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We have carried out studies of the interfacial roughness of a number of Nb/a-Si multilayers using
cross-section transmission electron microscopy, wide-angle x-ray diffraction, and low-angle x-ray
reflectivity and diffuse scattering. The multilayers studied were grown by sputtering in an Ar atmo-
sphere at various pressures. The effect of the layer thickness and of the number of layers has also been
studied. We observed a clear transition in the growth morphology when the sputtering pressure is raised
above the thermalization pressure (=9 mTorr) of the sputtered atoms. Both the mosaic of the Nb crys-
tallites and the interface roughness increase dramatically when the Ar pressure exceeds 9 mTorr. The
roughness of the various interfaces is strongly conformal and the samples with large roughness show a
roughness that increases with deposited layer number. We discuss the quantitative extraction of these
parameters from the x-ray data and the implications of these results for the physics of the deposition

process.

I. INTRODUCTION

There are interests in multilayer structures for both
scientific and practical applications.! This is because ad-
justment of the thicknesses of the constituent layers
makes it possible to probe physical phenomena of thin
films and interfaces, and the coupling of adjacent layers.
However, a major limitation in understanding the physics
stems from the nonequilibrium deposition techniques
used to synthesize multilayers. The structure obtained is
very sensitive to a number of deposition parameters. To
quantitatively understand the physical properties requires
the determination of the type and characteristic length
scale of structural disorder present in the multilayer.

Considerable experimental and theoretical efforts have
been focused on understanding the kinetic and thermo-
dynamic factors that control the growth of both thin
films and multilayers.>® For thin films a number of
theoretical models predict that the width of the growth
interface (o) scales with film thickness (¢) by the general
relation o ~t%4~7 The dynamic scaling exponent 3 de-
pends on the dimensions of the surface and the specific
assumptions of the model. Recent experimental studies
have determined a range of values (8~0.2-0.5) depend-
ing on deposition conditions.®!" For sputtered films in
which the substrate temperature is low compared to the
melting temperature of the deposited material (known as
“zone 1” growth), the expected surface morphology con-
sists of domed columns. The columns have a characteris-
tic lateral length scale & which scales with thickness as
E=~1tP. The scaling exponent p also has been studied both
theoretically'2~!* and experimentally.!>16

For a multilayer structure, it may be expected that the
roughness would scale with the total film thickness in a
similar fashion to thin films. The implication of this is
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that the roughness per interface (both o and &) will in-
crease with an increasing number of bilayers. Such
behavior has been observed in some multilayers.!”!® In
other cases, it has been found that the interface rough-
ness depends more strongly on the constituent layer
thicknesses than on the total film thickness.!® For in-
stance, a deposited layer can “heal” the roughness of the
previous layer (or of the substrate),?’ depending on ther-
modynamic quantities such as the surface free energy and
the heat of mixing. The formation of interfacial com-
pounds also can alter the stability of the multilayer struc-
ture. In general, the propagation of roughness within
multilayers depends on the lateral frequency of the
roughness, the thermodynamic properties of the constitu-
ent layers, and on the kinetic properties of the deposited
atoms in a way that is not completely understood.

Multilayer roughness can be divided into different gen-
eric types that involve correlated and uncorrelated
behavior as additional bilayers are added to the stack.
The roughness of an individual layer can be characterized
by length scales, such as o and £ introduced above, or by
frequency components of the interfacial corrugation.?!
Self-similar behavior can be characterized by a fractal di-
mension. Then the layer-to-layer correlation needs to be
considered. Perfectly correlated behavior is known as
“conformal” roughness. Increased roughness from one
layer to the next is known as “‘cumulative” roughness. An
opposite extreme to these cases would involve totally un-
correlated roughness from one layer to the next where
the fluctuations of a given interface are independent of
the previous interfaces. In most cases, the situation may
best be described as lying between these extremes. Figure
1 shows a schematic of these generic roughness types.

