ti|ayer-coated reﬂecting Optics_ The
dominant effect of the intrinsic rOUghneSS of the multilayertheory direcﬂy relates the image degradation due to scatter-
coatings in this example; the scattering is fairly uniformly jng to the statistical properties of the interfacial roughness of
distributed throughout the image field and hence reduces thﬁe mu|ti|ayer Coatings_ Consequenﬂy, the theory can be a
versatile tool for tasks such as modeling the performance of
optical components of known roughness, deriving specifica-
— tions for the roughness of optical substrates and coatings,
1000 , ﬁ and comparing the performance of different optical designs.
, - ‘ co | When applying the theory in practice, it is important to recall
S e the numerous approximations that were invoked, and to ob-
serve the restrictions imposed by these approximations. We
summarize the key approximations of the theory in Appen-
I dix A.

Throughout the course of this presentation we have at-
tempted to illustrate the theoretical formalism with realistic
examples and analysis of experimental data whenever pos-
20 sible. In particular, the good agreement between the mea-
sured scattering from Mo—Si multilayer films and the calcu-
lations based on the measured roughness of the films serves
10 & to validate our treatment of the scattering problem. The ulti-
t\' (cm- 10 ¢ mate test of the theory will require the complete character-

"’) 20 20 K ization of a distributed imagi t ding to in-

ging system, corresponding to in
dependent measurements of the PSF and the roughness of the
multilayer-coated optics. This will be the goal of future

0.0021

0.001

PSF*

0.997

-10

FIG. 16. The optical transfer function due to scattering (&)ref the

hypothetical imaging system. The nonspecular scattering reduces the O‘Il‘york' . . . . .
of the imaging system by a facto®/x=0.997 at all but the lowest In addition to its practical importance, our theoretical

frequencies. investigation has broadened the fundamental understanding
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of scattering in a distributed imaging system and, in particushown in Fig. 4. Analysis of the images obtained with the
lar, the effects of multilayer coatings. The most importanttelescope showed no measurable scattering. Although these
results are summarized below: results are encouraging, they must be considered a best case
(1) Image formation in a distributed optical system canscenario. We anticipate that fabricating sufficiently smooth
be described as a convolution of the image formed in thdigured optics will be a significant technical challenge, par-

absence of scattering with a PSHue to scattering. ticularly as the size of the optical components increases and
(2) The PSF° is independent of the coherence state ofthe figures become aspherical. In practice the effect of scat-
the object. tering on the performance of the soft x-ray imaging system

(3) The roughness of a multilayer coating originateswill define the acceptable limits of roughness for these op-
from both the intrinsic roughness of the growth process andics.
the replication of the roughness of the substrate. At the low-
est spatial frequencies the multilayer film exactly replicates
the substrate roughness. In the rang0 3-10" ! nm 'the = ACKNOWLEDGMENTS
roughness increases from the substrate to the top surface of
the multilayer, and the roughness of the different interfaces iﬁlm

artially correlated. At higher spatial frequencies the
P y g P a formed by S. L. Baker. We are grateful to J. H. Underwood

muiltilayer film tends to smooth the substrate roughness. for his assistance in designing and performing the scattering
4) The nonspecular scattering from a multilayer coatin . .
@ b 9 y gmeasurements on Beamline 6.3.2 at the Advanced Light

exhibits strong interference effects due to the partial correla—Source This work was supported by the Department of En-
tion of Fhe roughness of the mterfgces. 'I_'h|s proQL_Jc_es a res%-rgy under Contract DE-ACO3-76SF00098 and CRADA TC-
nance in the nonspecular scatterifi\NS) in the vicinity of

the specular Bragg peak. In particular, the RNS peak and th%191/0192'92'

Bragg peak are coincident when the incident field satisfies
the Bragg condition for specular reflection.
(5) In a soft x-ray imaging system, the roughness in th

midspatial frequency range ef10~°/\—10"*/\ nm™* pro- We summarize below the key assumptions and approxi-
duces the scattering that reaches the image field. In this frenations underlying the theoretical development presented in
quency range the roughness of the multilayer coatings is dugis paper.

