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Evolution of surface morphology during growth and ion erosion of thin films
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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 layg$§163-182806)09539-3

[. INTRODUCTION face diffusion® evaporation-recondensati¢assuming no net
mass change and bulk diffusiorf We will not incorporate
Integrated circuits, optical coatings, magnetic tapes, and the latter two mechanisms, for simplicity as well as for lack
host of other products of modern technology require the caef experimental observation of their importance. Smoothing
pacity to deposit thin films. The usefulness of such coating®y viscous flow of noncrystalline materidlsvas demon-
depends heavily on the nature of the surface morphologystrated as a result of ion bombardm@dit on Si0,. The
i.e., on its height variations, or roughness. Clearly, this desurface effect of viscous flow is activated by the ion beam,
pendence is even stronger for multilayers, which exist bywhich creates defects in the solid, and driven by the surface
virtue of a high number of interfaces. It is therefore impor-tension, which tends to minimize surface curvature.
tant to understand and possibly control the development of In our model, we closely follow the derivation and termi-
the surface of a growing film. nology of the growth model of Stearfs® and Spiller,
Thin films do not form smooth surfaces under all deposi-Stearns, and Krumreyf,who also generalized the description
tion conditions. Therefore, planar film growth is often pro- of surface morphology to the case of multilayers. This means
moted by introduction of some energy into the growing film, that we assume growth to occur only in the direction perpen-
either by substrate heating or by particle beams, usually cordicular to the(averagg surface. The more general case of
sisting of energetic ions. In sputter deposition, these ions argrowth along the local surface normal was treated by Kardar,
a byproduct of the sputtering of primary target material, butParisi, and Zhang For relatively smooth surfaces, however,
in cross-beam sputter deposition and ion-beam-assistatis simplification will be valid. Our inclusion of smoothing
deposition, the ion beam is specifically directed at the growand roughening mechanisms differs from that of Stearns and
ing surface. This is also true for the technique of ion polish-Spiller, but is equivalent to the treatment by Mayer, Chason,
ing, pioneered by Spillérand by Puiket al? for the deposi- and Howard'® Thus, roughness is introduced by shot noise
tion of x-ray multilayer mirrors. In this technique, deposition in the deposition rate, and by variations in the ion-erosion
of a layer is followed by ion-beam erosion of a certain excessate with surface curvature. Smoothing mechanisms in our
thickness of the layer until the desired final thickness ismodel are surface diffusion and viscous flow. The latter is
reached. Thus, the steps involving growth and ion-beam eranly taken into account during ion erosion.
sion are separated in time. The process has been called ion There have been numerous measurements of surface
polishing because, under certain optimum conditions, surfaceorphologies using a variety of techniques such as x-ray
roughness was found to be reduced as a result of the sputteand electron reflectivity, scanning tunneling microscopy
ing. In previous work we have measured amplitidesd (STM) and atomic force microscop§AFM), ellipsometry,
in-plane length scaldof the roughness of ion-eroded Mo/Si and electron microscopy. The work most closely related to
multilayer interfaces. Here we present a model to account foours includes a number of x-ray-reflectivity studies on
the effects of ion erosion on surface roughness and we intemultilayers*'81° jon-eroded Si,}*?° and Ge (Ref. 21)
pret previous and new results in terms of this model. surfaces, as well as STM studies of ion-eroded
Several roughening and smoothing effects have beegraphite??324Although ion polishing has been used quite
identified that can occur during deposition or ion erosion of asuccessfully to reduce surface roughn&ss28no specific
layer. Roughening mechanisms include shot noise in the astudy has been done to explain the effects observed. Spiller,
rival or removal rate of particl8snd geometrical shadowing Stearns, and Krumrel},in the analysis of their data, inten-
of the incident particle beam by surface featlt&hadowing  tionally averaged over the effects of growth and ion polish-
will be ignored in our calculations, assuming slopes on thdng that we want to separate.
surface to be too small for it to occur. The variation in sput-  In our experiments we have used x-ray scattering, which
ter rate with surface curvaturés a third roughening effect, is one of the techniques that can probe the relevant length
specific for ion erosion. Smoothing mechanisms include surscales in the problem of surface roughness. In many areas of
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materials research, on solitfs® liquids3'~33 and liquid  of the average surface, at any given titmas our reference

