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Knterfacial roughness correlation in W/C multilayer fUms with periods of 23, 30, and 37 -L& is 
examined with x-ray diffraction using A. in the 10-13 A range and d= 1.54 A. Transverse scans 
through multilayer Bragg reflections are analyzed to determine the magnitude and lateral 
correlation length of the component of interfacial roughness that is perfectly correlated through 
the multilayer stack. The results are independent of wavelength, even though hard x rays sample 
much more deeply into the film, indicating that interfacial roughness is not changing through 
these films. 

I. INTRODUCTION 

Multilayer thin films have become increasingly impor- 
tant for applications in soft x-ray optics. Because x rays 
interact only weakly with matter, they will penetrate many 
layers of a sample, scattering only slightly at each inter- 
face. However, if a Bragg condition of the multilayer is 
satisfied, x rays will scatter from each interface in phase, 
giving rise to an appreciable reflected intensity. This ability 
makes multilayer films attractive for applications where 
high reflectivity at near-normal incidence is desirable. Mul- 
tilayer reflectors have been used successfully in a range of 
applications, including x-ray lithography,’ x-ray 
microscopy,2d and x-ray astronomy.5’6 

One of the major factors that can limit the perfor- 
mance of multilayer soft x-ray optical components is the 
presence of interfacial roughness, particularly roughness 
that is replicated through the multilayer stack. It is well 
known that interfacial roughness, independent of how it is 
correlated from layer to layer, will reduce the specular 
intensity, redistributing it into a diffuse background.‘,’ 
However, roughness that is replicated through the film will 
have the additional effect of maximizing the diffusely scat- 
tered intensity at the Bragg conditions of the multilayer.’ 
Thus correlated roughness will concentrate the diffuse in- 
tensity into a halo around the specular beam, limiting con- 
trast in imaging applications. 

Direct measurements of the angular distributions of 
hard x rays (A.< 1.54 Ai> scattered from multilayers to ex- 
plore the nature of interfacial roughness have recently been 
made. Systems that have been studied include sputter de- 
posited films of W/C1oP1l and Mo/Si12 used for soft x-ray 
optics, sputter deposited metallic multilayers developed for 
magnetic applications,13 and single-crystal semiconductor 
multiple-quantum-well structures grown by molecular 
beam epitaxy (MBE) . 1p18 In all cases, the distribution of 
the diffuse intensity in the vicinity of the specular reflection 
was resolved clearly, indicating some component of corre- 
lated roughness. A model developed originally to explain 
results from W/C multilayers suggests that interfacial 
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roughness can be divided into vertically correlated and 
noncorrelated components.” It was used to obtain quanti- 
tative estimates for the magnitude of the correlated rough- 
ness and its lateral correlation length. The rms roughness 
of the correlated component was found to be significant for 
all W/C samples (independent of the number of bilayers 
and the bilayer period), with a magnitude a-- 1-2 A 
compared with the total roughness, with a magnitude 
~,,~-2.5-4 A. The lateral correlation length of the cor- 
related component was determined to be on the order of 
-50-100 A. For the other types of sample tilms, similar 
values of correlated roughness, but with correlation lengths 
up to several thousands of angstroms for MBE-grown tilms 
have been found. 

Further work has extended the model to include the 
possibility that roughness may be partially correlated from 
layer to layer.“~i9”’ Detailed measurements of W/C mul- 
tilayers show that while interfacial roughness in this ma- 
terials combination is highly correlated, the correlation is 
not perfect.” It can be shown, however, that the assump- 
tion of perfect correlation determines a lower limit for the 
magnitude of correlated roughness and an upper limit for 
the lateral correlation length.” 

