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A series of W/C multilayer films sputter deposited on Si(100) substrates with total thickness
ranging from 400 to 6400 A and bilayer period from 20 to 160 A were examined to

explore the variation of interfacial roughness and interfacial roughness correlation with film
thickness and period. The films were characterized with x-ray diffractometry. Average
interfacial roughness is obtained from conventional (6,28) scans, while information on
roughness correlation is extracted from rocking-curve (transverse-profile) analysis.

The magnitude of the roughness is found to depend more on bilayer period than on total film
thickness. The observations suggest that interfaces retard the evolution of surface

roughness and that thin “restarting” layers may be used to control the growth morphology of

thin films.

I. INTRODUCTION

Control of interfacial roughness and its correlation
from interface to interface in multilayer thin films is of
both practical and fundamental interest. Film properties
that depend on the quality of individual interfaces or that
depend on the overall perfection of the artificial one-di-
mensional crystal (multilayer film) will be controlled by
the interfacial quality. Knowledge of the interfacial rough-
ness, i.e., its magnitude, its lateral length scale (wave-
length), and the relationship of roughness at one interface
to that at subsequent interfaces, will lend insight into the
fundamental processes involved in film growth and is
needed if one is ultimately to control roughness in multi-
layer devices.

Interfacial roughness has technological applications in
many multilayer systems, e.g., magnetic multilayers, semi-
conductor multilayers for electron transport or light-emit-
ting devices, or x-ray optical elements. For semiconductor
materials, interfacial roughness affects both electrical and
optical properties. Here, it is of particular interest to know
the lateral scale of the interfacial roughness because, for a
given amount of roughness, the effect on both the electrical
and optical properties will depend on its wavelength. For
magnetic multilayers, a precise knowledge of interfacial
roughness is needed to understand details of long-range
magnetic coupling. For soft-x-ray optical elements, reduc-
tion of interfacial roughness is crucial. It is well known
that interfacial roughness attenuates the specular reflectiv-
ity from multilayer soft-x-ray mirrors.! In addition, corre-
lated roughness, i.e., that which is replicated from the ini-
tial substrate through the subsequently deposited layers,
will cause diffusely scattered radiation to be concentrated
in a halo around the specular beam. This “figure-error”
will limit the contrast for imaging applications.? This paper
concentrates on the type of material combinations suitable
for these x-ray optical elements, and in particular W/C
films. A future publication will concentrate on semicon-
ductor multilayers.
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Traditional methods used to study interfacial rough-
ness in multilayer films include x-ray diffraction (XRD)
and cross-sectional transmission electron microscopy
(CTEM). The average interfacial roughness can be in-
ferred from XRD measurements of the integrated specular
reflectivity as a function of the angle of incidence or the
wavelength. Measurements of the specular reflection give
no information on how roughness is correlated. High-res-
olution CTEM gives details or the structure of individual
interfaces on the microscopic scale, including evidence for
interdiffusion and chemical reaction. However, informa-
tion on the magnitude of interfacial roughness on length
scales shorter than the film’s cross section is lost due to
averaging inherent in transmitting through the film.* This
averaging also limits the technique’s ability to study rough-
ness correlation from interface to interface. There is addi-
tionally the possibility that artifacts may arise in the cross-
sectioning of a sample.’

Information on roughness correlation can be obtained
from measurements of the angular distribution of diffusely
scattered x rays. We have outlined methods by which such
information can be obtained and interpreted.® In the
present work we use these methods to analyze the influence
of several growth parameters on interfacial roughness. We
study a series of W/C multilayers deposited on Si(100),
varying independently the total film thickness and the in-
dividual layer spacings. In addition, we examine the effect
of an initial carbon “buffer” layer, which has been sug-
gested as a smoothening layer.’

The outline of this paper is as follows. In Sec. II, we
briefly review aspects of surface and interfacial roughness
and their relation to film growth. In Sec. III, we provide
details of the experiment, followed by a summary of the
theory required to analyze the data in Sec. IV, results in
Sec. V, a discussion of the implications in Sec. VI, and a
brief conclusion in Sec. VIL.
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i1. SURFACE AND INTERFACIAL ROUGHNESS: A
BRIEF REVIEW

The evolution of surface roughness during growth is by
definition a nonequilibrium process, i.e., one must have a
supersaturation of vapor in order for a film to grow. Be-
cause of this, surface roughness will be determined in part
by kinetic limitations, a competition between various rates.
Other factors will also be important, including the initial
substrate roughness and chemical reaction between adspe-
cies and substrate.

Interfacial roughness is related to surface roughness in
that the same kinetic limitations are present during the
growth of an individual layer as in a single film. In the
simplest case, with no chemical reaction or interdiffusion
between layers, the interfacial roughness of a given layer is
simply the surface roughness of a film with the thickness of
the individual layer deposited on a substrate with the
roughness of the previous layer.

A. Single-layer roughness

For single-layer thin films, surface roughness is ex-
pected to depend on the total film thickness.® For films
deposited close to equilibrium conditions, the film mor-
phology at steady state is ideally independent of initial
substrate morphology but reflects only the competition of
different kinetic processes. In the simplest example, the
evaporative deposition of a material onto an initially per-
fect single-crystal substrate of the same material, rough-
ness arises from the competition between the arrival rate of
the deposited species and its diffusion rate.’ In this case,
roughness can only increase or reach some steady-state
value as, for example, in the molecular-beam epitaxy
(MBE) growth of Si on Si. If, on the other hand, the
substrate is initially rough, smoothening can initially occur
as is observed for MBE grown GaAs on GaAs( 100).19 For
such a system, the lateral diffusion length of the deposited
species is larger than the initial lateral length scale of the
substrate roughness, allowing depressions to be filled in.
The steady-state morphology is again determined by the
competition between arrival and diffusion rates: the rough-
ness may be low or high although the morphology is gen-
erally smoother than the initial surface. Such films are
called buffer layers.