crystals® diffuse x-ray scattering has been used to gain in-plane. In other words, we measure the height deviations
sight into the lateral distribution of surface roughnesses. Theather than the absolute values, and we reméydrom the
technigue has the advantage that it is nondestructive, that itght-hand side of Eq(1).
can probe relatively large sample aréasthe order of a few One can define the power-spectral dengRgD of the
mn¥), and that all interfaces of a multilayer can be probedheight variations on the surface as P§R)
simultaneously. The latter property of x-ray scattering makes=(hy(q)hy (q)), where the brackets denote an average over
it sensitive to correlations between roughness at different inan ensemble of statistically equivalent surfaces. The Fourier
terfaces, but it also complicates the extraction of detailedransform of the PSDwith respect to the spatial coordi-
information on specific interfaces of a multilayer. Further-nateg, is the height-height correlation functi@(r,d) of the
more, the information obtained is in reciprocal space, nosurface. Given the basic relation of Ed), and the assump-
real space. tion that the shot noise in the particle arrival rate is described
This paper is divided into a theoretical and an experimenby Poissonian statistics, it was shown by Spiller, Stearns, and
tal part. In Sec. Il, we introduce the basic equations to deKrumrey** that the power-spectral density can be expressed
scribe surface morphology. Next, we explicitly describe theas a function of film thicknesd and spatial frequency as

separate steps of growth and ion erosion, in terms of this 1—exf — 2b(q)d]
model. We study the effect of variation of the excess layer PSDq;d)=40 , 2)
thickness, and the effect of varying the relative strength of 27b(q)

roughening and smoothing mechanisms during growth angihereh(q) is defined bya(q,d) =exd—b(q)d].

ion erosion. More specifically, we study the development of \ye muyst define the functiob(q) now by the choice of
characteristic length scales and overall amplitude of the Sujescription of the inclusion of smoothing and roughening
face roughness. We find predictions for optimum depositionechanisms. Here, we deviate from the description of

conditions. The extension to the case of multilayers is madegjier, Stearns, and Krumrey. Following the approach used
which includes calculation of correlations of the roughness agy \ayer, Chason, and Howard, we write

different multilayer interfaces. The experimental part of this _ 2 4
paper, Secs. V-VII, is concerned with diffuse x-ray- b(q)=Vg—-Kag“+Dq". )

scattering measurements, to determine the in-plane size dismoothing by viscous flow is modeled by the termbify)
tributions of the rOUghneSS of several Mo/Si multilayers,proportiona| tmg The proportiona”ty constant is equa| to
grown with and without ion-beam erosion. The results arey/Ry  wherey is the surface tension ang, is the coeffi-
interpreted in terms of the model introduced in the theoreti'cient of Viscosity_ The frequency-dependent roughening ef-
cal part. fect of sputter-yield variations with surface curvatui®in-
cluded by the term inb(q) proportional to g The
Il. BASIC MODEL EQUATIONS proportionality constark is dependent on the angle of.inci—
. o _dence of the ionsf, and the azimuthal angk. For simplic-
Consider a growing film on a perfectly fla_t substrate with ity we will assume no dependence gnso that we can keep
a surface normat. Suppose that particles with a volurfle  the calculations one dimensional, but following the model of
arrive at random positions. The surface profile of the film atgradley and Harpet this can easily be changed if necessary.
time t is described by a functioh(x,y,t), whereh is the  The third term in Eq.(3), proportional toq® describes

surface height at a positiox {y). The surface height is mea- smoothing by surface diffusichThe proportionality con-
sured with respect to an arbitrary reference plane, also with gtantD is given by

surface normak. With respect to a fixed frame, the average D.02
surface heightl (=layer thicknesyis given byd=Rt, where D= s PsY 4)
R is the deposition rate. During ion erosidR,will have a RkT

negative value. The surface proftéx,y) has a spatial fre-
guency spectrurh(q), and the two are connected by Fourier
transform. For simplicity, we assume a roughness distribu
tion that is independent of azimuthal angleso that we can
reduce the description to one dimension. Timig)=h(q),
whereq=27/r andr a distance in an arbitrary direction in
the (xy) plane. The surface profila(q) at a certain time
t+ 6t is connected to the profile at tinteby the recursion
relation

with D4 the surface diffusion constanps the number of
atoms per unit surfacé; the Boltzmann constant, arfidthe
absolute temperature. During growth, the value¥ aindK
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.

ha+ sa(q) =a(q, d)hy(q) + n(d) + &d, (1) One can also write down an expression for the PSD of a

layer grown on a rough substrate:

where we have made the time dependence implicit by the _ 2
transformation 5d=Rét. The replication factora(q, 5d) PSRu(0.d)=PShu(a.d) +a(A.d)PSQu @), (O
[=a(qg,Rét)] accounts for propagation of surface featureswhere the total PS|(q,d) is composed of a contribution
through the new layefd. Any physical model assumptions PSDQ,(q,d), the intrinsic PSD of the film grown on a per-
are contained in the functioa(q,éd). The term» is a  fectly smooth substrate, and Pgpq), the PSD of the sub-
frequency-independenti.e., “white”) noise term in the strate. The latter is attenuated by the replication factor
deposition rate, proportional to We will choose the plane squared &%(q,d)].
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Because the PSD is connected (spatia) Fourier trans-