Recently, it was questioned, on the basis of outer- 
surface roughness measurements with scanning tunneling 
microscopy and optical profilometry on co/c 
multilayers,” whether interfacial roughness can be as well 
correlated as has been suggested by the A.= 1.54 A mea- 
surements described above. lo The magnitude of this rough- 
ness, if correlated through the sample, would give unac- 
ceptable contrast in Co/C multilayer films used as optical 
components in a soft x-ray telescope. However, measure- 
ments of the moon’s shadow edge made during a solar 
eclipse with A-63.5 A x rays shows diffraction-limited 
resolution. These measurements were used to obtain upper 
limits on the contributions of different spatial frequencies 
to the rms roughness. For roughness wavelengths in the 
range of 0. l-l ,um the rms roughness was of the order of 1 
& while smaller values were obtained for wavelengths be- 
yond 1 pm. The magnitude of the outer-surface roughness 
was an order of magnitude larger. 

It therefore is an important question to consider 
whether roughness builds up as the number of layers in- 
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creases. Such a buildup has been observed using cross- 
sectional transmission electron microscopy (CTEM) in 
Nb/Si superlattices sputter deposited at high pressure (15 
MTorr) .24 The high pressure leads to more off-normal dep- 
osition, enhancing shadowing and causing protrusions to 
grow preferentially. These protrusions are then both copied 
and enhanced as more layers are deposited. On the other 
hand, the evidence from CTEM is not conclusive for mul- 
tilayers grown under optimal conditions. The distinctive 
roughness buildup is then not observed. In any case, 
CTEM is not the ideal tool, because roughness with wave- 
lengths on the order of or less than the film cross-section is 
averaged out as electrons transmit through the sample. 
X-ray diffraction is sensitive to small as well as large length 
scales. 

While it may be possible to reconcile the performance 
of a soft-x-ray optical device with a hard-x-ray character- 
ization of morphology, one must establish the limits for 
which such a characterization is justified. First, for a given 
incidence angle, longer-wavelength x rays probe a smaller 
sample volume. If interfacial roughness increases during 
the deposition process, soft x rays, sensitive preferentially 
to the upper interfaces, would see a larger rms roughness 
than would hard x rays. This statement is not strictly cor- 
rect, as using hard x rays at grazing incidence also pro- 
duces surface sensitivity. To take advantage of surface sen- 
sitivity at grazing incidence requires measurement of the 
first-order Bragg condition; however, the grazing incidence 
then does not permit a wide range of angles to be observed 
in the rocking curve. To circumvent this limitation,” mea- 
surements are typically made at higher-order Bragg peaks, 
which occur at less grazing angles, with correspondingly 
less surface sensitivity, because the path length in the sam- 
ple changes rapidly with angle. 

Second, softer x-rays will not be as sensitive to rough- 
ness on the atomic scale, i.e., lateral-scale roughness 
shorter than their wavelength. Such roughness will appear 
as a change in layer composition. The specularly reflected 
intensity will be reduced, but the lost intensity would not 
be scattered into a diffuse background but instead coupled 
into the transmitted beam. Third, predictions on how a 
soft-x-ray optical device will perform based on extrapola- 
tions from measurements with /1= 1.54 A will depend on 
the accuracy of the model of interfacial structure. There- 
fore, the most direct approach to characterize a soft-x-ray 
optical device is to measure its properties at the operating 
wavelength. 

In this work, we compare angular distributions of 
x-rays scattered from W/C multilayer mirrors using differ- 
ent wavelengths, /2= 1.54 A and il in the range from 10 to 
13 A. These experiments are part of an ongoing effort to 
develop highly reflective soft x-ray mirrors for a multilayer 
monochromatop5 installed on the Aladdin Synchrotron at 
the University of Wisconsin-Madison. Measurements of 
the angular distribution determine unambiguously the con- 
tribution of the diffusely scattered intensity in the vicinity 
of the specular beam for soft x-rays. In addition, compar- 
ison of results at different wavelengths lets us evaluate 
whether using il= 1.54 A can predict performance at other 

wavelengths. We extract the magnitude and lateral corre- 
lation length of the vertically correlated roughness in these 
wavelength ranges. 

II. EXPERIMENT 

Multilayer samples were deposited in a dc magnetron 
sputtering system with a base pressure of 3~ lo-’ Torr. 
Substrates were loaded on a rotary table and passed alter- 
nately over C and W sources. The sputtering gas was Ar 
with a partial pressure during deposition of 1.5 mTorr. 
Deposition is nominally at room temperature, although 
substrates may reach 100 “C for some deposition condi- 
tions. For the samples discussed here, the C and W layers 
were chosen to be approximately equal. The Si( 100) wa- 
fers used for substrates were prepared by rinsing in etha- 
nol. 

