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A model is presented to describe the evolution of thin-film surface morphology during growth and ion
erosion. Characteristic in-plane length scales and overall amplitude of the roughness are studied as a function
of certain competing roughening and smoothing mechanisms. Particular attention is paid to the deposition
method of growth followed by ion erosion of an excess layer thickness. The model is extended to the case of
multilayers, to include roughness correlations between different interfaces. Specular and diffuse x-ray-
scattering measurements on Mo/Si multilayers are interpreted in terms of the model. Quantitative agreement
between the model and the experimental data can be obtained if we assume viscous flow to be the dominant
smoothing mechanism during ion erosion of the Si layers.@S0163-1829~96!09539-2#

I. INTRODUCTION

Integrated circuits, optical coatings, magnetic tapes, and a
host of other products of modern technology require the ca-
pacity to deposit thin films. The usefulness of such coatings
depends heavily on the nature of the surface morphology,
i.e., on its height variations, or roughness. Clearly, this de-
pendence is even stronger for multilayers, which exist by
virtue of a high number of interfaces. It is therefore impor-
tant to understand and possibly control the development of
the surface of a growing film.

Thin films do not form smooth surfaces under all deposi-
tion conditions. Therefore, planar film growth is often pro-
moted by introduction of some energy into the growing film,
either by substrate heating or by particle beams, usually con-
sisting of energetic ions. In sputter deposition, these ions are
a byproduct of the sputtering of primary target material, but
in cross-beam sputter deposition and ion-beam-assisted
deposition, the ion beam is specifically directed at the grow-
ing surface. This is also true for the technique of ion polish-
ing, pioneered by Spiller1 and by Puiket al.2 for the deposi-
tion of x-ray multilayer mirrors. In this technique, deposition
of a layer is followed by ion-beam erosion of a certain excess
thickness of the layer until the desired final thickness is
reached. Thus, the steps involving growth and ion-beam ero-
sion are separated in time. The process has been called ion
polishing because, under certain optimum conditions, surface
roughness was found to be reduced as a result of the sputter-
ing. In previous work we have measured amplitudes3 and
in-plane length scales4 of the roughness of ion-eroded Mo/Si
multilayer interfaces. Here we present a model to account for
the effects of ion erosion on surface roughness and we inter-
pret previous and new results in terms of this model.

Several roughening and smoothing effects have been
identified that can occur during deposition or ion erosion of a
layer. Roughening mechanisms include shot noise in the ar-
rival or removal rate of particles5 and geometrical shadowing
of the incident particle beam by surface features.6 Shadowing
will be ignored in our calculations, assuming slopes on the
surface to be too small for it to occur. The variation in sput-
ter rate with surface curvature7 is a third roughening effect,
specific for ion erosion. Smoothing mechanisms include sur-

face diffusion,8 evaporation-recondensation~assuming no net
mass change!, and bulk diffusion.8 We will not incorporate
the latter two mechanisms, for simplicity as well as for lack
of experimental observation of their importance. Smoothing
by viscous flow of noncrystalline materials9 was demon-
strated as a result of ion bombardment10,11 on SiO2. The
surface effect of viscous flow is activated by the ion beam,
which creates defects in the solid, and driven by the surface
tension, which tends to minimize surface curvature.

In our model, we closely follow the derivation and termi-
nology of the growth model of Stearns12,13 and Spiller,
Stearns, and Krumrey,14 who also generalized the description
of surface morphology to the case of multilayers. This means
that we assume growth to occur only in the direction perpen-
dicular to the~average! surface. The more general case of
growth along the local surface normal was treated by Kardar,
Parisi, and Zhang.15 For relatively smooth surfaces, however,
this simplification will be valid. Our inclusion of smoothing
and roughening mechanisms differs from that of Stearns and
Spiller, but is equivalent to the treatment by Mayer, Chason,
and Howard.16 Thus, roughness is introduced by shot noise
in the deposition rate, and by variations in the ion-erosion
rate with surface curvature. Smoothing mechanisms in our
model are surface diffusion and viscous flow. The latter is
only taken into account during ion erosion.

There have been numerous measurements of surface
morphologies,17 using a variety of techniques such as x-ray
and electron reflectivity, scanning tunneling microscopy
~STM! and atomic force microscopy~AFM!, ellipsometry,
and electron microscopy. The work most closely related to
ours includes a number of x-ray-reflectivity studies on
multilayers,14,18,19 ion-eroded SiO2,

16,20 and Ge ~Ref. 21!
surfaces, as well as STM studies of ion-eroded
graphite.22,23,24Although ion polishing has been used quite
successfully to reduce surface roughness,3,25–28 no specific
study has been done to explain the effects observed. Spiller,
Stearns, and Krumrey,14 in the analysis of their data, inten-
tionally averaged over the effects of growth and ion polish-
ing that we want to separate.

In our experiments we have used x-ray scattering, which
is one of the techniques that can probe the relevant length
scales in the problem of surface roughness. In many areas of
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materials research, on solids,29,30 liquids,31–33 and liquid
crystals,34 diffuse x-ray scattering has been used to gain in-
sight into the lateral distribution of surface roughnesses. The
technique has the advantage that it is nondestructive, that it
can probe relatively large sample areas~of the order of a few
mm2!, and that all interfaces of a multilayer can be probed
simultaneously. The latter property of x-ray scattering makes
it sensitive to correlations between roughness at different in-
terfaces, but it also complicates the extraction of detailed
information on specific interfaces of a multilayer. Further-
more, the information obtained is in reciprocal space, not
real space.