form to the correlation functiol©(r), we can write down a 10° T T
straightforward relation between the rms roughnesg and
the PSD: R
1 —_ ek o CX L BIIN ]
o) oo ‘r
C(0)= 0-r2ms:4j f f PSD(Q)dzq ﬁ
a —nJ —w
o
1 (= &
-5 fo aPSD(q)dg, (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 obr,,,s, 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 E¢6). For x-ray- FIG. 1. Double-logarithmic plot of the power-spectral density
be determined by the coherence length of the x-ray beam. Ifixed parameters a@y=1 A andD; =10 A%, =27 A°, d=100
STM and AFM experiments, it will be limited to the fre- A, \_/=0, Z”dK:O-Ol A @ e&d=0 (@), (b) Ad=10 A (+), (©)
guency corresponding to the maximum scanning rangeéd_100 (W), () Ad=100 A, K=0.5 A (x),
Physically, the upper limit can never exceed a value of
ma=l, wherel =3/Q, the basic particléatorm size. the ratioD;/D is chosen larger than unity and the effect of
K is small. Asymptotically, the value @fwill be determined
. GROWTH AND ION EROSION by growth or ion-erosion parameters onl¥(Ad—0)
=27m32D,d and é(Ad—»)~27%2D,Ad or &Ad—w)
. . . . g i
dNOV\t' we e>|<_te_tr?d the equtatflon?hof tthe prec:ladlng se(t:_tlon, 'f”w47rVAd. In other words, for a very small excess layer, the
order to explicitly account Tor the temporal separalion ohi,, o ogion will hardly have changed the surface, whereas for
growth and ion bombardment in the ion-polishing technique : " o
; . very largeAd, the layer will have “forgotten” its state be-
Unless stated otherwise, we assume tas very small. We fore the ion bombardment. We have also plotted the result
can rewrite Eq(5) for the PSD of a final layer thicknesksas . P -
for one very large value oK. In that case, a characteristic,

PSD(q,d,Ad)=exf —2b;(q)Ad] dominating frequency, is seen in the power spectrum of the
1—exd —2b d+Ad roughness.
! 2bg(Q)( )] As a result of the differeny) dependence ab(q) on V
o(@) and D, there is an important difference in the shape of the
1—exd —2b;(q)Ad] resulting PSD, depending on the dominant smoothing
2b;(q) ) (7)  mechanism. We consider two layers with the same rms
|

roughness. In the one case, the layer was smoothed by vis-

where the subscriptg andi denote values during growth cous flow only, and the other case by surface diffusion only.
and ion erosion, respectively. The first term on the right-handn Fig. 2 we plot the power spectrum for both cases. We see
side of the equation describes how the roughness, resultirtfat the result of viscous flow with respect to surface diffu-
from growth of a layer of thicknesd+Ad, is attenuated sion is a larger characteristic leng¢hand a slower power-
[througha(V,K,D,,Ad)] by ion erosion of the excess layer law falloff at largeq, with a power of 1 instead of 4.
Ad. The second term describes the intrinsic roughness that Next, we calculate the rms roughnesg, as a function of
results from the ion erosion of a layer of thicknéss. Thus, Ad. Thus, we explore the magnitude and limits of the
the layer after growth is treated as the substrate for the sutsmoothing effect of ion erosion. We will do so for the case of
sequent ion-bombarded layer of thicknéss. The PSD of a  smoothing by surface diffusion, but the same qualitative re-
layer of given thicknessl now depends on the excess layer sults can also be found for smoothing by viscous flow. In the
thicknessAd and on the value ob;(q) with respect to calculation, we us€n.,=1 A~ andq,,=10"° A~% which
by(q). In order to be useful, the smoothing during ion ero-are realistic values for the upper and lower frequency cutoffs.
sion must outweigh the(inevitable roughening during The results for different ratios d@;/D, are plotted in Fig. 3.
growth and ion erosion of a layer of thicknessl. As expected, we see no smoothingdif/ D is smaller than

Using Eq.(7), we calculate a number of typical trends in or even equal to unity and increased smoothing with increas-
the PSD upon variation of its parameters. We start with theng D;/D, for values larger than unity. We see that for each
development of the PSD as a functionod. In the calcula-  value of D;/D4>1 there is a certain optimum excess layer
tion d and() can be fixed at arbitrary valug¢they will sim-  thicknessAd,, a result that had already been found in
ply scale the resulisWe plot the results in Fig. 1. experimenrtt and that can be derived analytically as w&ll.