In this paper we utilize x-ray diffraction (XRD) and
cross-section transmission electron microscopy (XTEM)
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FIG. 1. Schematic representation of interface roughness in

multilayers: (a) perfectly conformal roughness, (b) uncorrelated
interface roughness, (c) partially correlated roughness in which
the total roughness per interface is constant, and (d) partially
correlated roughness which is cumulative.

to study the influence of Ar sputtering pressure on the
growth of Nb/Si multilayers. Nb/Si provides an instruc-
tive case because extremely smooth, as well as conformal
and cumulative roughness cases can be realized by adjust-
ment of the sputter conditions. Nb/Si is desirable be-
cause its elemental scattering factors provide suitable
contrast for successful XRD and XTEM studies. Addi-
tionally, there is continued interest in metal/Si multilay-
ers as x-ray optical elements. The growth dynamics is
strongly affected by the kinetic properties of the deposit-
ed atoms which vary greatly with Ar pressure.”? At low
Ar pressure, the atoms impinge on the substrate with
several electron volts of energy and nearly ballistic trajec-
tories. At high Ar pressure, the impinging atoms are
thermalized by the sputtering gas and have nearly ran-
dom trajectories. We have varied the Ar pressure from 3
to 15 mTorr. This spans the range from high kinetic en-
ergy to thermalized deposited atoms where the expected
pressure for thermalization is ~9 mTorr for our target-
substrate distance.??

We find that there is a clear transition in the growth
morphology at the thermalization pressure. For multi-
layers sputtered at low pressures ( <9 mTorr) smooth,
flat layers form with (110)-textured Nb grains and the in-
terface roughness is nearly independent of film thickness.
At high pressure, domed columns of polycrystalline Nb
grains develop and grow as the film thickens. In addition
to studying the systematics as a function of Ar pressure
for a set of films with fixed Nb layer, Si layer, and total
thickness, we also studied a subset of films with a
different number of bilayers, to vary the total films thick-
ness, and with the same total thickness but twice the
nominal component layer thickness. These studies taken
together provide a rather representative overview of
sputter-growth conditions.

The remainder of the paper is organized as follows.
Section II provides basic experimental details. Sections
III and IV introduce the XTEM and low- and wide-angle
XRD results, respectively. The real space images of Sec.
IIT permit reasonable assumptions to be formulated in or-
der to obtain a quantitative understanding of the XRD
data. Section V is devoted to modeling the low-angle
XRD data. Two types of models are considered. For the
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first model the interfacial width is assumed constant and
layer-thickness errors are analyzed. For the second mod-
el the layer thicknesses are fixed and the interfacial
widths are varied. Section VI provides a general discus-
sion of kinetic and thermodynamic factors that influence
multilayer growth. Finally, Sec. VII is devoted to a brief
overview of our major findings.

II. EXPERIMENTAL PROCEDURE

The Nb/Si multilayers we grown by dc magnetron
sputtering with a target-substrate distance of 9 cm. A
Microscience system was used that is turbopumped to a
system base pressure of 108 Torr, as in prev1ous stud-
ies. 23 Samples studied included [Nb(=35 A)/Sl(
A)]N (where N =10 and 40) and [Nb(=70 A)/Sl(~60
A)]20 sputtered at pressures ranging from 3 to 15 mTorr.
This choice of samples permitted cumulative as well as
individual layer thickness effects to be monitored. All
films were grown onto sapphire substrates at ambient
temperature. . The sputtering rates were set by crystal
monitors and were kept constant for all sputtering pres-
sures. To achieve constant rates requires adjusting the
sputtering parameters (i.e., current and voltage.) The
voltage (current) parameters for the Nb and Si targets
range from 350 V (0.63 A) and 450 V (0.32 A), respective-
ly, at 3 mTorr to 320 V (0.82 A) and 530 V (0.56 A) at 15
mTorr. The increased sputtering power at higher
sputtering pressures is required to compensate for the
loss of flux which occurs from scattering with neutral Ar
atoms. The layer thicknesses were determined by the ro-
tation rate of the substrate over the Nb and Si targets.
As a further check on the thickness calibration of the
films an additional set of films was made at 3 and 11
mTorr with the Si sputtering gun turned off to determine
the Nb thicknesses. The layer thicknesses determined
from the low-angle XRD finite-size peaks of the film were
36 and 34 A for the 3- and 11-mTorr samples.