This paper is divided into a theoretical and an experimen-
tal part. In Sec. II, we introduce the basic equations to de-
scribe surface morphology. Next, we explicitly describe the
separate steps of growth and ion erosion, in terms of this
model. We study the effect of variation of the excess layer
thickness, and the effect of varying the relative strength of
roughening and smoothing mechanisms during growth and
ion erosion. More specifically, we study the development of
characteristic length scales and overall amplitude of the sur-
face roughness. We find predictions for optimum deposition
conditions. The extension to the case of multilayers is made,
which includes calculation of correlations of the roughness at
different multilayer interfaces. The experimental part of this
paper, Secs. V–VII, is concerned with diffuse x-ray-
scattering measurements, to determine the in-plane size dis-
tributions of the roughness of several Mo/Si multilayers,
grown with and without ion-beam erosion. The results are
interpreted in terms of the model introduced in the theoreti-
cal part.

II. BASIC MODEL EQUATIONS

Consider a growing film on a perfectly flat substrate with
a surface normalẑ. Suppose that particles with a volumeV
arrive at random positions. The surface profile of the film at
time t is described by a functionh(x,y,t), whereh is the
surface height at a position (x,y). The surface height is mea-
sured with respect to an arbitrary reference plane, also with a
surface normalẑ. With respect to a fixed frame, the average
surface heightd ~5layer thickness! is given byd5Rt, where
R is the deposition rate. During ion erosion,R will have a
negative value. The surface profileh(x,y) has a spatial fre-
quency spectrumh~q!, and the two are connected by Fourier
transform. For simplicity, we assume a roughness distribu-
tion that is independent of azimuthal anglec, so that we can
reduce the description to one dimension. Thush~q!5h(q),
whereq52p/r and r a distance in an arbitrary direction in
the (xy) plane. The surface profileh(q) at a certain time
t1dt is connected to the profile at timet by the recursion
relation

hd1dd~q!5a~q,dd!hd~q!1h~dd!1dd, ~1!

where we have made the time dependence implicit by the
transformationdd5Rdt. The replication factora(q,dd)
@5a(q,Rdt)# accounts for propagation of surface features
through the new layerdd. Any physical model assumptions
are contained in the functiona(q,dd). The termh is a
frequency-independent~i.e., ‘‘white’’ ! noise term in the
deposition rate, proportional tot. We will choose the plane

of the average surface, at any given timet, as our reference
plane. In other words, we measure the height deviations
rather than the absolute values, and we removedd from the
right-hand side of Eq.~1!.

One can define the power-spectral density~PSD! of the
height variations on the surface as PSD(q;d)
[^hd(q)hd* (q)&, where the brackets denote an average over
an ensemble of statistically equivalent surfaces. The Fourier
transform of the PSD~with respect to the spatial coordi-
nates!, is the height-height correlation functionC(r ,d) of the
surface. Given the basic relation of Eq.~1!, and the assump-
tion that the shot noise in the particle arrival rate is described
by Poissonian statistics, it was shown by Spiller, Stearns, and
Krumrey14 that the power-spectral density can be expressed
as a function of film thicknessd and spatial frequencyq as

PSD~q;d!54V
12exp@22b~q!d#

2pb~q!
, ~2!

whereb(q) is defined bya(q,d)5exp@2b(q)d#.
We must define the functionb(q) now by the choice of

description of the inclusion of smoothing and roughening
mechanisms. Here, we deviate from the description of
Spiller, Stearns, and Krumrey. Following the approach used
by Mayer, Chason, and Howard, we write

b~q!5Vq2Kq21Dq4. ~3!

Smoothing by viscous flow is modeled by the term inb(q)
proportional toq.9 The proportionality constantV is equal to
g/Rhv , whereg is the surface tension andhv is the coeffi-
cient of viscosity. The frequency-dependent roughening ef-
fect of sputter-yield variations with surface curvature7 is in-
cluded by the term inb(q) proportional to q2. The
proportionality constantK is dependent on the angle of inci-
dence of the ions,u, and the azimuthal anglec. For simplic-
ity we will assume no dependence onc, so that we can keep
the calculations one dimensional, but following the model of
Bradley and Harper,7 this can easily be changed if necessary.
The third term in Eq.~3!, proportional toq4, describes
smoothing by surface diffusion.9 The proportionality con-
stantD is given by

D5
DsV

2rsg

RkT
, ~4!

with Ds the surface diffusion constant,rs the number of
atoms per unit surface,k the Boltzmann constant, andT the
absolute temperature. During growth, the values ofV andK
are set to zero. For clarity we will derive results in the rest of
this paper by treating the cases of smoothing by surface dif-
fusion and viscous flow separately. There is no a priori rea-
son why they should not occur simultaneously, but the dif-
ferences between their effects can thus be demonstrated more
clearly.