The two main characteristics that we observe are a redud-or largerK, the same result is found, qualitatively, except
tion in the PSD at large frequendgand an increase at low that the minimum ofo,,,, as a function ofAd, is less deep
frequency, and an increase of the characteristic lengf  and more pronounced. For every lar§e there will be no
the PSD with increasindd. This a typical result as long as smoothing effect left.
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q (A ) FIG. 4. Development of the rms roughnesg,s of a Mo/Si

multilayer as a function of layer number. Fixed calculation param-
eters aredy,=25 A, dg=35 A, 0),,=20.4 A, Q5=13.0 A,
Dgmo=0.1 A% D wo=2 A% Kyo=0.16 A Dy =09 A3, D; g
=1500 A, andKg=0 A. Plotted are(a) no ion bombardment:
Ady,=Adg=0 (®); (b) ion bombardment of Mo and Si layers:
Ady,=Adg=15 A (Xx). The lines are to guide the eye. Results
almost equal to those for cagb) are found wherD; =0 and
V5i=1.0.

We extend the calculations to the case of multilayers. The
PSD of the first layer is found by applying EGr) and is g by adding the propagated contributions from all inter-
subsequently used as the substrate PSD if&qThis way, faces up toj, being the lower one of andj. One can also
we can calculate the PSBims, and Adgy for each of the define a functiorP(q) as the sum of correlations from &ll

layers. interfaces:
One can also calculate the power spectrum of correlation?' '

in the roughness of different interfaces. As was shown by

Stearns? we can define the PSD of roughness correlations N N

between interfacesand] (with i=j) as P(q)IEO 20 PSD (). 9)
. i=0 j=

FIG. 2. Double-logarithmic plot of PS@), with o=1 A for
both calculations. The different curves represent the two extrem
cases of(a) smoothing caused by surface diffusio®), and (b)
smoothing caused by viscous flgx).

IV. MULTILAYERS

j
PSD,;(a) =(Mi(@h} (a))= 2, CinjnPSDhn,
B In Sec. V D, it will be shown that under certain conditions

) K P(q) is proportional to the diffusely scattered x-ray intensity
with CanIJ_L:L a(q,d), 8  I(q,) for g=q, . Here,q, is the component of the scattering
" vector parallel to the surface.
where the intrinsic roughness of interface as given in In Fig. 4, we show the development of the rms roughness

PSD.n is assumed to be uncorrelated with therinsic  of a Mo/Si multilayer as a function of layer number. We
roughness of interfade, for k#n. Thus, the correlations are make use of model parameters that we extracted from fits to
experimental datdrms roughness values onlyn previous
work3® For the ion-eroded multilayer, the smoothing effect
8 T T T T 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-

R " ber.
5 P _ NI L - From fits to rms roughness values alone, no conclusions
N - . can be drawn as to the dominant smoothing mechanism dur-
"4 v te—are—w + ® ing ion erosion. But, when we compare the two extreme
0 10 20 30 40 50 cases of smoothing caused by surface diffusion only, and
Ad (A) smoothing caused by viscous flow only, we see a large dif-

ference in the shape d?(q). In Fig. 5, we plotP(q) as a

FIG. 3. Roughness as a function of the excess layer thicknesdinction of g. Clearly, the effect of viscous flow is seen at
Ad, for a number of values dDi/D% Fixed parameters ané=0, much smallerq than that of surface diffusion, as we saw

K=0.01 A, d=100 A, and2=27 A". The different curves repre- Defore in Fig. 2. More importantly, plotted on a log-linear
sent(a) Dy=D;=1 A3 (@), (b) D4=1 A% D;=2 A3 (+), () D4=1 scale,P(q) is virtually a straight line(proportional to—q)

A3 D;=10 A% (m), and(d) Dy=1 A3, D;=10 A% andk=0.35 A  for the case of smoothing by viscous flow, whereas surface
(X). diffusion will yield a line shape proportional teq*.
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onto the sample. Although both GUe; and CuK «, lines
10 T ] T are selected with this monochromator, the moderate resolu-
tion obtained is dominated by the angular beam divergence.
ssesccc e o, , The incident in-plane beam divergencdey, is defined by a
% ‘. slit set between the monochromator and the sample, while
slits immediately before a scintillation detector define the
X x oy in-plane detector acceptandel. Out of the scattering plane,
x all slits are left wide open. Thus, we effectively integrate the
intensity in this direction. For this world a=AB=0.08° full
s ' ' | ' v_vidtr_l at half maximum(FWHM). Such _symmetric resolu-
10 0 00l 002 003 004 005 tion is advantageous for diffuse scattering measurements, as
) ‘q (A’i) ’ ) opposed to the usual case where the emphasis is on the mea-
surement of the specular signal and typically<Ag. In this
paper, fitted models include a convolution with resolution.
The beam size, in the plane perpendicular to the propaga-
%ion direction, was approximately 0<8 mn? at the sample;
the samples themselves werexX?®) mnt. Thus, overfilling
of the sample occurred for incident anglkes0.5°. In addi-
tion, when the detector angjg>a and a 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
A. Sample deposition 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.