If films are deposited at conditions far from equilib-
rium, film morphology for evaporated films is described
qualitatively in terms of three zones depending on the ratio
T/ T, where T is the substrate temperature and T, is the
deposited material’s melting temperature.!! A transition
zone between zones 1 and 2 is added in order to describe
sputter-deposited films.'? The effect of pressure is also in-
cluded, with films grown at higher pressures having more
porous structures. The morphology for growth in zone 1,
T/T)<0.3, is characterized by a columnar fine-grain mi-
crostructure. In zone 2, T/T), between 0.3 and 0.5, col-
umns are larger due to increased surface diffusion. Finally
in zone 3, T/T,>0.5, there is sufficient mobility for grains
to recrystallize and the columnar structure is lost. For
growth in zones 1 and 2 shadowing by raised regions of the
film can also contribute to the evolution of roughness.'®
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Studies of surface morphologies of films grown in con-
ditions in zone 1, with the deposit incident normal to the
substrate, show a self-similar behavior, i.e., film morphol-
ogy appears similar over many orders of magnitude of
magnification. Eventually, however, at low enough magni-
fication, the film will appear smooth. In other words, there
is a maximum roughness wavelength, which has been
found to scale with film thickness. For example, for the
growth of pyrclytic graphite the lateral scale of the rough-
est features, i.e., the roughness with the longest wave-
length, was found to increase as 73 where ¢ is the film
thickness.* Such behavior has been predicted by a range of
growth models.>!>1® In such models the local lateral scale
of the roughness, £, increases initially as £« and the
local width of the interface region, w, increases as w« P
Here B8 is the growth exponent and o is an exponent that
characterizes the roughness for surface roughness that is
described as self-affine. For these models, ¢ is typically i
and B ranges from ~ j to 3.

B. Multilayer roughness

How might this picture change for a multilayer sys-
tem? Consider a film comprised of alternate layers of ma-
terials A and B. In the limit that A and B are indistin-
guishable as far as the growth process is concerned, one
would expect the interfacial roughness to scale with the
number of layers deposited in the same way as surface
roughness scales with film thickness. If, as is more likely, A
and B have different growth behaviors, the situation be-
comes more complicated. As each layer is deposited, a
species must first nucleate on a substrate of the opposing
species or, for amorphous films, diffuse along that substrate
until a favorable sticking site is found and then, as the
substrate fills in, grow on itself. Interdiffusion or chernical
reaction between the species may also occur.

The interfacial roughness in an A/B combination may
be controlled by some intrinsic property such as an inter-
facial reaction between the two species. If this were true,
the interfacial roughness would be relatively independent
of the bilayer period. An interfacial roughness that is rel-
atively independent of bilayer period has been suggested as
the reason short-period x-ray mirrors are inefficient reflec-
tors. If the interfacial roughness is a constant independent
of layer thickness, it would make a proportionately greater
contribution to the individual layer thickness for short-
period films and thus affect their reflectivity more than it
would that of thicker films. A second possibility is that
interfacial roughness is controlled by the evolution of in-
dividual layer morphologies. If so, the bilayer period
should have 2 strong effect. This latter possibility is sup-
ported by evidence that individual-layer grain size and
crystallinity depend strongly on the layer thickness. Both
of these possibilities allow for different roughness of the
A/B and B/A interfaces. Finally, each layer must be
grown on the outer surface of the prior layer deposited,
and not on an ideally smooth substrate. Each of these sur-
faces will have some roughness. It is here that the question
of roughness correlation arises, i.e., how is the roughness of
one interface related to that of the next?
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C. X-ray optical multilayers

Work characterizing the structure and roughness of
multilayers suitable for soft x-ray optical applications has
focused on the microstructure of the layers themselves, the
uniformity in thickness, the rms roughness of the inter-
faces, and the contribution of reacted zones to roughness.'’
Much of this work has been on W/C multilayers. The
conclusions relevant to our present study are discussed
here. For sputter deposited films, individual layers of W
and C within a multilayer film are found to be “amor-
phous” for layer thicknesses below ~40 A. These films are
grown at temperatures less than 1/10 of their melting
points and at pressures sufficiently low that their expected
growth morphology is in zone 1 or in the transition region
between zones 1 and 2. Thus, an amorphous or fine poly-
crystalline structure is expected. Below a mean deposition
thickness of 8 A, W has been found to grow as discontin-
uous layers,’ implying the formation of amorphous three-
dimensional (3- d) clusters. For layer thicknesses greater
than ~40 A the W layer is found to be
microcrystalline.>'®!® These results indicate that W atoms
have some mobility in films at these deposition tempera-
tures.

The structure of interfaces has been studied with sev-
eral techniques. Results using high-resolution CTEM im-
aging and electron diffraction on magnetron sputter depos-
ited W/C films grown on Si(100) show evidence for
interfacial roughness replicated through the film.2’ The
replicated roughness was more evident in areas of the sam-
ple that were the thinnest in cross section. Interfaces ap-
peared smoother in thicker areas due to averaging through
the sample. Petford-Long et al,,”! also using high-resolu-
tion CTEM on ion beam deposited films, found evidence
for different structure in alternate interfaces. They ob-
served that the W-on-C interface was significantly rougher
than the C-on-W one and contained crystallites of WC.
This is in apparent contradiction with in situ ellipsometry
and grazing x-ray diffraction results on rf-sputter deposited
W/C films, which suggest that the W-on-C interface is
abrupt while the C-on- W one is diffuse, containing an in-
terdiffused 4 A region.??