One can also write down an expression for the PSD of a
layer grown on a rough substrate:

PSDtot~q,d!5PSDint~q,d!1a2~q,d!PSDsub~q!, ~5!

where the total PSDtot(q,d) is composed of a contribution
PSDint(q,d), the intrinsic PSD of the film grown on a per-
fectly smooth substrate, and PSDsub(q), the PSD of the sub-
strate. The latter is attenuated by the replication factor
squared [a2(q,d)].
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Because the PSD is connected by~spatial! Fourier trans-
form to the correlation functionC(r ), we can write down a
straightforward relation between the rms roughnesssrms and
the PSD:

C~0!5s rms
2 5

1

4p2 E
2`

` E
2`

`

PSD~q!d2q

5
1

2p E
0

`

qPSD~q!dq, ~6!

where we have made use of the fact that the roughness is
assumed isotropic in the surface plane. It is important to note
that any value ofsrms, when found in experiment, is always
determined by the resolution of the measurement. The instru-
ment will have some lower and upper frequency limits that
must be used in the integration in Eq.~6!. For x-ray-
scattering measurements, the lower frequency limitqmin will
be determined by the coherence length of the x-ray beam. In
STM and AFM experiments, it will be limited to the fre-
quency corresponding to the maximum scanning range.
Physically, the upper limit can never exceed a value of
qmax'p/l , wherel5A3 V, the basic particle~atom! size.

III. GROWTH AND ION EROSION

Now we extend the equations of the preceding section, in
order to explicitly account for the temporal separation of
growth and ion bombardment in the ion-polishing technique.
Unless stated otherwise, we assume thatK is very small. We
can rewrite Eq.~5! for the PSD of a final layer thicknessd as

PSD~q,d,Dd!5exp@22bi~q!Dd#

3V
12exp@22bg~q!~d1Dd!#

2bg~q!

1V
12exp@22bi~q!Dd#

2bi~q!
, ~7!

where the subscriptsg and i denote values during growth
and ion erosion, respectively. The first term on the right-hand
side of the equation describes how the roughness, resulting
from growth of a layer of thicknessd1Dd, is attenuated
@througha(V,K,Di ,Dd)# by ion erosion of the excess layer
Dd. The second term describes the intrinsic roughness that
results from the ion erosion of a layer of thicknessDd. Thus,
the layer after growth is treated as the substrate for the sub-
sequent ion-bombarded layer of thicknessDd. The PSD of a
layer of given thicknessd now depends on the excess layer
thicknessDd and on the value ofbi(q) with respect to
bg(q). In order to be useful, the smoothing during ion ero-
sion must outweigh the~inevitable! roughening during
growth and ion erosion of a layer of thicknessDd.

Using Eq.~7!, we calculate a number of typical trends in
the PSD upon variation of its parameters. We start with the
development of the PSD as a function ofDd. In the calcula-
tion d andV can be fixed at arbitrary values~they will sim-
ply scale the results!. We plot the results in Fig. 1.

The two main characteristics that we observe are a reduc-
tion in the PSD at large frequency~and an increase at low
frequency!, and an increase of the characteristic lengthj of
the PSD with increasingDd. This a typical result as long as

the ratioDi /Dg is chosen larger than unity and the effect of
K is small. Asymptotically, the value ofj will be determined
by growth or ion-erosion parameters only:j(Dd→0)
52pA4 2Dgd and j(Dd→`)'2pA4 2DiDd or j~Dd→`!
'4pVDd. In other words, for a very small excess layer, the
ion erosion will hardly have changed the surface, whereas for
very largeDd, the layer will have ‘‘forgotten’’ its state be-
fore the ion bombardment. We have also plotted the result
for one very large value ofK. In that case, a characteristic,
dominating frequency, is seen in the power spectrum of the
roughness.

As a result of the differentq dependence ofb(q) on V
andD, there is an important difference in the shape of the
resulting PSD, depending on the dominant smoothing
mechanism. We consider two layers with the same rms
roughness. In the one case, the layer was smoothed by vis-
cous flow only, and the other case by surface diffusion only.
In Fig. 2 we plot the power spectrum for both cases. We see
that the result of viscous flow with respect to surface diffu-
sion is a larger characteristic lengthz and a slower power-
law falloff at largeq, with a power of 1 instead of 4.

Next, we calculate the rms roughnesssrms as a function of
Dd. Thus, we explore the magnitude and limits of the
smoothing effect of ion erosion. We will do so for the case of
smoothing by surface diffusion, but the same qualitative re-
sults can also be found for smoothing by viscous flow. In the
calculation, we useqmax51 Å21 andqmin51025 Å21, which
are realistic values for the upper and lower frequency cutoffs.
The results for different ratios ofDi /Dg are plotted in Fig. 3.
As expected, we see no smoothing ifDi /Dg is smaller than
or even equal to unity and increased smoothing with increas-
ing Di /Dg , for values larger than unity. We see that for each
value ofDi /Dg.1 there is a certain optimum excess layer
thicknessDdopt, a result that had already been found in
experiment2 and that can be derived analytically as well.35

For largerK, the same result is found, qualitatively, except
that the minimum ofsrms, as a function ofDd, is less deep
and more pronounced. For every largeK, there will be no
smoothing effect left.

FIG. 1. Double-logarithmic plot of the power-spectral density
function PSD vs spatial frequencyq for different values ofDd.
Fixed parameters areDg51 Å3 andDi510 Å3, V527 Å3, d5100
Å, V50, andK50.01 Å. ~a! Dd50 ~d!, ~b! Dd510 Å ~1!, ~c!
Dd5100 Å ~j!, ~d! Dd5100 Å,K50.5 Å ~3!.
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IV. MULTILAYERS

We extend the calculations to the case of multilayers. The
PSD of the first layer is found by applying Eq.~7! and is
subsequently used as the substrate PSD in Eq.~5!. This way,
we can calculate the PSD,srms, andDdopt for each of the
layers.