X;
Xxxxx
X

<
°$106 B X
ay

FIG. 5. Calculation ofP(q) using the same parameters as in
Fig. 4b). The different curves represent the two extreme cases
(@ smoothing caused by surface diffusidi®), setting D;
=1500 A and V=0, and(b) smoothing caused by viscous flow
(X), settingD; =0 andVg=1.0.

V. EXPERIMENT

The multilayers were deposited on>05-mm substrates,
cut from S{111) wafers from which we did not remove the
native oxide layers. We used an UHWase pressure 10
Pa electron-beam evaporation systé¥ll layers were de-
posited at a rate of 0.1 A/s. The as-grown reference In the experiments described, we have taken three types
multilayer will be called samplé. For ion-beam erosion, we of scans: Specular reflectivity scans, in which the grazing
used a Kaufman source with a 3-cm beam diameter. Thangle of incidencex of the x rays is equal to the outgoing
300-eV Kr" ions were incident at an angle of 45° with the angle3; off-specular scans, where the sample is offset from
surface normal, with a flux of 0 ions/cnfs. The excess the specular condition by a small anglesuch thatw=(3
layer thickness removed from each of the layers after depo—a)/2; and transverse scans, wherés varied, but the total
sition was different for the three ion-eroded samples. Thescattering angle-+ 8 is kept fixed. If the wave vectd, with
values we used were 5 fsampleB), 15 A (sampleC), and  |k|=2#/\, and the wave vector transfgr=k, —kj, are de-

30 A (sampleD), corresponding to a fluence of 0.4, 1.2, andfined, one can derive the reciprocal-space equivalent of these
2.4x10% ions/cn? per layer, respectively. The layer thick- scans. Specular scans probe only in the direction perpendicu-
nesses during deposition and ion erosion were controlled blar to the interfaces. The spatial coordinates are chosen such
in situ soft-x-ray reflectivity. For these multilayers the soft that the surface normal is alorig and thus specular scans
x-ray line used wa<C-Ka, with a wavelengthn=44.7 A.  probe reciprocal space along. From these scans we extract
Given the grazing angle of incidence of 25° and the opticathe spacing of the interfaces and the total interfacial widths.
constants of the materials deposited, the Bragg relation give@ff-specular scans probe in both) andq, (in-plang direc-

an interference period in the measured reflectivity signal ofions, and are used to measure the degree of conformality of
about 60 A. Each of the multilayers used in the x-ray-roughness at different interfaces. Transverse scans probe
scattering experiments consisted of ten periods of Mo and Silong theq, , i.e., the in-plane direction fag+ 8 small, with
layers covered with a 60-A Si layer to exclude atmospheri@, =g, tanw. They yield the information of most interest to
influences on the actual multilayer itself. this experiment. Akv=0 andB=0, the sample will block the
ingoing and outgoing x-ray beams, respectively. This deter-
mines the maximum scan range in a transverse scan, where
a+ B is constant, tog,= *q,taf (a+B)/2] (note that this

The x-ray generator is an Enraf-Nonius GX-21, operatedestriction does not apply when the detector arm can be
at 8 kW maximum power. In the scattering configurationmoved out of the reflection plane, such as in standard surface
described below, we obtain a primary beam of 814% diffraction experiment®). In the next section, we show how
photons/incident on the sample. The samples were enclosedhnsverse scans are connected to the interfacial correlation
in an evacuated cell to reduce nonsample background scdtinction that we are interested in.
tering to near-dark-count levels 6f0.05 c/s. This allowed a All x-ray scattering measurements shown have been nor-
dynamic range of nearly ten orders of magnitude in the meamalized to the incident beam intensity. The true specular
sured intensity, enabling us to probe very small in-planesignal has been obtained by subtracting the off-specular scan
length scales. (offset anglew=0.159 from the raw specular signal. In this

Details of the scattering configuration are describedway, the diffuse contribution ag, =0 is almost completely
elsewheré’ In brief, it employs a bent graphite monochro- removed. Figure 6 shows specular and off-specular scans for
mator that focuses the beam in the out-of-plane directionhe four samples with different ion-eroded thicknesAels

C. X-ray-scattering geometry

B. X-ray-scattering setup
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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 $tan
sina correction. Background levels were calculated from
points at whicha=<0 or 8<0. Data around several integer
Bragg orders are shown in Fig. 7. We also measured two
transverse scans from sampl2 (with the largest ion-
bombarded-excess laygrso 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 Paftathe analysis
of the diffuse part of the x-ray scattering is based on the
formalism developed by Sinhet al?° 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

—0Zo?
_ 2
S(@)=(redp)® e— 7= ffso

xdX dY @zCXY)gilmX+a,Y) (10)

where the integral is over the coherence area of the beam on
the sample. The termyp gives the change in electron density
at the interface, and, is the classical electron radius. A
height-height correlation function, the Fourier transform of
PSDOQ), has been defined &(X,Y)=(h(X,Y)h(0,0)), the
brackets denoting a statistical average over the whole sur-
face, whereC(0,0)= o2. The total interfacial width is given

by o2=02+02, whereo, and o, 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 fixeq,, S(q) is proportional to the
measured intensity as a function af.