The thickness dependence of the crystallization of W
layers supports the proposition that the individual-layer
thickness has a strong influence on layer morphology and
consequently interfacial roughness. In light of this depen-
dence, it is not surprising that alternate interfaces may
have different amounts of roughness.

l1l. EXPERIMENT

In this section we outline details of sample preparation,
followed by a discussion of the diffraction apparatus used
to characterize the films. We give specific details on the
different diffraction geometries used to extract interfacial
roughness and interfacial roughness correlation.

A. Deposition

Multilayer films were deposited in a dc magnetron
sputter deposition system with a base pressure of 310~
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Torr. Substrates were loaded on a rotary table and passed
alternately over C and W sources. The sputtering gas was
Ar with a partial pressure during deposition of 5 mTorr.
Deposition is nominally at room temperature, although the
substrates may reach 100°C for some deposition condi-
tions. The resultant growth rates, with the table stationary,
were 0.9 and 1.8 A/s for C and W respectively. Layer
thicknesses were controlled by varying the table speed. For
all samples, the C and W layer thicknesses were chosen to
be approximately equal. The Si(100) wafers used for sub-
strates were prepared by rinsing in ethanol. Other treat-
ments such as oxide removal with subsequent reoxidation
were found to give rougher substrates.

To examine the effect of film thickness on interfacial
roughness, a series of films with a 40-A bilayer period was
deposited, varying the number of bilayers, N. We chose
values of N == 10, 20, 40, 60, 80, and 160.

In a separate set of depositions samples were grown
with bilayer periods, d, of 20, 40, 80 and 160 A, fixing the
number of layer pairs deposited at N = 40. Here the thick-
ness of the sample is changing with the period but com-
pansons can be made with films of equal thickness with a
40-A period from samples in the first set of deposmons In
addition, samples with N = 10 and a 160-A period were
produced to compare directly with the N =40, d =40
samples.

Finally, films with an initial 500-A carbon layer fol-
lowed by an N = 40, d = 40 multilayer film were deposited
to examine the influence of carbon as a smoothening layer.
Also a film with an initial 20-A W layer followed by a
400-A C buffer layer, and an N =40, d = 40 multilayer
was prepared to test whether an initial W wetting layer is
useful.

B. X-ray diffraction measurements

Measurements of the specular intensity versus angle of
incidence and measurements of the distribution of the dif-
fusely scattered intensity around the maximum in the spec-
ular intensity (the integral diffraction orders satisfying
Bragg’s law) were used to determine the magnitude of the
interfacial roughness and the degree of interfacial rough-
ness correlation. The measurements were carried out using
a conventional two-circle x-ray diffractometer. The angle
between the source and sample (@) and the angle between
the source and detector (26) can be varied independently
and are stepper motor controlled to an accuracy of 0.001°.,
The source is a Cu Ka x-ray tube and the detector incor-
porates a graphite monochromator set to detect Cu Kc
radiation. The source is defined by slits of 0.03° width
within the plane of diffraction while the detector aperture
slits are set to subtend an angle of 0.01°. Relative intensities
are determined by normalizing to the primary-beam inten-
sity.

Three different types of measurements were made: con-
ventional (6,28) scans, rocking-curve scans (with a nar-
row detector aperture, sometimes called transverse-profile
scans) and offset-(8,20) scans. Each probes the intensity of
scattered x rays in different cuts through reciprocal space.
In the (6,20) geometry, the portion of the specularly scat-
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tered intensity subtended by the detector is measured as
the incidence angle is varied. The size of the detector can
be varied to include more or less intensity, but the conven-
tional measurement is with a wide detector, so that an
integral intensity is measured. This is, of course, a cut
through reciprocal space normal to the surface. The rock-
ing curve is made by rocking the sample, varying o, while
holding the source and the detector fixed. In this measure-
ment the detector aperture is small so that the scattered
intensity along a radial cut with radius equal to the mag-
nitude of the momentum transfer vector, |S|
= 41 5in(6) /A, is sampled. For small rocking angles, the
diffracted-beam intensity distribution parallel to the sur-
face is obtained. Offset-(8,20) scans are accomplished by
collecting a (6,20) curve with the sample intentionally
misaligned by a small angle. The resultant cut in reciprocal
space is nearly normal to the surface. It probes the distri-
bution of the diffusely scattered intensity normal to the
surface while missing the contribution from the strong
Bragg peaks.

IV. THEORY AND DATA ANALYSIS

In this section we review the methods used to extract
interfacial roughness and roughness correlation from the
x-ray diffraction measurements and illustrate them with an
example. Modeling the intensity scattered in the specular
direction gives information about the average multilayer
structure normal to the surface. The location of diffracted
peaks gives, of course, the film period. The average struc-
ture of a bilayer pair then modulates the intensity of these
maxima in an analogue to the single-slit envelope function
for a 1-d diffraction grating. By examining the modulation
various details about the average bilayer structure can be
inferred. The ratio, I", of the W layer thickness to the film
period thickness determines the periodic modulation of
peak intensities. Interfacial roughness appears as an overall
reduction of intensity, with higher orders being reduced
preferentially. Additional information on bilayer structure,
i.e., the difference in roughness in alternate B/A, A/B in-
terfaces can also be obtained and will be discussed later.

While the magnitude of the average interfacial rough-
ness can be obtained from the specular intensity, no infor-
mation is gained on how it is correlated. It is by probing
the spatial distribution of the diffusely scattered intensity
that information on both lateral and vertical roughness
correlation can be inferred.