to replication of the substrate roughness and, to a small ex- (a) The angle between the principal ray and any other
tent, the intrinsic roughness of the multilayer film. Hence theray that propagates through the imaging system is small.

scattering within the image field for a multilayer-coated im- Specifically, if we denote the angle gs then the approxi-
aging system is expected to be slightly greater than amnation is

equivalent system having single reflecting surfaces, and de-

We thank F. Weber for fabricating the Mo—Si multilayer
s. The atomic force microscopy measurements were per-

eAPPENDIX A: SUMMARY OF APPROXIMATIONS

pends predominantly on the roughness of the optical sub- Si’ p<1. )
strates. We call this the “small angle approximation.”
(6) The main detrimental effect of the intrinsic rough- (b) For a point object, the pupil function is independent

ness of the multilayer coatings is to scatter radiation outsidef the location of the point in the object field. In this case the
the image field, thereby reducing the throughput of the optipoint spread function is independent of the position of the
cal system. Gaussian image point, and the system s called
We conclude with a comment regarding the impact of“isoplanatic.” In practice, the assumption of isoplanacity
scattering on the performance of soft x-ray imaging systemgestricts the applicability of the transfer function formalism
The example that we have presented using a hypotheticéb objects of small spatial extent.
imaging system designed for EUV lithography shows a very  (c) The scattering is weak so that multiple scattering and
minor degradation of performance due to scattering; the OTBhadowing effects can be neglected. This is called the “Born
is reduced by only 0.3% and the throughput is decreased bgpproximation.” This approximation is generally valid for
6%. One might be tempted to infer that scattering is not a-ray wavelengths at angles of incidence away from the criti-
significant problem in such an imaging system. In fact, ourcal angle for total external reflection.
example demonstrates that scattering can be limited to ac- (d) The surface heighH(X,Y) is a Gaussian random
ceptably low levels in a soft x-ray imaging systdimthe  variable, is stationary and is ergodic in the sense that the
optical substrates can be fabricated with roughness equivaensemble average can be replaced by an average over the
lent to the best superpolished flats measured to.d@er  illuminated surface area.
analysis indicates that, once these ultrasmooth substrates are (e) The deviations of the surface heidhit(X,,,Y,) from
available, the existing multilayer-coating technology is ca-the ideally smooth surface are small compared to the radia-
pable of producing soft x-ray imaging systems that have action wavelength such thatkcos 6,H,(X,,Y)<<1 for all X,,,
ceptably low levels of scattering. This conclusion is sup-Y,. We call this the “small roughness approximation.” A
ported by experiments perfornfécn a soft x-ray telescope necessary consequence of the small roughness approxima-
designed for normal incidence operationat 6.35 nm. The tion is that the power scattered into the nonspecular field is
optical components were coated with Co—C multilayer films,small compared to the specularly reflected power, a condi-
and were measured to have roughness similar to the PSDi®n that is implicitly satisfied by high-performance optics.
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APPENDIX B: RELAXATION OF A ROUGH SURFACE dH(X,Y)
BY SURFACE DIFFUSION —=-V,V-J. (B9)

Consider a rough surfacel(X,Y) where the growth combining Eqs(B5)—(B9) we obtain
units (e.g., atomps have mobility to move between sites on a3
the surface. The chemical potential at each point on the sur- dH(X,Y) — £DsVy
face depends on the curvature at that point. The gradient of dt kT
the chemical potential is the driving force for the surfaceln the thin film growth model the evolution of the surface is

diffusion that causes the smoothing of the surface. To exfpeasured as a function of film thickness,and not time.

presst thesef t(;]oncepfts quatlntltatlvt(_alyl let us tmodel thre] Ioc?owever, time and thickness are simply related through the
curvature ot the surtace at a particuiar point as a sphere q eposition rate,=d7/dt. Then we can rewrite EB10) as

radiusR. Then the curvature at that point is
dH(XY)  éDgVg®

2 =
VZH(X,Y)=—=. (B1) dr rokT

R
The chemical potential of the poikt(X,Y) is found by let- Comparing this resu_lt to Ed36) we identify the relaxation
.parameter for the thin film growth model

ting the radius of the spherical feature change by an infini-

VAH(X,Y). (B10)