One can also calculate the power spectrum of correlations
in the roughness of different interfaces. As was shown by
Stearns,12 we can define the PSD of roughness correlations
between interfacesi and j ~with i> j ! as

PSDi , j~q!5^hi~q!hj* ~q!&5 (
n50

j

cincjnPSDint,n ,

with ckn5 )
l5n11

k

al~q,d!, ~8!

where the intrinsic roughness of interfacen, as given in
PSDint,n is assumed to be uncorrelated with theintrinsic
roughness of interfacek, for kÞn. Thus, the correlations are

found by adding the propagated contributions from all inter-
faces up toj , being the lower one ofi and j . One can also
define a functionP(q) as the sum of correlations from allN
interfaces:

P~q!5(
i50

N

(
j50

N

PSDi , j~q!. ~9!

In Sec. V D, it will be shown that under certain conditions
P(q) is proportional to the diffusely scattered x-ray intensity
I (qr) for q5qr . Here,qr is the component of the scattering
vector parallel to the surface.

In Fig. 4, we show the development of the rms roughness
of a Mo/Si multilayer as a function of layer number. We
make use of model parameters that we extracted from fits to
experimental data~rms roughness values only! in previous
work.3,35 For the ion-eroded multilayer, the smoothing effect
is almost entirely due to the ion erosion of Si. Therefore, the
Mo-on-Si interfaces have a lower roughness than the Si-
on-Mo interfaces, but either type of interface is seen to have
a rather constant roughness from substrate to surface. The
roughness of the interfaces of the multilayer that was not ion
eroded is seen to increase steadily with increasing layer num-
ber.

From fits to rms roughness values alone, no conclusions
can be drawn as to the dominant smoothing mechanism dur-
ing ion erosion. But, when we compare the two extreme
cases of smoothing caused by surface diffusion only, and
smoothing caused by viscous flow only, we see a large dif-
ference in the shape ofP(q). In Fig. 5, we plotP(q) as a
function of q. Clearly, the effect of viscous flow is seen at
much smallerq than that of surface diffusion, as we saw
before in Fig. 2. More importantly, plotted on a log-linear
scale,P(q) is virtually a straight line~proportional to2q!
for the case of smoothing by viscous flow, whereas surface
diffusion will yield a line shape proportional to2q4.

FIG. 2. Double-logarithmic plot of PSD~q!, with s51 Å for
both calculations. The different curves represent the two extreme
cases of~a! smoothing caused by surface diffusion~d!, and ~b!
smoothing caused by viscous flow~3!.

FIG. 3. Roughness as a function of the excess layer thickness
Dd, for a number of values ofDi /Dg . Fixed parameters areV50,
K50.01 Å, d5100 Å, andV527 Å3. The different curves repre-
sent~a! Dg5Di51 Å3 ~d!, ~b! Dg51 Å3, Di52 Å3 ~1!, ~c! Dg51
Å3, Di510 Å3 ~j!, and~d! Dg51 Å3, Di510 Å3, andK50.35 Å
~3!.

FIG. 4. Development of the rms roughnesssrms of a Mo/Si
multilayer as a function of layer number. Fixed calculation param-
eters aredMo525 Å, dSi535 Å, VMo520.4 Å3, VSi513.0 Å3,
Dg,Mo50.1 Å3, Di ,Mo52 Å3, KMo50.16 Å, Dg,Si50.9 Å3, Di ,Si

51500 Å3, and KSi50 Å. Plotted are~a! no ion bombardment:
DdMo5DdSi50 ~d!; ~b! ion bombardment of Mo and Si layers:
DdMo5DdSi515 Å ~3!. The lines are to guide the eye. Results
almost equal to those for case~b! are found whenDi ,Si50 and
VSi51.0.
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V. EXPERIMENT

A. Sample deposition

The multilayers were deposited on 10325-mm substrates,
cut from Si~111! wafers from which we did not remove the
native oxide layers. We used an UHV~base pressure 1027

Pa! electron-beam evaporation system.36 All layers were de-
posited at a rate of 0.1 Å/s. The as-grown reference
multilayer will be called sampleA. For ion-beam erosion, we
used a Kaufman source with a 3-cm beam diameter. The
300-eV Kr1 ions were incident at an angle of 45° with the
surface normal, with a flux of 1014 ions/cm2 s. The excess
layer thickness removed from each of the layers after depo-
sition was different for the three ion-eroded samples. The
values we used were 5 Å~sampleB!, 15 Å ~sampleC!, and
30 Å ~sampleD!, corresponding to a fluence of 0.4, 1.2, and
2.431016 ions/cm2 per layer, respectively. The layer thick-
nesses during deposition and ion erosion were controlled by
in situ soft-x-ray reflectivity. For these multilayers the soft
x-ray line used wasC-Ka, with a wavelengthl544.7 Å.
Given the grazing angle of incidence of 25° and the optical
constants of the materials deposited, the Bragg relation gives
an interference period in the measured reflectivity signal of
about 60 Å. Each of the multilayers used in the x-ray-
scattering experiments consisted of ten periods of Mo and Si
layers covered with a 60-Å Si layer to exclude atmospheric
influences on the actual multilayer itself.