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 directio one can find for the diffuse part
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FIG. 6. Specular intensit{+) and off-speculat X) intensity at
v * d r(quci {0 1)eiar (11) offset anglew=0.15°. Symbols represent measured intensities, solid
Cw ' ’ lines represent fits. For clarity, off-specular scans have been shifted

downward by an amount indicated in the figua. SampleA, no
where the double sum runs over Blllinterfaces, each with a ion erosion(b) SampleB, ion-eroded excess layer thicknesd=5

certain widtho; . The termd;; denotes the distance between A. (c) SampleC, Ad=15 A; also plotted is an off-specular scan at
the average position of the interfaceand j. Note that the offset anglew=1.5° (®). (d) SampleD, Ad=30 A.
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FIG. 7. Transverse-scan intensities at a several valueg ,oforresponding 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 tta® fesddeposited sample at,=0.66 A (+)
andq,=0.76 A~ (x). The sharp drop in intensity at the critical angle shows that the data are far above back¢sp@atnpleB, Ad=5
A at q,=0.33(H), 0.54(®), 0.65(+), and 0.76(x) A2, (c) SampleC, Ad=15 A atq,=0.49 (M), 0.59(®), 0.69(+), and 0.79(x) A~%.
(d) SampleD, Ad=30 A atq,=0.33 (M), 0.44(A) 0.54 (@), 0.63(+), and 0.72(x) A™%,

specular part of the scattering has been explicitly subtractetb the integral in Eq(11). When the incident or exit angles
out. The correlation functio(r), assuming roughness that equal a lower-order Bragg angle, the electric fields of incom-
is isotropic in the plane of the interface, now has been deing and outgoing waves have similar amplitudes and add in
fined to include correlations of the heights in one interfacephase, and the total electric field, and thus the diffuse inten-
or between different interfacesC; ;(r)=(u;(r)u;(0)). It  sity, is enhanced. For multilayers, one can then observe
represents the Fourier transform of R$(@|,), which was  peaks®*in the diffusely scattered intensity. It may be im-
defined in Sec. IV. If such cross correlations exist, i.e., ifportant to note that these peaks, resulting from an enhanced
Ci j(r) is nonzero fori #], then the exponential term with electric field, show ugs a function of g. They are not the
d.d;; as the phase gives the interference between diffuselgame as the peaks that result from the correlations in rough-
scattered amplitudes. Such interference gives rise to “quasiess between different interfaces, mentioned in the preceding
Bragg” peaks in the diffuse intensify},measured as a func- paragraph, which show ugs a function of g. Nonetheless,
tion of g, . in transverse scans at largethe dynamical peaks are weak,
For g,0,<1, we expand the exponential function in the and we can analyze these scans using(Eg).
integrand of Eq(11), using only the first two terms. Then, it
can be seen th&,;(q) is directly proportional to the power-
spectral densitf’ However, at Bragg angles close to the VI. RESULTS AND ANALYSIS
critical angle for total reflection, i.e., for smajl,, these mul-
tilayers are very strong scatterers for which the Born ap-
proximation breaks down. This means that for the analysis of The specular measurement from the refereres-
transverse scans at logy, a dynamical theory, i.e., includ- depositeg] multilayer is plotted in Fig. @). In previous
ing multiple scattering, is needed. This type of theory waswork,>3®*we gave a detailed study and discussion of the de-
also developed by Sinhet al. for a single interface and ex- velopment ofo; as a function of layer thickness. There we
tended to the case of multilayers in a significant number ofound that our best fit to the peaks in the specular measure-
recent papers, among others by Healyal*® This type of ment was achieved using an interfacial width ranging from 3
theory essentially involves a calculation of the total electricA at the substrate umpt9 A at the topsurface(see Fig. 4,
field at each of the interfaces, with those values as prefactomshere the given growth diffusivity model parameters corre-

A. As-deposited sample
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TABLE I. Experimentally determined and model values of the rms roughmes®l characteristic length
&, for the different samples. All numbers are in A.