VAH(X,Y). (B11)

tesimal amouniAR. The chemical potential is given by 5D5V3’3
v= . (B12)
AES B2 erT
K=AN” B2 Not surprisingly, the rate at which the smoothing occurs is

proportional to the surface diffusion coefficient. The tem-

change in the number of atoms within the sphere Theperature dependence of the relaxation parameter is domi-

change in the surface energy is just proportional to thé1ated by the surface diffusion coefficient which is propor-
change in the surface area tional to expE4/KT), whereE, is the activation energy. In

general the relaxation of the surface will be enhanced at
AEs=87REAR, (B3)  higher temperature and lower deposition rate.

whereé is the surface energy per unit area. The change in the
number of atoms in the sphere is

whereAE; is the change in the surface energy & is the

APPENDIX C: MATRIX METHOD FOR PROPAGATING
N 47R?AR SPECULAR FIELDS IN A MULTILAYER FILM

: (B4)
Vo The multilayer scattering theory requires as input param-
whereV, is the atomic volume. Combining Eq81)—(B4)  eters the incident field amplitudeg&;" and E; , and the

we obtain propagation factorsp! and ¢! for each interface of the
2¢ multilayer film in the absence of roughness. These are most
P 0_ —&VV2H(X,Y). (B5) easily calculated using a well-known matrix apprdcto

analyze the propagation of the specular fields within the
This shows explicitly that the chemical potential is propor-multilayer film. First we define a scattering matrik;, that

tional to the local curvature of the surface. relates the specular fields across itte interface according
The driving forceF, for surface diffusion is the gradient to
of the chemical potential E- E-
=T 2 C1
o lellel <

From the Nernst—Einstein relatibithe mean velocity of an |t js easily shown that
atom on the surface is given by 1

r ..

ji

2
rij t]|t|J+r]|

1
FDS stlu T|:_(
<U> kT kT (87) IL

where Dg is the surface diffusion coefficienk is Boltz-
mann’s constant, and is the surface temperature. The flux
of atoms,J, on the surface is

: (C2

wheret;; andr;; are the specular transmission and reflection
amplitudes, respectively, for th¢h interface. For a compo-
sitionally abrupt interface the transmission and reflection am-
plitudes are given by the Fresnel equations

(v) 2y — v
J= . B8 ot 10 X] o _Xi— Xi

Vs (B8) S polarization: t”_)(j“‘Xi' r,,—m
The surface flux is the mechanism of mass transport through 2Jeex v e _(C3)
which the smoothing of the surface takes place. However, p polarization: tg:#xl, F}ZM
the surface height at a given point can change only if there is Toexitexit U exitex
a divergence of flux. Then the change in the surface height
per unit time is given by where
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xi=ky/e— n2—n2. (C4) fieI.d exiting the front surface of thg film of amplitudé and _
a field exiting the bottom surface into the substrate of ampli-

Diffuseness at the interface, characterized by a compoydeg,. Then the matrix equation that describes the propa-

sition gradient°(Z), modifies the transmission and reflec- gation of this scattered radiation through the system of layers
tion amplitudes according to the well-known formulas firstis given by

0 . 0 - E

#)ZANMPM HESH

derived by Nevot and Croté
1
tji =t?i D + +
w=(kinjz—kiniz)
where the matrices and P now correspond to a scattered
ro=r0 ) plane wave mode. Similarly, for a field of unit amplitude
jNjz —KiNiz initially scattered towards the bottom of the multilayer film
Specific examples of the function®(q,), corresponding to We can write a matrix equation:
several simple interface profiles, are listed in Table I. 0 1 E
The scattering matrix describes the propagation of the 4 (0 +PiAi-1,o( OS) _
i

specular field across an interface. To propagate the field
Solving these matrix equations feif and ¢! we obtain

: (C12

Dikni+knt €9
o W ( iNjz iniz)