B. X-ray-scattering setup

The x-ray generator is an Enraf-Nonius GX-21, operated
at 8 kW maximum power. In the scattering configuration
described below, we obtain a primary beam of 8.43108

photons/incident on the sample. The samples were enclosed
in an evacuated cell to reduce nonsample background scat-
tering to near-dark-count levels of'0.05 c/s. This allowed a
dynamic range of nearly ten orders of magnitude in the mea-
sured intensity, enabling us to probe very small in-plane
length scales.

Details of the scattering configuration are described
elsewhere.37 In brief, it employs a bent graphite monochro-
mator that focuses the beam in the out-of-plane direction

onto the sample. Although both Cu-Ka1 and Cu-Ka2 lines
are selected with this monochromator, the moderate resolu-
tion obtained is dominated by the angular beam divergence.
The incident in-plane beam divergence,Da, is defined by a
slit set between the monochromator and the sample, while
slits immediately before a scintillation detector define the
in-plane detector acceptance,Db. Out of the scattering plane,
all slits are left wide open. Thus, we effectively integrate the
intensity in this direction. For this work,Da5Db50.08° full
width at half maximum~FWHM!. Such symmetric resolu-
tion is advantageous for diffuse scattering measurements, as
opposed to the usual case where the emphasis is on the mea-
surement of the specular signal and typicallyDa!Db. In this
paper, fitted models include a convolution with resolution.

The beam size, in the plane perpendicular to the propaga-
tion direction, was approximately 0.233 mm2 at the sample;
the samples themselves were 25310 mm2. Thus, overfilling
of the sample occurred for incident anglesa<0.5°. In addi-
tion, when the detector angleb@a anda small, the signal
may also be reduced if the beam footprint on the sample is
larger than the sample area visible by the detector. This latter
effect is one possible cause of asymmetry in transverse
sample rocking scans. Both of these geometric effects have
been corrected for in the data shown.

C. X-ray-scattering geometry

In the experiments described, we have taken three types
of scans: Specular reflectivity scans, in which the grazing
angle of incidencea of the x rays is equal to the outgoing
angleb; off-specular scans, where the sample is offset from
the specular condition by a small anglev such thatv5~b
2a!/2; and transverse scans, wherev is varied, but the total
scattering anglea1b is kept fixed. If the wave vectork, with
uku52p/l, and the wave vector transferq5kout2k in are de-
fined, one can derive the reciprocal-space equivalent of these
scans. Specular scans probe only in the direction perpendicu-
lar to the interfaces. The spatial coordinates are chosen such
that the surface normal is alongẑ, and thus specular scans
probe reciprocal space alongqz . From these scans we extract
the spacing of the interfaces and the total interfacial widths.
Off-specular scans probe in bothqz andqr ~in-plane! direc-
tions, and are used to measure the degree of conformality of
roughness at different interfaces. Transverse scans probe
along theqr , i.e., the in-plane direction fora1b small, with
qr5qztanv. They yield the information of most interest to
this experiment. Ata50 andb50, the sample will block the
ingoing and outgoing x-ray beams, respectively. This deter-
mines the maximum scan range in a transverse scan, where
a1b is constant, toqr56qztan@~a1b!/2# ~note that this
restriction does not apply when the detector arm can be
moved out of the reflection plane, such as in standard surface
diffraction experiments38!. In the next section, we show how
transverse scans are connected to the interfacial correlation
function that we are interested in.

All x-ray scattering measurements shown have been nor-
malized to the incident beam intensity. The true specular
signal has been obtained by subtracting the off-specular scan
~offset anglev50.15°! from the raw specular signal. In this
way, the diffuse contribution atqr50 is almost completely
removed. Figure 6 shows specular and off-specular scans for
the four samples with different ion-eroded thicknessesDd.

FIG. 5. Calculation ofP(q) using the same parameters as in
Fig. 4~b!. The different curves represent the two extreme cases of
~a! smoothing caused by surface diffusion~d!, setting Di ,Si

51500 Å3 andVSi50, and~b! smoothing caused by viscous flow
~3!, settingDi ,Si50 andVSi51.0.

10 884 54R. SCHLATMANN, J. D. SHINDLER, AND J. VERHOEVEN



All transverse scans shown have been footprint and back-
ground corrected, and have also been corrected for the
changing illuminated area on the sample during the scan~1/
sina correction!. Background levels were calculated from
points at whicha<0 or b<0. Data around several integer
Bragg orders are shown in Fig. 7. We also measured two
transverse scans from sampleD ~with the largest ion-
bombarded-excess layers!, to check whether there is any an-
isotropy visible in the surface morphology. The scans were
taken with the ion-beam direction in, and perpendicular to
the scattering plane, but no measurable difference could be
found between the two scans. Hence, we conclude that we
can treat the ion-beam erosion as isotropic in the surface
plane.