Results from three samples will be described. Sample 1 
has 20 bilayers with a 37 8, period. Sample 2 has 55 bilay- 
ers with a 30 A period. Sample 3 has 70 bilayers with a 23 
A period. 

Diffraction measurements using /1= 1.54 A were per- 
formed on a conventional two-circle diffractometer. The 
angles between source and sample (w ) and between source 
and detector (28) can be varied independently and are 
stepper motor controlled to an accuracy of 0.002”. The 
source is a Cu x-ray tube and the detector incorporates a 
graphite monochromator set to detect Cu Ko radiation. 
The source is defined by slits of 0.03’ width in the plane of 
diffraction while the detector aperture slits are set to sub- 
tend an angle of 0.01”. Relative intensities are determined 
by normalizing to the primary-beam intensity. 

Soft-x-ray measurements were performed on a two- 
circle diffractometer attached to a double-multilayer- 
mirror monochromator installed on the Aladdin synchro- 
tron. The double-mirror monochromator delivers high flux 
over the energy range of 100-2000 eV (a= 124-6 A). The 
high flux is achieved by using W/C multilayer mirrors as 
reflectors at the expense of energy resolution. The rela- 
tively large band pass of the monochromator, AE/E=0.04, 
has, however, little effect on the measurements that will be 
presented. The primary beam is collimated in the plane of 
diffraction by a 0.5 mm slit 1 m from the second mirror of 
the monochromator and 7 m from the source radiation and 
so can be treated as parallel. The detector is a Si photodi- 
ode and is collimated in the plane of the diffraction by a 0.5 
mm slit located 110 mm from the sample. The incident 
beam is attenuated by a 7 pm thick Be filter to eliminate 
low-energy light that would otherwise be transmitted by 
the monochromator. 

In Fig. 1, we illustrate three different ways by which 
the scattered-intensity distribution is probed. We plot the 
intensity distribution as a function of the momentum trans- 
fer vector S, where S =I&,- I& and the K’s are wave 
propagation vectors. The (w, 20) scan, a measure of the 
specular intensity as a function of incidence angle w, 
probes the intensity distribution normal to the surface. The 
offset (w,28) scan is achieved by rotating the crystal a fixed 
amount and then making a conventional (w,20) scan. This 
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FIG. 1. Schematic view showing how three different experimental scans 
probe reciprocal space. S, is detined as lying along the sample normal and 
has a magnitude (27r/~)[sin(o) +sin(20--o)]. S, is parallel to the plane 
of the surface and has a magnitude (4rr/~)[sin(f3)sin(w-0). 

measures the diffuse intensity distribution normal to the 
surface. Finally, the rocking curve probes the intensity dis- 
tribution parallel to the sample surface. 

III. RESULTS 
In this section we compare measurements of interfacial 

roughness at different wavelengths. Figure 2 shows Cu Ka 
(~420) scans for each sample. There is significant intensity 
out to large angles, indicating that the interfaces in these 
films are relatively smooth. We extract the tilm period fit- 
ting the peak positions to a modified Bragg’s law.“6 Quan- 
titative values for the average interface roughness are ob- 
tained by modeling the specular intensity using a Fresnel 
diEraction calculation,” in which a, the interface rough- 
ness, and I’, the thickness of the W layer relative to the lilm 
period, are the fit parameters. By using a single value for a, 
we are assuming that inter-facial roughness is static, i.e., 
each interface has the same average roughness. The results 
of the fits are plotted as solid lines in Fig. 2. Sample 1, 

0.00 5.00 10.00 15.00 
03 20 (Degrees) \ 

FIG. 2. (0,28) scans measuring specular intensity using L= 1.54 A ra- 
diation. The solid curves are theoretical fits. (a) Sample 1 (N=20 
d=36.7 A): Fit with an interfacial roughness u, ,d=2.45 A and r=O.52 
(b) Sample 2 (N=55 d=30.46 A): q,, =2.4 1 and r=O.47. (c) Sam- 
ple 3 (N=70 d=23.0 d;): 0,,~=2.25 x and r=O.575. 