Experimental values

Sample Ad Jt,Mo Ot,si O O'm,Mo Om,si &
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 54 4.3 2.6 2.1 4.2 135
Model values

Ad Oy Mo Or.si Oy &
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

spond to surface-diffusion constants of ¥5°* and 101%*!  differences in rms roughness. This also causes the fits to the

cn¥/s for Mo and Si, respectively. specular signal to be quite poor overall, because for a good
In the off-specular measurement@at0.15°, a weak re- fit to all details we have to find the exact position of each of

production of all peaks in the specular scan can be seen. Thike interfaces of the multilayer. Nonetheless, this will have

indicates some degree of conformality, as we saw in Seo significant effect on thg, dependence of the calculation

V D. Furthermore, the transverse scans taken at peaks up 4 transverse scans.

_ 1 : - ,
q,=0.76 A™* (corresponding to a scattering angierj3 The off-specular scan&ig. 6), taken at offset angles of
=10.329 are virtually constant, whereas a loss of conformal-g 150 (and also 1.5° for sample€), for all ion-eroded
ity at shorter length scales would show up as a decaying;mples show a clear reproduction of the interference peaks
intensity at largerg, values in these scans. From this, We o4 "are yisible in the specular scan. This mé&fisthat
conclude that conformality, i.e., the off-diagonal elements O[ihere is some degree of conformality of the roughness be-

the correlation function PSIXd,), must be constant down o a1l interfaces, down to in-plane length scales of less
to at least the maximum in-plane lengths probed in thos?han 200 A

scans: 60 A. . .
The transverse scans at highvalues all show an almost The transverse scans at highfrom these sampleFigs.

constant intensity versus, [Fig. 7(@)]. From this, we only /(). 7(c), and 7d)] show ag, dependence different from the
conclude that any model for the interfacial correlation func-2S-deposited sample. Qualitatively, one can see that the
tion that can give a cutoff in reciprocal space, such as thathorter-length-scalélarge q,) roughness is removed more
formulated in a general scaling theory of Kardaral,!®  strongly than the long-length-scale roughness.
could reproduce this measurement, as |Ong as the model pa- A Striking feature of all transverse scans from these three
rameters are chosen such that cutoff lies beyond our megamples is the exponential decay wih of the intensity
suredq, range. The maximung, value that we probed cor- (observed before for samp@ only*), which is proportional
responds to a cutoff length of 60 A. Again, we use theto Syx(q,) in Eq. (11). As we saw in Fig. 5, this is a finger-
mobility parameterD of Mo and Si during growth, found print of the dominance of viscous flow as the smoothing
in% for this sample. Then, we do indeed find a constant PSDnechanism during ion bombardment. It can also be seen that
for all g, values probed. Remarkably, we do not see anythe slope of the exponential decreases for scans taken at
influence of the substrate roughness, which might havéarger values ofj,. This is a result of the fact th&(q,) is
shown up as a power-law contribution at sn@ll®® Appar-  not proportional to the PSD, as seen in Exfl). In Fig. 8 we
ently, the rms roughness is so small that its influence canngalot the measured values of the characteristic leggththe
be seen in these measurements. We do not probe at veexponential decay as a function @f. To make a fit to the
small g, because we sacrificed high resolution for a largerreflectivity data, we should perform a normal and inverse
dynamic range. Fourier transform for every value of j, andq, . Therefore,
we derive a simple analytical approximation to the depen-
dence of the line shape on the valueqfso that we can
extrapolate our measured valuegjte=0, and simply use the
The specular measurements from the ion-eroded samplésSD without any Fourier transform.
indicate that the interfacial width is smaller than that of the We start with the assumption that we only look at trans-
as-deposited sample. The parametgrhat we found for the verse scans at Bragg peaks, and tfmﬁi& oﬁj)/2 is the
Si-on-Mo and Mo-on-Si interfaces, by fitting to the peaks insame for ali andj. Then the prefactor to the integral in Eq.
the measured specular signal, are listed in Table &a%, ~ (11) is a constant that can be taken out of the double sum.
ando g;, respectively. One can see more higher-order BragyVe will further assume that the correlation function foriall
peaks for sampl€ than for sample® andD. In this case, andj can be written as a function independentiadnd j.
that is a result of smaller layer-thickness errors rather than ofhen, given the fact that the Fourier transform of a Lorent-

B. lon-eroded samples
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to the most sensitive observablg, is found for a value of
Vg=1.2, for all three samples. In Table | we list all model
values, calculated with only that value @f and the appro-
priate atomic sizes and layer and excess layer thicknesses.
Thus, usingv=y/R#, , and inserting the erosion raeand
a surface tensiony=1 J/nf, we find a viscosity value
7,=1+0.2x10" Ns/n? (for 300 eV Kp. This is of the same
order as the(1-keV Xe")-ion-induced viscosity of Ge, re-
ported recently by Chasoet al?!