D. X-ray-scattering theory

To analyze our data, we split the calculated intensity into
a specular and a diffuse part. To fit the specular signal, we
use the recursive dynamical method of Parrat.39 The analysis
of the diffuse part of the x-ray scattering is based on the
formalism developed by Sinhaet al.29 They have shown that
in the first Born approximation for a single surface, the scat-
tering cross section per unit area surface is given by

S~q!5~r eDr!2 e
2qz

2s t
2

qz
2 E E

S0

3dX dY eqz
2C~X,Y!e2 i ~qxX1qyY!, ~10!

where the integral is over the coherence area of the beam on
the sample. The termDr gives the change in electron density
at the interface, andr e is the classical electron radius. A
height-height correlation function, the Fourier transform of
PSD~q!, has been defined asC(X,Y)5^h(X,Y)h(0,0)&, the
brackets denoting a statistical average over the whole sur-
face, whereC(0,0)5s r

2. The total interfacial width is given
by s t

25s r
21s m

2 , wheresr and sm denote roughness and
intermixing contributions, respectively. The intermixing can
be assumed to be uncorrelated, or zero-length-scale rough-
ness. It will not cause backward-diffuse scattering, but it will
lower the specular intensity, which is sensitive to the total
interfacial width. Corrected for geometric factors such as
beam width, sample area, and slit sizes, and convolved with
the resolution function at fixedqz , S~q! is proportional to the
measured intensity as a function ofqr .

We extend the derivation to the case of scattering from
multilayers and account for refraction and absorption by cal-
culating the complex scattering vectors inside the multilay-
ers. Then, if one also explicitly integrates over one in-plane
direction ofq, to account for the fact that the detector slit is
wide open in that direction,29 one can find for the diffuse part
of S~q!

Sdiff~qr !5(
i51

N

(
j51

N

r e
2Dr iDr j

e2 iqzdi j e2qz
2
~s t,i

2
1s t, j

2
!/2

qz
2

3E
2`

`

dr~eqz
2Ci , j ~r !21!e2 iqr r , ~11!

where the double sum runs over allN interfaces, each with a
certain widthst . The termdi j denotes the distance between
the average position of the interfacesi and j . Note that the

FIG. 6. Specular intensity~1! and off-specular~3! intensity at
offset anglev50.15°. Symbols represent measured intensities, solid
lines represent fits. For clarity, off-specular scans have been shifted
downward by an amount indicated in the figure.~a! SampleA, no
ion erosion.~b! SampleB, ion-eroded excess layer thicknessDd55
Å. ~c! SampleC, Dd515 Å; also plotted is an off-specular scan at
offset anglev51.5° ~d!. ~d! SampleD, Dd530 Å.
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specular part of the scattering has been explicitly subtracted
out. The correlation functionC(r ), assuming roughness that
is isotropic in the plane of the interface, now has been de-
fined to include correlations of the heights in one interface,
or between different interfaces:Ci , j (r )5^ui(r )uj (0)&. It
represents the Fourier transform of PSDi , j (qr), which was
defined in Sec. IV. If such cross correlations exist, i.e., if
Ci , j (r ) is nonzero foriÞ j , then the exponential term with
qzdi j as the phase gives the interference between diffusely
scattered amplitudes. Such interference gives rise to ‘‘quasi-
Bragg’’ peaks in the diffuse intensity,18 measured as a func-
tion of qz .

For qzs r!1, we expand the exponential function in the
integrand of Eq.~11!, using only the first two terms. Then, it
can be seen thatSdiff~q! is directly proportional to the power-
spectral density.29 However, at Bragg angles close to the
critical angle for total reflection, i.e., for smallqz , these mul-
tilayers are very strong scatterers for which the Born ap-
proximation breaks down. This means that for the analysis of
transverse scans at lowqz , a dynamical theory, i.e., includ-
ing multiple scattering, is needed. This type of theory was
also developed by Sinhaet al. for a single interface and ex-
tended to the case of multilayers in a significant number of
recent papers, among others by Holyet al.40 This type of
theory essentially involves a calculation of the total electric
field at each of the interfaces, with those values as prefactors

to the integral in Eq.~11!. When the incident or exit angles
equal a lower-order Bragg angle, the electric fields of incom-
ing and outgoing waves have similar amplitudes and add in
phase, and the total electric field, and thus the diffuse inten-
sity, is enhanced. For multilayers, one can then observe
peaks18,41 in the diffusely scattered intensity. It may be im-
portant to note that these peaks, resulting from an enhanced
electric field, show upas a function of qr . They are not the
same as the peaks that result from the correlations in rough-
ness between different interfaces, mentioned in the preceding
paragraph, which show upas a function of qz . Nonetheless,
in transverse scans at largeqz the dynamical peaks are weak,
and we can analyze these scans using Eq.~11!.

VI. RESULTS AND ANALYSIS

A. As-deposited sample

The specular measurement from the reference~as-
deposited! multilayer is plotted in Fig. 6~a!. In previous
work,3,35 we gave a detailed study and discussion of the de-
velopment ofst as a function of layer thickness. There we
found that our best fit to the peaks in the specular measure-
ment was achieved using an interfacial width ranging from 3
Å at the substrate up to 9 Å at the topsurface~see Fig. 4,
where the given growth diffusivity model parameters corre-

FIG. 7. Transverse-scan intensities at a several values ofqz , corresponding to higher-order Bragg peaks, visible in Fig. 6. For clarity,
some curves have been shifted and points beyond the critical angle have been removed for the ion-eroded samples. Symbols represent
measured intensities, solid lines represent calculations using the model explained in the text.~a! As-deposited sample atqz50.66 Å21 ~1!
andqz50.76 Å21 ~3!. The sharp drop in intensity at the critical angle shows that the data are far above background.~b! SampleB, Dd55
Å at qz50.33~j!, 0.54~d!, 0.65~1!, and 0.76~3! Å21. ~c! SampleC, Dd515 Å atqz50.49~j!, 0.59~d!, 0.69~1!, and 0.79~3! Å21.