ON 20 (Degrees) 
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sample 2, and sample 3 have comparable interfacial rough- 
ness, with (T values of 2.45, 2.4, and 2.25 A, respectively. 
We note that the fits are better at higher angles. A larger o 
would have fit the lower orders better but fit the higher 
orders much worse. Adding additional fitting parameters 
such as a larger surface roughness, a surface oxide layer, or 
an interfacial roughness that increases through the film can 
improve the fit. A choice of a non-Gaussian interfacial 
roughness could also be made to fit the data. However, we 
decided to fit with the simplest possible model realizing 
that it sets a lower limit on the interfacial roughness. 

To obtain information on inter-facial roughness corre- 
lation, we make offset-(w,28) scans and transverse (rock- 
ing) scans to probe the diffuse-intensity distribution. For 
all samples, the offset scans appear similar to the (0,28) 
scans, but with a much lower intensity. These results show 
that diffusely scattered x rays are concentrated in planes 
parallel to the surface centered around the multilayer 
Bragg conditions of each sample. In other words, diffuse 
x-rays scatter in phase at the multilayer Bragg conditions, 
evidence that at least a component of the interfacial rough- 
ness is vertically correlated through the film. 

The procedure for fitting rocking curves has been de- 
scribed previously.” We treat the vertically correlated 
roughness as a structure factor modulating the intensity of 
the perfect multilayer stack. This treatment is justified be- 
cause the diffuse intensity in the lateral vicinity of a Bragg 
reflection is dominated by that arising from the vertically 
correlated roughness. The structure factor is generated by 
considering the scattering from a single interface, e.g., a 
vacuum-surface interface. A rough surface can be charac- 
terized by specifying a height-height correlation function. 
We follow the approach of Sinha et a1.,28 by using a trial 
function, calculating the resultant 
comparing with a measured curve. 
lation function is chosen as 

transverse protile, and 
The form of the corre- 

(Z(r--R)Z(r))=o&,exp [ -($y], (1) 

where Z(r) is the displacement of the interface from its 
average position at location r, o,, is the rms roughness, c 
is the lateral correlation length, and a is a fraction between 
0 and 1 that is related to the fractal dimension of the 
surface.28 This form of correlation function treats the sur- 
face as rough (i.e., a self-athne fractal) on a short scale, but 
smooth on a large scale. Such a correlation function is said 
to have a long-wavelength cutoff. A consequence of the 
cutoff is a characteristic two-component transverse profile: 
an instrument limited peak in the specular direction and a 
clearly separable diffuse background. A protile from a sur- 
face that, on the other hand, had self-athne roughness for 
all length scales would appear as a single smoothly varying 
function peaked in the specular direction. 

Figure 3 shows rocking (transverse) scans through the 
tifth-order Bragg peaks of samples 1 and 2 and through the 
third-order Bragg peak for sample 3 using il= 1.54 A, 
along with fits to these data. The measurements consist of 
two-component profiles, a sharp central spike at the Bragg 
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condition corresponding to the specular reflection and a 
broad peak arising from diffusely scattered x rays. The fit 
parameters are a,,, , the rms amount of vertically corre- 
lated roughness, & the lateral correlation length of the 
vertically correlated roughness, and a. All fits use a= l/2. 
The results of the fitting are cr~,=1.25*0.2 A and 
{=60%20 A for sample 1, a,,=l.l=l=O.2 h; and 
5==80&20 A for sample 2, and a,,,,=O.8*0.2 A, and 
{= lOO=t20 8, for sample 3. The magnitudes for correlated 
roughness derived from this analysis do not account for the 
total interfacial roughness. The remaining roughness can 
be accounted for by including a component that is ran- 
domly correlated vertically through the film. Such a com- 
ponent might arise from interdiffusion or nonaccumulating 
mistakes in replicating interfacial roughness. The magni- 
tude of the uncorrelated component can be derived from” 

a2 -2 -darn random- total (2) 

Another possibility is that while the roughness is well cor- 
related vertically, the correlation is not perfect. Partially 
correlated roughness would contribute less diffuse intensity 
in the plane of the Bragg condition and our analysis would 
set a lower limit on its magnitude. 