(C13

|

through theith layer of thickness; we define the propaga-

tion matrix P;
exp—ig) O s ¢ =€ (AR T AR )
Pi = . ’ C6
0 extli¢:) ¢it:Agil - rMLA?iI . (€14
where
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) ] 4, Extreme Ultraviolet LithographyOptical Society of America, Wash-
The propagation of the specular field from layer to layer ington, DC, 1998
in the multilayer film is represented by a series of matrix zE- Spiller, inSoft X-Ray Optic¢SPIE, Bellingham, 1994 p. 235.
multiplications. In particular, the field above interfacds D. G. Stears, J. Appl. Phy21, 4286(1992.

. . . 4D. E. Savage, J. Kleiner, N. Schimke, Y.-H. Phang, T. Jankowski, J.
related to the field below the underlying interfamethrough Jacobs, R. Kariotis, and M. G. Lagally, J. Appl. Phg8, 1411 (1991).

a matrix A"™ according to 5V. Holy and T. Baumbach, Phys. Rev.4®, 668(1994; V. Holy et al,,
ibid. 47, 896 (1993.
Eii1 i m[ Em SA. P. Payne and B. M. Clemens, Phys. Rev4B 2289(1993.
Ei++1 =A" Er; ) (C9 7T. Salditt, D. Lott, T. H. Metzger, J. Peisl, G. Vignaud, P. Hoghoj, O.

Scharpf, P. Hinze, and R. Lauer, Phys. Re\6485860(1996; T. Salditt,
where T. H. Metzger, and J. Peisl, Phys. Rev. L&, 2228(1994).
8J. B. Kortright, J. Appl. Phys70, 3620(1991).

A'liﬂ Lm °R. Paniago, H. Homma, P. C. Chow, S. C. Moss, Z. Barnea, S. S. P.
Ai,m: : : :TiPiTifl' "Tm+1Pm+ le_ (C9) Parkin, and D. Cookson, Phys. Rev.5R, 52 (1995.
A'1£” '22m D, R. Lee, Y. J. Park, D. Kim, Y. H. Jeong, and K. B. Lee, Phys. Rev. B.

o . . . (submitted for publication
The transmission and reflection amplitudes for the entirélg. L. Church and P. Z. Takacs, Opt. ExiBellingham 34, 353(1995; E.

multilayer film, ty_andr,_, are obtained fromA™ corre- L. Church and P. |Z Takacs, Apfl. Osr)ﬂz 3344(1993. )
; : ; o J. E. Harvey, Appl. Opt34, 3715(1995; J. E. Harvey, K. L. Lewotsky,
sponding to propagation through &llinterfaces. In particu and A. Kotha, Opt. EngBellingham 35 2423(1996.
lar, 133, Singh, H. Solak, and F. Cerrina, Rev. Sci. Instrém.3355(1996.
AN'O M. Born and E. Wolf, inPrinciples of Optics 6th ed.(Pergamon, New
1 21 (10 York, 1987, p. 480.

tML_W* rML_A_Nﬁ' 15D, G. Stearns, Appl. Phys. Le$2, 1745(1993.
1 1 16D, G. Stearns, J. Appl. Phy65, 491 (1989.
and the specular transmission and reflectance are corresporitB. R. Frieden, irProbability, Statistical Optics, and Data Testir2nd ed.
ingly (Springer, New York, 1991 p. 75.
! 8For a review see, A. L. Barabasi and H. E. Stanleyiactal Concepts in
TSP= |tML|2, RSP= |rML|2. (C1) Surface Growth(Cambridge University Press, Cambridge, 1995 19.
®W. M. Tong and R. S. Williams, Annu. Rev. Phys. ChetB, 401(1994.
Knowledge of the transmitted amplitude allows us to deter-zof- F-ZEdwards and D. R. Wilkinson, Proc. R. Soc. London, Se384 17
i : ; 1982.
mine the spgcular fields above and below each interface us; Herring, J. Appl. Phys21, 301 (1959.
ing the relations 227, salditt, D. Lott, T. H. Metzger, J. Peisl, R. Fischer, J. Zweck, P. Hog-
E- E- hoj, O. Scharpf, and G. Vignaud, Europhys. L&, 565(1996.
i+1 L l=pAi—19 23M. Kardar, G. Parisi, and Y.-C. Zhang, Phys. Rev. LB6, 889 (1986.
Efr E) 2*R. P. U. Karunasiri, R. Bruinsma, and J. Rudnick, Phys. Rev. {788
(1989.
We introduced the factorg and ¢} in the scattering 25C. Tang, S. Alexander, and R. Bruinsma, Phys. Rev. &{t772(1990.