~d! SampleD, Dd530 Å atqz50.33 ~j!, 0.44 ~n! 0.54 ~d!, 0.63 ~1!, and 0.72~3! Å21.
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spond to surface-diffusion constants of 1022161 and 1021961

cm2/s for Mo and Si, respectively.!
In the off-specular measurement atv50.15°, a weak re-

production of all peaks in the specular scan can be seen. This
indicates some degree of conformality, as we saw in Sec.
V D. Furthermore, the transverse scans taken at peaks up to
qz50.76 Å21 ~corresponding to a scattering anglea1b
510.32°! are virtually constant, whereas a loss of conformal-
ity at shorter length scales would show up as a decaying
intensity at largerqr values in these scans. From this, we
conclude that conformality, i.e., the off-diagonal elements of
the correlation function PSDi , j (qr), must be constant down
to at least the maximum in-plane lengths probed in those
scans: 60 Å.

The transverse scans at highqz values all show an almost
constant intensity versusqr @Fig. 7~a!#. From this, we only
conclude that any model for the interfacial correlation func-
tion that can give a cutoff in reciprocal space, such as that
formulated in a general scaling theory of Kardaret al.,15

could reproduce this measurement, as long as the model pa-
rameters are chosen such that cutoff lies beyond our mea-
suredqr range. The maximumqr value that we probed cor-
responds to a cutoff length of 60 Å. Again, we use the
mobility parametersD of Mo and Si during growth, found
in35 for this sample. Then, we do indeed find a constant PSD
for all qr values probed. Remarkably, we do not see any
influence of the substrate roughness, which might have
shown up as a power-law contribution at smallqr .

33 Appar-
ently, the rms roughness is so small that its influence cannot
be seen in these measurements. We do not probe at very
small qr because we sacrificed high resolution for a larger
dynamic range.

B. Ion-eroded samples

The specular measurements from the ion-eroded samples
indicate that the interfacial width is smaller than that of the
as-deposited sample. The parametersst that we found for the
Si-on-Mo and Mo-on-Si interfaces, by fitting to the peaks in
the measured specular signal, are listed in Table I ass t,Mo
ands t,Si , respectively. One can see more higher-order Bragg
peaks for sampleC than for samplesB andD. In this case,
that is a result of smaller layer-thickness errors rather than of

differences in rms roughness. This also causes the fits to the
specular signal to be quite poor overall, because for a good
fit to all details we have to find the exact position of each of
the interfaces of the multilayer. Nonetheless, this will have
no significant effect on theqr dependence of the calculation
of transverse scans.

The off-specular scans~Fig. 6!, taken at offset angles of
0.15° ~and also 1.5° for sampleC!, for all ion-eroded
samples show a clear reproduction of the interference peaks
that are visible in the specular scan. This means18,42 that
there is some degree of conformality of the roughness be-
tween all interfaces, down to in-plane length scales of less
than 200 Å.

The transverse scans at highqz from these samples@Figs.
7~b!, 7~c!, and 7~d!# show aqr dependence different from the
as-deposited sample. Qualitatively, one can see that the
shorter-length-scale~large qr! roughness is removed more
strongly than the long-length-scale roughness.

A striking feature of all transverse scans from these three
samples is the exponential decay withqr of the intensity
~observed before for sampleC only4!, which is proportional
to Sdiff(qr) in Eq. ~11!. As we saw in Fig. 5, this is a finger-
print of the dominance of viscous flow as the smoothing
mechanism during ion bombardment. It can also be seen that
the slope of the exponential decreases for scans taken at
larger values ofqz . This is a result of the fact thatSdiff(qr) is
not proportional to the PSD, as seen in Eq.~11!. In Fig. 8 we
plot the measured values of the characteristic lengthj of the
exponential decay as a function ofqz . To make a fit to the
reflectivity data, we should perform a normal and inverse
Fourier transform for every value ofi , j , andqr . Therefore,
we derive a simple analytical approximation to the depen-
dence of the line shape on the value ofqz so that we can
extrapolate our measured values toqz50, and simply use the
PSD without any Fourier transform.

We start with the assumption that we only look at trans-
verse scans at Bragg peaks, and that (s t,i

2 1s t, j
2 )/2 is the

same for alli and j . Then the prefactor to the integral in Eq.
~11! is a constant that can be taken out of the double sum.
We will further assume that the correlation function for alli
and j can be written as a function independent ofi and j .
Then, given the fact that the Fourier transform of a Lorent-

TABLE I. Experimentally determined and model values of the rms roughnesss and characteristic length
j0 for the different samples. All numbers are in Å.

Sample

Experimental values

Dd s t,Mo s t,Si s̄ r sm,Mo sm,Si j0

A 0 3→9
B 5 4.4 3.8 2.3 0.0 3.3 44
C 15 5.1 4.0 1.7 2.2 3.8 107
D 30 5.4 4.3 2.6 2.1 4.2 135

Model values
Dd s r ,Mo s r ,Si s̄ r j0

B 5 4.4 1.8 3.1 46
C 15 4.6 1.2 2.9 109
D 30 5.1 1.1 3.1 150
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zian yields an exponential function, our simplest choice is
the following correlation function:

C~r !5
s̄ r
2

11~r /j!2
, ~12!

where s̄ r is the average value ofsr ,i over all interfaces.
Because the double sum of Eq.~11! containsN2/4 terms
proportional tos r ,Mo

2 , N2/4 terms proportional tos r ,Si
2 , and

N2/2 terms proportional tos r ,Mos r ,Si , the average values̄ r
is simply found bys̄ r5(s r ,Mo1s r ,Si)/2.