A. Specular reflectivity

The (8,28) scans show the decay of intensity with dif-
fraction order that is typical of such measurements. Mea-
surements are fit using a recursion approach.? Initially, we
assume that all interfaces in a multilayer film are equally
rough. The outcome of the fitting is then the root mean
square (rms) interfacial roughness, o, which can also be
thought of as the interface width. The value obtained will
depend on the choice of the functional form of the inter-
facial roughness used in the model. For example, given an
interface with a Gaussian distribution of interfacial
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heights, the probability, P(A — (k) ), of finding the height,
h, different from the average interfacial height, (4}, is

— (h— (h))?
P(h—<h>)=TCXp—(‘7-ﬁ (1)

With this assumption for the interfacial roughness distri-
bution, the resultant intensity (in the kinematic limit) has
a dependence on the magnitude of the rms roughness, o,
that is identical to the well known Debye-Waller attenua-
tion of intensity in thermally excited systems,

I(S) = I, exp( — S%0?), (2)

where S is the momentum transfer vector,
S, = 4w (sin 6)/A is its component perpendicular to the
surface, and o can be identified as the static equivalent of
the vibrational amplitude (#?). In other words, (6,20)
scans will show an attenuation with diffraction order that
reflects a “static Debye—Waller factor”.

Functional forms of interfacial roughness different
from the Gaussian of Eq. (1) will give rise to a different
attenuation of the specular intensity with diffraction order,
but otherwise the treatment is identical.?* For different
functional forms, a fit to experiment produces different val-
ues of the interfacial roughness. The more appropriate the
functional form is to the actual roughness, the better the fit
will be for all diffraction orders. .

In a real system it is unlikely that successive interfaces
are identically rough. During growth, roughness may build
up or decay as additional layers are deposited. At grazing
geometry the sampling depth for a (6,26) scan will in-
crease significantly with diffraction order. If roughness in-
creases during growth, the first order will be preferentially
attenuated because it originates from near the top of the
film where roughness is greatest.

There is no reason to believe that the growth of W on
C should give the same interfacial roughness as the growth
of C on W. The possibility of unequal roughness in alter-
nate interfaces is explored in a later section.

B. Diffuse reflectivity

All W/C multilayers that were examined show a mea-
surable diffusely scattered halo concentrated around the
Bragg reflections of the multilayer, indicating the presence
of roughness correlated vertically from interface to inter-
face through the film.® The spatial distribution of the dif-
fuse intensity is obtained through a combination of trans-
verse (rocking) scans and offset-(6,26) scans. These scans
are analyzed the extract both lateral and vertical roughness
correlation.

We begin by considering vertical roughness correla-
tion. Figure 1 shows both a conventional and an offset-
(6,20) scan through the 2nd and 3rd orders of a W/C
multilayer. An offset angle of 0.5° insures that only diffuse
intensity is probed in the offset scan. Both curves show
peaks at the multilayer Bragg conditions with essentially
the same shapes, a signature of vertically correlated rough-
ness (Ref. 6 can be consulted for a discussion of the essen-
tials of the measurement). The off-specularly scattered ra-
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FIG. 1. Comparison of a (6,20) scan (solid) through the 2nd and 3rd
orders of an N = 40, d = 40 Aw/C mutlilayer with an offset-(6,20) scan
(dashed, times 200) through the same range, where the offset angle,
Aw = 0.5° Both scans show peaks at the Bragg conditions. The offset scan
probes the distribution of the diffusely scattered radiation nearly normal
to the surface; hence the observation that the peaks in the offset scan have
approximately the same shapes as in the specular scan shows the presence
of vertically correlated roughness.

diation from different interfaces interferes constructively at
these conditions. We also note that the intensity of the
diffusely scattered radiation increases with increasing order
relative to the specular-beam intensity. This behavior is
expected because roughness attenuates the specular-beam
intensity increasingly with increasing order, redistributing
the intensity into the diffuse background.

If interfacial roughness had been uncorrelated from
interface to interface, the diffuse intensity would have been
distributed in reciprocal space uniformly normal to the
surface and not concentrated at the Bragg conditions. The
measured peak intensity of the diffuse component would be
reduced because it would be distributed over a much larger
volume in reciprocal space. We do not rule out the possi-
bility that such a component of roughness is present in
addition to the vertically correlated roughness, but its con-
tribution to the diffuse intensity in the plane of the Bragg
condition is negligible for the films examined. Another pos-
sibility is that roughness is only partially correlated from
layer to layer. Differences from perfect vertical correlations
will show up in differences in the shape of the offset curve
compared with that of the specularly diffracted beam (i.e.,
differences in the shapes of the curves in Fig. 1).2° As
mentioned these are small in the W/C samples in this in-
vestigation.

From the above discussion it is justified to treat the
diffuse intensity in the transverse scans as arising from
vertically correlated roughness. This allows for a simplified
analysis of the transverse scan by reducing it to what is
essentially a surface roughness problem.

