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Nonspecular x-ray scattering in a multilayer-coated imaging system
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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@etv)  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
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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 cq:erttar?ce statef of IE.T object |1I_um|nat|c(;n. 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 ofm 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 ir'terf"’me%ptical transfer function. We close our discussion by model-

What is a correct description of the roughness of a muItiIaye\r Lo N .
. L ng the effects of scattering in a hypothetical imaging system
coating and how is it related to the roughness of the sub- g g yp ging sy

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-
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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 be included latgrThen let the specular field be a

~ ikh-x . . X S
within two important approximations. These are: plane wave,ee™ ", of unit amplitude and polarizatioe

(a) The angle between the principal ray and any othefncident onto the rough surface with an anglémeasured
ith respect to the normgl The field is reflected by the

ray that propagates through the imaging system is small’ X :
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 expliqxX)expiayY)
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(—ikzcoszﬁ))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")]}) (11
then the inner integral in Eq10) becomes
fff f 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 o

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 (‘-::nt|re mlaglng 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(Sl)>:|2(S_L)*eXF{ —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 (I1(51)>=I(1’(sl)*exr{ —4k?>, cog ena§>
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 Gnaﬁ). (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®MSs Of & 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 j 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 a@=(n—2)/2, B=(n—2)/2n. (39
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 o282, for q<1/¢ by Eq.(37). An example is shown in Fig. 2 for several dif-
PSOf )= ) . (35  ferent film thicknesses and reasonable parameter values of
a o F2atD) for q=1/¢ Q=0.02 nn¥, v=2.5 nn¥, andn=4. The PSD is flat at low

7 &2 frequencies and rolls over to asymptotically approach a



J. Appl. Phys., Vol. 84, No. 2, 15 July 1998 Stearns et al. 1011

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.

PSDy "o aZa (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 