Wide-angle XRD was carried out on a Rigaku powder
diffractometer using Cu K« radiation. Low-angle XRD
data were obtained at the National Synchrotron Light
Source at Brookhaven National Laboratory on beamline
X-22C using A=1.53 A radiation determined by a Ge
double crystal. The beam size is defined by the slits set-
tings in front of the sample, that is, 0.3 mm vertically and
2 mm horizontally. The detector slit is set accordingly as
0.5 mm vertically and 3 mm horizontally to include all
the main beam and specular reflection intensity. The ulti-
mate resolution is A@=~0.026° or Ag,~3.7X 1072 A~",
The samples are macroscopically flat resulting in the
reflected beam having the same width as the main one.
The footprint correction has been made to consider only
the part of the beam projected on the sample at small an-
gles. XTEM images were obtained on a JEOL 100 CX
STEM operating at 100 kV at the Electron Microscopy
Center at Argonne National Laboratory. The XTEM
samples were prepared by conventional cross-sectioning
techniques. Ion milling of the dimpled samples with 5-
kV Ar ions while the sample is maintained at a tempera-
ture of 77 K produced electron transparent areas. Digi-
tized XTEM images were psuedocolorized using IMAGE
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public-domain software run on a Macintosh IIfx comput-
er. XRD modeling was performed on a VAXstation 3100
using a modification of the FORTRAN code developed by
Fullerton et al.?*

III. TRANSMISSION-ELECTRON-MICROSCOPY
RESULTS

Shown in Figs. 2(a) and 2(b) are the XTEM images of
the [Nb(=35 A)/Si(=30 A)],, multilayers sputtered at
3 and 15 mTorr, respectively. The difference between the
two images is quite striking. The XTEM image of the 3-
mTorr sample shows smooth and continuous layers over
the entire cross section with no obvious changes in mor-
phology from one layer to the next, while the image of
the 15-mTorr sample shows that both the interfacial
roughness and morphology change with subsequent lay-
ers. For the 15-mTorr sample the initial layers are
smooth, but, as the growth progresses, fluctuations devel-
op in the layer thickness and result in the growth of
domed columns with well-defined grains boundaries.

(a)

(b)

FIG. 2. XTEM images of [Nb(35 A)/Si(30 A)] multilayers
sputtered in (a) 3 mTorr and (b) 15 mTorr of Ar.
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Such behavior is characteristic of zone-1 thin-film
growth. XTEM images of the 9-mTorr sample were simi-
lar to those of the 3-mTorr sample in that they lack the
formation of domed columns and grain boundaries. A
similar dependence on Ar pressure has been observed for
other metal/Si (Refs. 25 and 26) and metal/metal multi-
layers. %27

The digitized images of Figs. 3(a) and 3(b) show ex-
panded views of Figs. 2(a) and 2(b). Figure 3(a) is
characteristic of a number of metal/amorphous-
semiconductor multilayers.?>2528732 While there is some
interfacial roughness, the layers appear smooth, in gen-
eral, with no obvious increase in roughness from layer to
layer. Figure 2(b) shows highly conformal, curved
growth fronts separated by grain boundaries. The aver-
age grain size in Fig. 2(b) is of the order 100-200 A.

Although the morphology of the interfaces is quite
different in Figs. 3(a) and 3(b), the sharpness of the inter-
faces is similar. Shown in Fig. 4 is the intensity contrast
measured normal to layers for the images shown in Figs.
3(a) and 3(b). Care must be taken in the interpretation of
XTEM images because they result from projections of
the interface over the specimen thickness. Factors such
as multiple scattering, misalignment of the sample rela-
tive to the electron beam, and the electron optical de-
focus parameters can also influence the images.*> How-
ever, within the resolution of our images, there is no qual-
itative difference in the interfacial width between the 3-
and 15-mTorr samples. There is, however, a systematic
difference between the Nb-on-Si and the Si-on-Nb inter-
faces observed in Fig. 4. The Si-on-Nb interface is
sharper than the Nb-on-Si interface. This observation is
consistent with a number of other studies of metal/Si
multilayers,2526:28—32,34=36

IV. X-RAY-DIFFRACTION RESULTS

A. Wide-angle XRD data

Selected wide-angle diffraction data are shown in Fig.
5(a) and are similar to other crystalline-amorphous multi-
layers.’” A single broad peak near the expected Nb(110)
position is observed. The continuous fluctuations intrin-
sic to the amorphous-Si layer result in the Nb layers
scattering incoherently from each other. The diffraction
scan is characteristic of a single-crystalline layer. Shown
in Fig. 5(b) is the mosaic spread of the crystallites ob-
tained from the widths of rocking-curve scans through
the Nb(110) peak. For the low-pressure samples, the
finite-size oscillations indicate that there is a well-defined
crystal thickness value and a high degree of crystallo-
graphic orientation. As the pressure increases, the inten-
sity decreases, the mosaic spread increases, and the
finite-size oscillations are damped out.