The procedure for fitting the transverse scans has been
described previously.® We treat the multilayer interfacial
roughness as a structure factor modulating the intensity of
a perfect multilayer stack. The structure factor is generated
by considering the scattering from a single interface, e.g., a

3287 J. Appl. Phys., Vol. 71, No. 7, 1 April 1992

vacuum-surface interface. A rough surface can be charac-
terized by specifying a height-height correlation function.
We follow the approach of Sinha et al.?® by using a trial
function, calculating the resultant transverse profile, and
comparing with a measured curve. We assume that surface
roughness is isotropic. The form of the correlation function
is chosen as

(h(r—RYA(N) = g expl — (|RI/E)*],  (3)

where oy, is the rms value of the vertically correlated
roughness, £ is the lateral correlation length, and « is a
fraction between 0 and 1 that is related to the fractal di-
mension of the surface.?’ This form of correlation function
results from treating a surface as locally rough but having
an rms roughness independent of the probe size for dis-
tances much greater than the correlation length. It is
equivalent to treating roughness as self-affine for small sep-
arations, but with a roughness cutoff for larger distances.?
This means that the average surface plane is well defined
and unchanging over these same distances. For fractal or
self-affine roughness at all dimensions the rms roughness
will increase with the area probed. The angular distribu-
tion of the intensity scattered from a surface with cutoff
roughness can be separated into a sum of two parts, an
instrument-limited beam in the specular direction, and a
diffuse background. For surfaces with unbounded rough-
ness, the scattered intensity cannot be separated in this
way.?

Because our measurements are made on a diffracto-
meter with slits sufficiently long to integrate over the dif-
fuse peak in the direction along the slits, we must integrate
that intensity along the same direction in our model cal-
culations. For a choice of a = 1 and integrating over S, the
scattered intensity can be solved analytically and written

a32 8

f I(S)dS, = 2w, exp( — S20%,.) / sﬁ(zms(sx)

2 26(S%07
» 3

COrr)m 1
T & Tm(m) (1+s§§2/m2))'
(4)

To fit with experiment, the model curve must be convolved
with a function representing the broadening due to the
instrument. In addition, other corrections are needed that
take into account the 3-d nature of the scattering problem.®
One is the correction for the changing pathlengths x rays
travel in the sample. X rays are more strongly absorbed at
the extremes of the rocking curve, reducing the scattered
intensity at these angles. A second correction is for the cut
through reciprocal space, which is radial and so not strictly
parallel to the Bragg plane. Both of these effects cause the
diffuse component of the transverse scan to appear more
peaked than would be predicted using Eq. (4). The effect
due to absorption is the stronger but is lessened for trans-
verse scans of higher diffraction orders. A third correction
is for the changing area of the incident x-ray beam on the
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sample. Transverse scans plotted in reciprocal units, e.g.,
Figs. 3, 6, and 8, have been normalized to the incident-
beam area.

The method outlined above is used to fit the shape, but
not the absolute intensity, of the transverse scan. A knowl-
edge of the influence of the various parameters on the cal-
culated profile shape allows one to find an optimal fit rap-
idly. For a given S,, the ratio of the integrated intensity in
the central peak to that of the diffuse background will

depend only on the value of the o, and can be written

JFI(S)spec dedSy _ exp[ — (aS,)2]
SI(S) giftuse 4S,dS, — {1 — exp[ — (aS,)*1}"

The width of the diffuse peak is inversely related to the
lateral correlation length. Thus, a sample with a relatively
short-wavelength interfacial roughness will have a wider
diffuse component than a sample with a longer-wavelength
roughness. The shape of the diffuse component will depend
on the power spectrum of the interfacial roughness, which
is reflected in a. As a is reduced from 1 intensity is dis-
tributed more to the wings of the diffuse component while
keeping its width relatively unchanged.

We have discussed how the average interfacial rough-
ness can be obtained from measurement of the specular
reflectivity and how both the magnitude and lateral corre-
lation length of the vertically correlated roughness can be
obtained from the transverse scans. This information can
finally be used to estimate the magnitude of vertically ran-
dom roughness using the relationship®

02 - Oéorr‘ (6)

random — Ytotal

(s

V. RESULTS

We will discuss the results of the measurements in
three sections. The first is concerned with the effect of total
film thickness, the second with individual-period thickness,
and the third with the effect of a carbon buffer layer.

Our main interest here is in examining changes in the
roughness from sample to sample. Thus, the various sim-
plifying assumptions used in the model, i.e., that the inter-
face width can be described with a Gaussian distribution
and that the average interfacial roughness is not varying
with sample depth, should not be a limiting factor. For
example, even if roughness is changing throughout the
thickness of a film, comparing scans taken with similar
geometries from different samples will show relative differ-
ences between them.

A. Roughness versus number of layers

In Fig. 2, we show a series of (6,20) scans and theo-
retical fits from films in which d is nominally 40 A and N
is 10, 40, and 160. No single value of o, fits all orders.
Typically, a larger o, is needed to fit the lowest orders.
We fit higher orders preferentially. This was done for sev-
eral reasons. First, the values of the higher orders are much
more sensitive to the roughness. By comparing them, dif-
ferences from sample to sample show up more readily.
Second, fitting to the higher orders overestimates the in-
tensity of the first order by 10 to 20%, which can be caused
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FIG. 2. A series of (6,208) scans and theoretical fits (dashed lines) for
samples with a nominal period of 40 A and a varying number of bllayers
(a) N =10, fit parameters: d = 394 A I' =0.51, and o\, = 2.7 A. (b)
N = 40, fit parameters: d = 38.2 A, T =052, and O =27 A. (c) N

= 160, fit parameters: d = 38.9 &, ' = 0.51, and o0,,, = 3.4 A. Note that
five diffraction orders are visible in each scan, showing that roughness is
varying only slightly with ¥. The theoretical curves were made assuming
equal roughness in all interfaces.

by other factors, while fitting the first order preferentially
predicts intensities for the highest orders that are too low
by orders of magnitude. There are several possible causes
for a reducticn in intensity of the first order, including
long-range waviness of the sample beyond the limits of
resolution of the diffractometer, preferential outer-surface
roughness, or an increasing roughness with thickness. The
first two possibilities reduce the first-order intensity while
affecting the higher-order intensities only slightly. Fitting
preferentially to the higher orders would in these cases
reflect more accurately the true interfacial roughness. Even
if the last possibility is the cause of the reduction of the
first-order intensity, the roughness values extracted from
the fitting are still useful for comparisons between films.
The roughness can be thought of as representing an aver-
age roughness over the volume sampled, which is different
for each diffraction order. The volume sampled can be es-
timated using the linear adsorption coefficients for W and
C, and calculating the film thickness that will attenuoate x
rays scattered from an interface at this depth by 1/e. Using
this criterion, the depth sampled for Cu K|, is on the order
of 600 A for 20 =1.2° and on the order of 3200 A for
20 = 12°. The 20 values are typical for first and fifth orders
scattered from a 40-A period film. Fits were made match-
ing integrated intensities rather than peak intensities be-
cause the instrument broadens measured peaks.