theory to account for the propagation of the scattered fiel@jge- A hornton, Thin Sold Fiimsis, 387 (F}r?;s?)é?sg(lgs 5

. . : . Messier an . E. Yehoada, J. Appl. - .
f_rom the IFh mterf_ace to th_e top _Surfaqe. (.)f the multilayer 28D. J. Miller, K. E. Gray, R. T. Kampwirth, and J. M. Murduck, Europhys.
film. Consider a field of unit amplitude initially scattered at | ¢ 19, 27 (1992.

theith interface towards the top of the film. This produces &°E. L. Church, Appl. Opt27, 1518(1988.

tvL

Downloaded 20 Apr 2005 to 148.6.178.100. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



1028 J. Appl. Phys., Vol. 84, No. 2, 15 July 1998 Stearns et al.

30D, G. Stearns, R. S. Rosen, and S. P. Vernon, J. Vac. Sci. Techiipl. A K. D. Franck, R. E. Tackaberry, and W. F. Steele, Rev. Sci. Inst&in.

2662(199)). 3372(1996, CD-ROM only.

3ly. Cheng, D. J. Smith, M. B. Stearns, and D. G. Stearns, J. Appl. Phys**URL: www-cxro.lbl.gov; B. L. Henke, E. M. Gullikson, and J. C. Davis,
72, 5165(1992. Atomic Data Nucl. Data TableS4, 181 (1993.

%2M. B. Stearns, C.-H. Chang, and D. G. Stearns, J. Appl. Phys187 “IR. S. Rosen, D. G. Stearns, and S. P. Vernon, Appl. Gpt.6975
(1992. (1993.

33E. S. Machlin, inAn Introduction to Thermodynamics and Kinetics Rel- “?W. C. Sweatt, OSA Trends in Optics and Photonics Vol.E&freme
evant to Materials Sciencgiro, Croton-on-Hudson, 1991p. 115. Ultraviolet Lithography edited by G. D. Kubiak and D. Kanigptical

34K. H. Muller, Surf. Sci.184 L375(1987); Phys. Rev. B35, 7906(1987. Society of America, Washington, DC, 1996. 178.

%3, K. Sinha, E. B. Sirota, S. Garoff, and H. B. Stanley, Phys. Re88B  “3G. E. Sommargren and L. Seppala, Appl. C&®, 6938(1993.
2297(1988. 44E. Spiller, D. Stearns, and M. Krumrey, J. Appl. Phyd, 107 (1993.

36D, K. G. de Boer, Phys. Rev. B3, 6048(1996. “Sphysical Metallurgy edited by R. W. Cahn and P. Haasen, 3rd ed.

%’D. G. Stearns, M. B. Stearns, Y. Cheng, J. H. Stith, and N. M. Ceglio, J. (Elsevier, Amsterdam, 1983p. 398.
Appl. Phys.67, 2415(1990. M. Born and E. Wolf, inPrinciples of Optics 6th ed.(Pergamon, New

38y, Cheng, J. Liu, M. B. Stearns, and D. G. Stearns, Proc. 9B/, 167 York, 1987, p. 51; O. S. Heavenptical Properties of Thin Films
(1992. (Dover, New York, 1965

393, H. Underwood, E. M. Gullikson, M. Koike, P. J. Batson, P. E. Denham,*’L. Nevot and P. Croce, Rev. Phys. Apfib, 761 (1980.

Downloaded 20 Apr 2005 to 148.6.178.100. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