Although we cannot calculate the Fourier integral in Eq.
~11! analytically with the correlation function of Eq.~12!, we
can make a finite-order expansion of the exponential in the
integral, and then integrate each term analytically. We ex-
pand in (qzs̄ r)

2, and obtain

Sdiff~q!}F~q!5pjqz
2s̄ r

2e2jqr(
k50

n
~qz

2s̄ r
2!k

k! (
l50

k

akl~jqr !
l ,

~13!

wherea0051, a1051/4, a1151/4, etc. Forqzs̄ r!1, we need
only the n50 term, and find an exponential line shape of
Sdiff(qr), with an exponent that is a constant, independent of
qz . However, whenqzs̄ r increases towards unity, as is the
case for much of our data, this first-order approximation
breaks down.

If we also include the next order in (qzs̄ r)
2, thenSdiff(qr)

can be approximated by

S~qr !}e
2jeffqr, ~14!

where we defined

jeff5j0@12 1
4 ~qzs̄ r !

2#. ~15!

A fit through the measured exponents as a function ofqz
yields a value forj0 and s̄ r . These fits are shown in Fig. 8,
and the fit parameters are listed in Table I.

Now we can compare these values to the results of the
growth model. Assuming that the full smoothing effect of
ion-beam bombardment is caused by viscous flow, we should
use the valueVSi5160.2, as found previously.35 The best fit

to the most sensitive observable,j0, is found for a value of
VSi51.2, for all three samples. In Table I we list all model
values, calculated with only that value ofV, and the appro-
priate atomic sizes and layer and excess layer thicknesses.
Thus, usingV5g/Rhv , and inserting the erosion rateR and
a surface tensiong51 J/m2, we find a viscosity value
hv5160.231011 Ns/m2 ~for 300 eV Kr!. This is of the same
order as the~1-keV Xe1!-ion-induced viscosity of Ge, re-
ported recently by Chasonet al.21

Because we determinest from the specular measurement,
andsr through the decay of the exponentjeff as a function of
qz , we can now separate the contributionssr andsm , using
s t

25s r
21s m

2 . The values ofsm that we derive using the fit
parameterss r ,Mo and s r ,Si , are also listed in Table I. We
find that the intermixing width is much larger for the inter-
faces of Mo-on-Si than for Si-on-Mo, which is consistent
with other authors’ findings.43,44As an aside, we remark that
this extraction of physical information from theqz depen-
dence ofSdiff~q! in transverse scans is completely analogous
to the case of scattering from capillary waves on simple liq-
uid surfaces.32 There,Sdiff(qr) decays as a power law, with
an effective power 2h, whereh depends onq z

2 as well as on
the surface tension.

We also calculatedSdiff(qr) numerically, using Eq.~11!
and the correlation function of Eq.~12!. This way, we can
check the validity of the values ofsr andj0 that we obtained
from the analytical approximation. As the fits in Fig. 7 show,
we do indeed find a good fit to the measured intensities for
samplesB andC, but deviations for the scans at largerqz
values of sampleD. Because this sample has the largest
roughnesssr and the largest loss of correlations from one
interface to the next, we assume that in this case our simple
approximation starts to break down.

VII. CONCLUSIONS

We have presented a model for the description of surface
morphology of thin films. Mathematically, we have followed
the derivation of Stearns and Spiller, but we have deviated
from their model when including the roughening and
smoothing mechanisms that operate during deposition of the
film. These were included following Mayer and
co-workers.16

We have modified the model to account explicitly for the
development of surface morphology during growth and sub-
sequent ion bombardment. Physically, the description rough-
ening mechanisms is in terms of shot noise in the deposition
or erosion rate, and slope dependence in the erosion rate.
Smoothing is assumed to be caused by viscous flow and
surface diffusion. Within this model, we have found repro-
duction of earlier experimental observations such as smooth-
ing ~‘‘ion polishing’’ ! and an optimum in the excess layer
thickness. We have also found predictions for the develop-
ment of rms roughness, characteristic in-plane lengths, and
correlations between multilayer interfaces.

We have measured the diffuse x-ray-scattering intensity
from four Mo/Si multilayers, three of which had their inter-
faces ion eroded, the other not. We have found that the main
qualitative difference in interface morphology between ion-
eroded and as-grown surfaces, apart from the reduced rms
roughness that we found in earlier work, is an increased

FIG. 8. Measured and calculated values in transverse scans of
the effective characteristic length~see text! as a function ofqz , for
ion-eroded samples. Fits were performed using the analytical ap-
proximation given in the text@Eq. ~15!#, and the fit parameters
listed in Table I. Symbols represent the measured values, lines rep-
resent fits.~a! SampleB, Dd55 Å ~d, full line!, ~b! SampleC,
Dd515 Å ~j, dash-dotted line!, ~c! SampleD, Dd530 Å ~3,
dashed line!.
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characteristic lengthj0 with increasing ion-eroded layer
thicknessDd. From the dependence of diffusely scattered
intensity on qr , we conclude that the ion-beam-induced
smoothing must be a result of viscous flow. Using one vis-
cosity parameter, we have been able to reach agreement be-
tween measurements and calculations.
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