The main observation we make for these data is that
there is little change of the interfacial roughness, o, with
N, ie., the total film thickness. The value of o, varied
from 2.7 to 3.4 A with no clear trend with N. If instead the
first order is fit preferentially the average roughness ranges
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FIG. 3. A transverse (rocking) scan through the Sth order of the sample
in 2(b) and theoretical fits bracketing the measurement. The solid trian-
gles are calculated using @ =3, 0, = 1.55 A, and & =180 A. The solid
triangles are calculated using @ = 3, 0.y =2.2 A, and £ =15 A. The
solid sq‘zares (best fit) are calculated using @ =3, Oy, = 1.8 A, and
£=30A.

from 4.3 t0 6.0 A for these films, again with no clear trend
versus V. The magnitude of I, the thickness of a W layer
divided by the period thickness, is also determined from
the fitting and for these films was ~0.51.

We used the fitting to explore the effect of choosing
unequal roughness values for the W/C interfaces and the
C/W interfaces. The main result of unequal roughness is to
wash out the intensity modulation that arises due to I". For
I' = 0.5 and equal roughness even orders are suppressed.
Unequal interfacial roughness builds up these suppressed
intensities, particularly for the higher orders. For these
films, fits show that the difference in roughness between the
two types of interfaces can be no more than 0.5 A. The
effects of unequal roughness will be discussed in more de-
tail in the next section.

In Fig. 3 we show an example of a transverse scan
through the 5th diffraction order for the N == 40 sample of
Fig. 3. The profile is made up of two components and is fit
with the theory described previously. Fits varying o, and
£ for a = } that bound the measured profile are plotted. We
see that the fit is quite sensitive to the magnitude of the
parameters.

We summarize the fitting results in Table I. The total
interfacial roughness is observed to vary from sample to
sample, but increased roughness is at best only slightly
correlated with increasing N. A larger total roughness is
associated with larger correlated roughness, suggesting
that variations in substrate roughness replicated by the film
may be the cause.
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TABLE 1. Summary of the results of fitting the specular reflectivity
(6,20) curves and rocking curves for a series of W/C samples with a
nominal bilayer period of d =40 A, varying the number of bilayers N.
The results show only slight variations of the total interfacial roughness
and the correlated interfacial roughness with N.

Sample Description ototal (A) ocorr. () £(A)

B120790 N =10, d =394 2.7 1.8 30
I =0.515

A041990 N =20,d=237.1 2.7 1.7 80
I =0.515

B021291 N =40,d=1394 3.3 2.65 100
[ =051

B112090 N =40, d=38.2 2.7 1.85 45
T =0513

A042490 N =40,d=136.6 2.8 1.8 80
L =0513

A042090 N =60,d =374 2.8 1.85 100
T =0.515

A042390 N =80,d =382 2.9 2.0 90
I =0.515

A021491 N =160, d=38.9 3.4 2.6 100
r=052

B. Roughness versus period

In Fig. 4, we show (6,20) scans for films with N = 40
and a period d equal to 20, 80, and 160 A. We also show a
scan with N = 10, d = 160 A. From the corresponding fits
it is seen that the roughness of the d = 20 A film falls in the
range of that observed for the d =40 A films. The d = 80
A film also falls in the range, but at the high end. The
d =160 A films show a significant increase in roughness.

Log(Intensity)

VRIS YU TR DS OO YOS SO NS VU U VURE YAUUN SN Y G WA T S WA TS SN SN SN T N

(d)

T T T T P T T I T T O Ty T T ey ey
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20 (degrees)

FIG. 4. A series of (6,26) scans and theoretical fits (dashed lines) for
samples with varying periods. (a) N =40, d=20.0 A, fit parameters:
I'=0.53 and 0,,, = 2.6 A. (b) N=40, d=281.8 A, fit parameters: I
=0.45, 03y = 3.0 &, and oy = 4.2 A. (c) N =40, d = 166 A, fit pa-
rameters: I' = 0.41, 0y, = 5.0 A, and Tgtot = 6.0 A (d) N=10,d =165
A, fit parameters: " = 0.41, Opor = 4.5 A, and 05, = 5.5 A. The scans in
(c) and (d) show diffraction orders only to 20 < 9.9° consistent with their
high interfacial roughness. Fits in (b)—(d) were obtained with alternate
interfaces having different roughness values oy, and oy,
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FIG. 5. A series of theoretical curves generated for N = 10, d = 165 A,
and I = 0.41 showing the effects of allowing the roughness of alternate
interfaces to be unequal. (a) o0y, =4.8, oye =48, (b) 0oy =4.5,
Oyor = 5.5, (€) Oy = 4.2, Oy = 6.5. All three curves show a modula-
tion of intensity due to I" at the low orders. Increasing the difference in
the roughness between alternate layers reduces the modulation preferen-
tially at the higher orders.