Because we determing from the specular measurement,
ando, through the decay of the exponefj; as a function of

q (A-l) g,, we can now separate the contributioneand Om> using_
z o2=0?+ 0?2, The values ofr,, that we derive using the fit

. rametersr, and o, g, are also listed in Table I. We
FIG. 8. Measured and calculated values in transverse scans Efa r,Mo r.Si

the effective characteristic lengtbee text as a function ofy,, for ind tha} tl\r;le Intersmlt);]lng \]iv'dtg.ls ml\l‘/'ICh Iarr]gehr f_or the I_n’;er-t
ion-eroded samples. Fits were performed using the analytical a _a_cr(]as ?] 0'?:]_ ’If' 3” 23(44;0”' 0, (\;V Ich 1S Conilshen
proximation given in the texfEq. (15)], and the fit parameters with other authors™ findings. S an aside, we remark that

listed in Table . Symbols represent the measured values, lines repliS €xtraction of physical information from thg, depen-
resent fits.(a) SampleB, Ad=5 A (@, full line), (b) SampleC, dence ofSy;(q) in transverse scans is completely analogous

Ad=15 A (m, dash-dotted line (c) SampleD, Ad=30 A (x, !0 the case of scattering from capillary waves on simple lig-
dashed ling uid surfaces? There,Sy¢(q,) decays as a power law, with

an effective power 2, wherez depends o 2 as well as on
zian yields an exponential function, our simplest choice isthe surface tension.
the following correlation function: We also calculatecsy(q,) numerically, using Eq(11)

— and the correlation function of Eq12). This way, we can
—VZ, (120  check the validity of the values ef, and¢, that we obtained
1+(r/¢) from the analytical approximation. As the fits in Fig. 7 show,
where o, is the average value of, ; over all interfaces. W€ do indeed find a good_ fiF to the measured intensities for
Because the double sum of E€L1) containsN%4 terms samplesB and C, but deviations 'for the scans at larggr
proportional tOUrZ,Mov N2/4 terms proportional tQTrZ,Si’ and values of sampleD. Because this sample has the largest

N%2 terms proportional ter, v.0, si, the average value, _rotugpnes?rrthand thte largest Iosstr(])ftc_or:ﬁ!atlons from _onel
is simply found bya, = (o, yo-+ o7 g)/2. interface to the next, we assume that in this case our simple

Although we cannot calculate the Fourier integral in Eq.approxmauon starts to break down.
(11) analytically with the correlation function of E¢L2), we
can make a finite-order expansion of the exponential in the
integral, and then integrate each term analytically. We ex-
pand in @,o,)% and obtain

C(r)=

VIl. CONCLUSIONS

We have presented a model for the description of surface
" (qZad)k k morphology of thin films. Mathematically, we have followed
Sir( Q) F(q) = wéqiole & > N a(£q,), the derivation of Stearns and Spiller, but we have deviated
k=0 k' =0 from their model when including the roughening and
(13 smoothing mechanisms that operate during deposition of the

whereag,=1, a,0=1/4, a,,=1/4, etc. Forg,o, <1, we need film. Th(:lsg were included following Mayer and
only the n=0 term, and find an exponential line shape of CO-WOrKers. . .
S,i(9,), with an exponent that is a constant, independent of We have modified the model to account explicitly for the
q,. However, wherg,o, increases towards unity, as is the development of surface morpholpgy during growth_ and sub-
case for much of our data, this first-order approximationseq“em ion bombardment. Physically, the description rough-
breaks down. ening mechanisms is in terms of shot noise in the deposition
If we also include the next order imo, )2 thenSys(a,) or erosion rate, and slope dependence in the erosion rate.
can be approximated by Smoothing is assumed to be caused by viscous flow and
surface diffusion. Within this model, we have found repro-

759 O . . . .
S(qr) e eff, (14) duction of earlier experimental observations such as smooth-
where we defined ing (“ion polishing”) and an optimum in the excess layer
Eor=Eo[ 1— 2(a,0m)2]. (15) thickness. We have also found predictions for the develop-

ment of rms roughness, characteristic in-plane lengths, and
A fit through the measured exponents as a functiomof correlations between multilayer interfaces.
yields a value forg, and o, . These fits are shown in Fig. 8, We have measured the diffuse x-ray-scattering intensity
and the fit parameters are listed in Table I. from four Mo/Si multilayers, three of which had their inter-
Now we can compare these values to the results of théaces ion eroded, the other not. We have found that the main
growth model. Assuming that the full smoothing effect of qualitative difference in interface morphology between ion-
ion-beam bombardment is caused by viscous flow, we shouldroded and as-grown surfaces, apart from the reduced rms
use the valu&/q;=1+0.2, as found previousiP. The best fit  roughness that we found in earlier work, is an increased
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