Transverse scans through the first-order Bragg peaks 
of samples 1, 2, and 3 using ;1= 13.0 A, A= 10.6 A, and 
il= 13.5 A, respectively are shown in Fig. 4. The scans 
have the same general appearance as those for /1= 1.54 A, 
showing a central peak and a diffuse background. The 
main difference is that the diffuse component is relatively 
much weaker for these measurements than for those using 
A.= 1.54 b. The first diffraction order is attenuated much 
less by roughness than a higher order and consequently a 
smaller fraction of the specular-beam intensity is trans- 
ferred into the diffuse background for a first order. Fits 
calculated using the specified values for /z are plotted as 
solid lines. The results of the Ming are a,,,= l.OkO.2 A 
and c=703t20 A, a,,=O.95*0.2 A and g-90*20 A, 
and a,,,= 1.2AO.2 A and {=100*20 A, values that are 
in basic agreement with the hard-x-ray results. 

The depth probed by the different wavelengths can be 
estimated using values for the attenuation coefficients29 of 
W and C. We use the depth at which reflected intensity is 
reduced to l/e of its unattenuated value as a measure of the 
depth sampled. Interfaces below this depth contribute little 
to the reflectance; Interfaces located above this depth will 
contribute, with the top interfaces contributing most 
strongly. The value of the l/e depth will depend on the 
diffraction conditions. For the soft-x-ray measurements at 
the first diffraction order, the l/e depth is -200 A for all 
the samples. For the Cu Ka measurements through the 
fifth order for samples 1 and 2 and the third order for 
sample 3, this depth is greater than 3000 A. The total 
thicknesses of sample 1 ( -800 A> and samples 2 and 3 
( - 1600 A) are larger than the l/e depth, 200 A, for soft 
x-rays. Thus, with the soft x rays only interfaces in the 
upper l/4 (l/S) of the tilm thickness for sample 1 (sam- 
ples 2 and 3) are being probed. For the il= 1.54 b; mea- 
surements, the l/e depth is greater than the sample thick- 
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ness and all interfaces contribute significantly to the 
reflected intensity. The independence of wavelength, in the 
measurements, of the inter-facial roughness values is strong 
evidence that the interfacial roughness is not changing 
through the film. 

The results of our x-ray characterization explain why 
such fihns perform well in soft x-ray imaging applications. 
First, the small magnitude of the total interfacial rough- 
ness keeps the attenuation of the specular reflection low, 
even for short-period multilayers. Second, although verti- 
cally correlated roughness makes a significant contribution 
to the total roughness, it occurs primarily for short wave 
lengths (as shown by the small values of the lateral corre- 
lation length). Consequently, diffuse intensity is scattered 
at relatively large angles and so will be excluded by aper- 
tures in optical systems. The absence of long-wavelength 
correlated roughness arises because interfaces are smooth 
at these length scales. The power spectrum, the Fourier 
transform of the height-height correlation function, can be 

3 ‘; 0.060 
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2 0.060 

FIG. 3. Rocking (transverse) scans using A.= 1.54 A. The solid curves 
are theoretical fits. (a) Sample 1 (a=20 d=36.7 A): scan through the 
iifth-order (28= 12.04”) Bragg peak. Fit parameters are a-= 1.25 A, 
{=60 A, and a= l/2. (b) Sample 2 (N=55 d=30.46 d;):scau through 
the fifth-order Bragg peak (26=14.56’); o,,=l.l A, S=80 A, and 
a= l/Z. (c) Sample 3 (N=70 d=23.0 A): scan through the third-order 
Bragg peak (26= 11.55’); u,,=O.8 A, t= 100 A, and a= l/2. The data 
are plotted on linear scales magnified so that the details of the diffuse 
component are emphasized. The peak intensities are normalized to one. 