The fit was improved for the d = 80 and 160 A data if
interface roughness values for W/C (o) and C/W
(0y) Were allowed to be unequal. In Fig. 5 we show a
series of theoretical curves generated by varying the differ-
ence between W/C and C/W roughness for a d = 160 A
film. The main result is that increased differences wash out
the modulation due to I, as previously discussed. We note
that differences in roughness between alternate layers show
up more readily when many diffraction orders are present.

In Fig. 6, we show transverse scans taken at similar
values of S, from N = 10, d = 160 A and N =40, d = 40
A multilayers. It is seen that the diffuse background is
significantly stronger in the d = 160 A sample, implying
that the vertically correlated roughness is also larger. The
lateral correlation length is similar for both samples, show-
ing no strong trend with period.

We summarize both the correlated and total roughness
measurements for these samples in Table II. The main
observation we make here is that both the absolute values
of the vertically correlated roughness and the total rough-
ness are significantly larger for the largest-period samples.
We note that the relative interfacial roughness, the ratio
0,/d, decreases with increasing film thickness.

C. Effect of a buffer layer

In Fig. 7, we show a (6,20) scan from an N = 40,
d=40 A sample deposited on a 500-A C buffer layer. In
addition we show a scan from an N = 40, d = 40 A sample
deposited on a 400-A C buffer layer deposited on a 20-A W
layer. Both show a large increase in roughness compared
with the samples in Fig. 1. Only three diffraction orders are
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FIG. 6. Transverse scans and theoretical fits (solid triangles) showing the
period dependence of the vertically correlated roughness. (a) N =

d =165 A, through the 12th-order peak (20 = 6.452°), best-fit parame~
ters: @ =73, Goory = 3.0 A, £ =100 A, (b) N=40d = 38. 2A through the
3rd-order peak (20 = 6.957°), best-fit parameters; a = 2, Oeorr = 1.6 A
and £ =80 A. The two films have the same total thickness but the larger-
period film shows significantly greater correlated roughness.

TABLE II. Summary of the results of fitting the specular reflectivity
(6,20) curves and rocking curves for a series of W/C samples with fixed
number of bilayers, N = 40, varying the bilayer period d and also samples
with N = 10 and d = 160 A. There is a trend of increased total interfacial
roughness and increased vertically correlated roughness with increased
bilayer period. The values of o), and 0, represent the total roughness
in alternate interfaces.

o total (A)

Sample Description Tliors Tatot o corr (A) §(;&)

A050790 N =40,d=19.6 33,33 2.5 90
r=053

A040390 N =40,d =200 2.6, 2.6 1.4 50
r'=0.54

A050290 N=40,d=2818 3.0, 4.2 2.0 110
I =045

A041790 N=40,d=156 5.8, 7.0 49 175
=041

B110691 N=40,d=166 5.0, 6.0 4.5 60
' =0.41

A021391 N =10, d=154 5.0, 6.0 4.0 100
r=041

A120790 N=10,d=165 4.5, 5.5 31 90
=041
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FIG. 7. Plots of (8,20) scans (solid) and theoretical fits (dashed lines)
from a N = 40, d = 40 multilayer deposited on: (a) a 500-A C buffer
layer with o, = 6.3 A and (b) a 400-A C buffer layer on a 20-A W layer
with 0, = 5.5 A. Only three diffraction orders are observed as opposed to
five in Fig. 2, as result of the increased interfacial roughness.
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FIG. 8. Transverse scans and theoretical fits (dashed lines) through the
3rd-order peaks of the multilayers shown in Fig. 7. (a) 500-A C buffer,
best-fit parameters: @ =3, 0o = 5.9 A, and £=200 A. (b) 400-4 C
buffer layer on top of a 20-A W layer, best-fit parameters: a = %,
Ooore = 5.0 A, and £=125 A. The intensity scale is linear. The diffuse
background is large in both situations; in (a) the specular components of
the scattered intensity is almost in the noise.
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observable. The sample with the 500-A buffer layers has
the greater interfacial roughness. The large increase in to-
tal roughness is mirrored in an increase in the vertically
correlated roughness as is shown by transverse profiles
(Fig. 8) taken through the third diffraction orders that
were plotted in Fig. 7. The specular component for the
sample with the 500-A C buffer layer is nearly gone. The
sample with the 400-A C layer has less correlated rough-
ness but the diffuse intensity is still much larger than for
corresponding samples with no buffer layer [Fig. 6(b)].
Note that Fig. 6 is a log scale while Fig. 8 is linear.

VI. DISCUSSION

We summarize here the main trends observed in this
study. (1) Both the vertically correlated and total rough-
ness are relatively independent of total film thickness in the
range studied, 400 to 6400 A, if the individual layer thick-
ness is fixed (i.e., the number of bilayers, NV, increases).
(2) Both the vertically correlated roughness and the total
roughness increase significantly when the thickness of lay-
ers increases while the total thickness is fixed. (3) The
presence of a 500-A sputter deposited C “buffer” layer
greatly increases both correlated and total roughness in
subsequently deposited multilayers. (4) The uncorrelated
roughness changes much less than the correlated rough-
ness for all samples. (5) The roughness difference between
W/C and C/W interfaces is estimated to be on the order of
20%.

We begin by considering the dependence of interfacial
roughness on total film thickness, i.e., on the number, N, of
bilayers deposited for fixed individual layer thickness. For
the thinnest sample, [N = 10], 0,,; =2.7 A and for the
thickest, [N = 160], g,,, = 3.4 A. The evolution of rough-
ness of a single film with thickness is expected to follow a
growth law W« 2, where w is the interface width (the rms
roughness), ¢ is the thickness, and f is the growth expo-
nent. Various theoretical predictions of the growth
exponent'® range from } to 1. If one assumes that the vari-
ation in total roughness from 2.7 to 3.4 A is real and uses
the values in the interface roughness power law, one ex-
tracts an exponent of only ~0.1. This value is quite small
and furthermore such a model cannot explain the depen-
dence of the interfacial roughness on period or the effect of
the buffer layer.