used to make quantitative statements about the scattering 
strength in various wavelength ranges. For an exponential 
correlation function, the power spectrum is a Lorentzian 
with a full width at half-maximum that depends on 5. Us- 
ing c= 10 nm, a typical value for sputter deposited W/C, 
we integrate the power spectrum over various frequency 
ranges. Converting frequency to wavelength, we find that 
90% of the mean square roughness due to vertically cor- 
related roughness arises from wavelengths~in the 10-1000 
nm range. We have no information about the power spec- 
trum of the random component. However, it is only the 
diffuse scattering arising from the correlated roughness 
that contributes significant intensity in the vicinity of the 
specular reflection at the Bragg conditions. 

It is always possible that roughness exists on lateral 
scales much larger than can be resolved by the instrument. 
However, because we observe a two-component transverse 
profile, the roughness must cut otf (or at least be greatly 
reduced) at long wavelengths, i.e., in the range of 1000 nm 

6162 J. Appl. Phys., Vol. 74, No. 10, 15 November 1993 Savage et al. 6162 

Downloaded 27 Aug 2010 to 148.6.178.100. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



0.004 

-3 '?I 

w I 
Ei 0.003 

3 
d 

yj 0.002 
N 

;? ! 

I! 0.001 

iz 
i 

0.000 4-d dIllI! I 
-0.04 " ' 

.-7--f- -0.02 0.00 0.04 
(a)' 

sx(a 4) 0.02 

0.004 7 

3 j *A 
2 0.003 
a, 

2 1 7 
-I 

.J/ 
0.000 L?-?&, , 

-0.04 -0.02 
T-:i.rT,:>&im 

0.00 0.02 0.0 I 
(b) sx(a -I) 

and beyond. It is unlikely that any such large-scale rough- 
ness would arise as a result of the growth process. For the 
experimental conditions reported here, features with size 
or separation on the scale of 2.0 pm should be resolvable. 
This number is arrived at from the width of the central 
peak measured with Cu Ka. 

In summary, we have characterized interfacial rough- 
ness of W/C multilayers using A= 1.54 A, and A in the 
range of 10-13 A. We extract quantitative values for the 
amount and lateral correlation length of the vertically cor- 
related roughness and find that the values are relatively 
independent of the wavelength. This is interpreted to mean 
that interfacial roughness is changing very little’ or not at 
all with depth into the film. It is of course, very likely that 
the outermost interface is considerably rougher than inter- 
nal interfaces, because of the possibility of oxidation or 
corrosion. It is dangerous to draw conclusionsX3 on average 
interfacial roughness from outer-surface roughness. Fi- 
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FIG. 4. Rocking (transverse) scans through the first-order Bragg peak 
using soft x rays. The solid curves are theoretical fits. (a) Sample 1 
(n=20 d=36.7 d;): scan with /2=13.0 A, 20=20.4”; 0,,=1.0 A, 5=70 
&anda=1/2. (b) Sam le2 (N=55d=30.46b;):scanwithL=10.6& 
28=14.56* (I =0.95 1 , { 90 A, and a=1/2. (c) Sample 3 (N=70 = 
d=23.0 .&j: sn with A= 13.47 b;, 20=33.98’; u-= 1.2 A, g= 100 A, 
and a= l/2. 

nally, we conclude that characterization of the perfor- 
mance of soft x-ray optical elements can be performed us- 
ing hard x-rays for films where the interfacial roughness 
does not change through the film. However, there is no 
a priori way of knowing whether roughness changes. Char- 
acterization with soft x rays in the range of desired oper- 
ation of the optical elements and comparison with hard 
x-ray measurements can provide a direct answer. The mul- 
tilayer films reported on here, because roughness is not 
varying with depth, can be useful for all energy ranges 
without correction for changing mean roughness. This for- 
tunate circumstance is likely not to be general, as the pos- 
sible buildup of roughness depends on a number of kinetic 
parameters in film growth. Through comparisons such as 
the ones described here, it should be possible to establish 
for a variety of materials combinations and process param- 
eters that define when a sample roughens and when it does 
not. 
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