A second possibility is that there exists a source of
roughness that is independent of the film thickness. This
source could then obscure the component of roughness
that increases with film thickness, giving an artificially low
exponent. Two possible contributions to constant rough-
ness are substrate roughness replicated through the film
and uncorrelated roughness such as would arise due to the
interdiffusion between consecutive layers. Varijations in
substrate roughness would appear as differences in the cor-
related roughness. For these samples correlated roughness
behaves in the same way as total roughness, ranging from
1.8 to 2.6 A for the same samples. The influence of inter-
diffused layers would show up in roughness uncorrelated
from layer to layer, which can be estimated from the above
using Eq. (6) and ranges from 2.0 to 2.2 A. We see that
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both contributions to the total roughness vary little, if at
all, with & and that changes in o, are accounted for with
changes in 0. The observed slight increase in o, with V
is within the range of values of o, found in different films
deposited with N =40 and d = 40 A, as shown in Table I,
suggesting that variations in substrate roughness are the
likely cause for the scatter in the data. Even though the
existence of a total-thickness-independent component that
masks a weak increase in total roughness could explain the
N variation data, it cannot explain the large increase in
roughness when the individual-layer thickness varies.

The most likely possibility is that the presence of the
interfaces suppresses the increase in roughness that would
occur if one were growing a single thick layer. One could
imagine that at each interface the process for generating
roughness would have to be restarted. This possibility im-
plies that both the interface width and the lateral scale of
the interfacial roughness depend primarily on the layer
spacing and not the total film thickness, a result we suggest
may be applicable to other multilayer composites. It also
implies that kinetic growth roughness might be controlled
with periodic thin “‘restarting layers.”

The results of the C buffer layer support this conclu-
sion. There is more carbon deposited in a multilayer than

tha huffar lavar

+
I.ll the bufier layer. initial O layar incoraacas gionit

Tha 16
The initial C layer increases signifi-
cantly the magnitude of both the total and the correlated
roughness relative to the maultilayer film without a buffer
layer. This observation can be explained if the C layer is
viewed as an initially rough substrate that is then copied by
successive layers. The large increase in replicated rough-
ness due to the presence of a C buffer layer confirms that
roughness increases more rapidly in a single layer than for
a similar amount deposited in a multilayer.

The marked dependence of the roughness on the indi-
vidual-layer thickness is further evidence that roughness
that develops during the growth of an individual layer (as
opposed to purely replicated roughness) contributes
strongly to the average interfacial roughness. Both the total
interfacial roughness and the correlated roughness are in-
creased for the 160-A period films. It is possible that one
layer type (i.e., either W or C) dominates in creating
roughness. We know that C gets rougher and that W crys-
tallizes for films thicker than ~40 A. Hence, we expect
that both contribute to the increasing roughness in thicker
layers, but cannot at this time say which is more impor-
tant.

How can we reconcile our proposal that the evolution
of roughness is restarted in the growth of each successive
layer with the observation that a significant portion of the
roughness is vertically correlated? Consider the W and C
are chemically quite different species. It is probable that
the diffusion lengths of the two species on each other will
differ. The species that can diffuse farther before being in-
corporated into the film may fill in the short-wavelength
scale roughness of the opposing film, smoothening the
layer. Continued deposition of these species will generate
roughness with relatively long wavelengths. At the start of
growth of the opposing species the substrate will appear
flat on the short-wavelength scale. During the growth of
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this film some of the long-wavelength roughness will be
copied while new, local, short-range roughness is gener-
ated. As this process proceeds with the deposition of addi-
tional layers the alternating smoothening and roughening

nracaccae will cantinue with tha lancar.wavalanath ranch.
PTOCCESSES Wi COMUNUC Wilil the 10N ELT=-WavCiCligaud 10Ugn-

ness being propagated. This picture is, of course, highly
idealized and can be complicated with the addition of other
factors. These can include the possibility of interdiffusion
between layers, the question of the wetting behavior of the
deposited films (nonwetting coupled with some lateral mo-
bility of the deposited atoms would cause clustering), and
the question of the effects of energy distribution (for sput-
tered films) of the incoming atoms on the growth (massive

atnme with hioch Linatin anaray fran nanatrate inta tha ma.
ailUIs wilil 1igiil RiCul CriCi gy Cail plliciiae il uil iia=

trix of the lighter material®®).

VIi. CONCLUSIONS

We have demonstrated that probing the intensity dis-
tribution of both specular and diffusely scattered x rays is
a powerful way to characterize interfacial roughness and
interfacial roughness correlation in multilayer films. We
use a kinematic diffraction model of the transverse profiles
(rocking curves) to extract both the magnitude and lateral
correlation length of vertically correlated roughness for
W/C films sputter deposited on Si(100) with varying
thickness and periods. These measurements have given in-
sight into the evolution of interfacial roughness. We pro-
pose on the basis of our results that the presence of the
interfaces in a multilayer retard and/or modify the evolu-
tion of roughness that would occur in a film without inter-
faces.

Our measurements on thick C buffer layers, in addition
to pointing out that C does not act as a smoothening layer,
contrary to some previous work, suggest a new way to
probe surface roughness. Instead of attempting to measure
this surface roughness directly, either through synchrotron
x-ray diffraction or with STM, it is possible to deposit a
replicating multilayer structure on this film and measure
the roughness as done here.
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