The 6-26 peak width and/or the separation of the
finite-size oscillations are a measure of the crystal coher-
ence length within the layer. The crystal coherence
length is found to be nearly independent of the Ar pres-
sure. For the 35- and 70-A Nb layers, the crystal coher-
ence is =26 and =56 A, respectively. For both sets of
films the crystal coherence is less than the Nb thickness
determined from the low-angle diffraction data.



48 INTERFACIAL ROUGHNESS OF SPUTTERED MULTILAYERS: Nb/Si 17 435

(a)

FIG. 3. Digitized and pseudocolor enhanced XTEM images from Fig. 1 corresponding to multilayers sputtered in (a) 3 mTorr and
(b) 15 mTorr of Ar.
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FIG. 4. Intensity-contrast scans normal to the layer obtained
from the images in Figs. 3(a) and 3(b).

B. Low-angle XRD data

Low-angle x-ray-diffraction scans were taken to mea-
sure both the diffuse and specular scattered intensities.®
Both longitudinal and transverse scans shown schemati-
cally in Fig. 6 were obtained. The longitudinal scans pro-
vide information about correlation of the interface rough-
ness of different interfaces, while the transverse scans are
sensitive to the height-height correlation function and la-
teral coherence length of the interface roughness. Figure
7 shows the specular and diffuse components of a 5-
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FIG. 5. (a) Wide-angle diffraction scans about the Nb(110)
reflection for [Nb(70 A)/Si(60 A)], at 3, 7, 11, and 15 mTorr
and [Nb(35 A)/Si(30 A)],, multilayers sputtered at 3-, 9-, and
15-mTorr Ar pressures. (b) Wide-angle rocking curve widths
A@ vs Ar pressure for [Nb(35 A)/Si(30 A)],, (circles), [Nb(35
A)/Si(30 A)]4 (squares), and [Nb(70 A)/Si(60 A )], (triangles).
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mTorr [Nb(35 A)/Si (30 A)],, multilayer and the multi-
layers shown in Fig. 2 as a function of q,- The longitudi-
nal diffuse component was measured just off the specular
ridge by offsetting the scattering vector 0.055° relative to
the sample normal, as shown in Fig. 6. The specular
components shown in Fig. 7 are the total intensity mea-
sured at the specular condition minus the diffuse intensi-
ty. The specular component for the samples grown at
low Ar pressures [Figs. 7(a) and 7(b)] have well-defined
Bragg reflections out to high order. In addition to the
Bragg peaks, higher-frequency oscillations resulting from
the finite thickness of the multilayer are clearly observed
in Fig. 7(a). The inset to Fig. 7(b) shows that finite-size
oscillations between the fourth and fifth Bragg reflection
are still gbserved for a multilayer with a total thickness of
~2500 A. The XRD spectrum of the 15-mTorr sample
is qualitatively different, as was found for the XTEM im-
ages. There is a limited number of Bragg peaks and the
peak widths increase with increased order of the
diffraction peaks. This results from the cumulative na-
ture of the disorder.?*® For all three samples, the longi-
tudinal diffuse spectra are peaked at the same g, values as
the specular features. This indicates that the interfacial
roughness is at least partially correlated from one layer to
the next.!®3 "4 Finite-size peaks also are observed in
the diffuse scan in Fig. 7(a). This indicates that the inter-
faces are correlated over the total thickness of the multi-
layer. This correlation of the interfacial roughness is seen
as well in the XTEM images of the 15-mTorr sample.
For low Ar pressure, the correlated nature of the rough-
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FIG. 6. Schematic representation of multilayer structure in
real space and scattering geometry in reciprocal space. Multi-
layer Bragg reflections are represented by ovals on the g, axis
separated by 27 /A. Transverse scans are measured parallel to
the g, axis and longitudinal scans are measured either parallel
or slightly angled with respect to the g, axis.
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ness is more subtle and beyond the resolution of our
XTEM measurements.

Shown in Fig. 8(a) is a transverse scan through the
g,=0.4 A™! diffraction peak of Fig. 7(a). The scan con-
tains the specular peak at g, =0.0 A7! and a broad
diffuse component. The width of the diffuse component
increases with g, but is typically of the order of the in-
verse of the lateral coherence length of the roughness at a
measured value of g,.!>3% The width indicates that the
lateral coherence is comparable to that of other
crystalline/amorphous multilayers,'*3%4° but short, for
example, in comparison to GaAs/AlAs superlattices.*!"*?
The shape of the diffuse component depends on both the
lateral coherence length and details of the height-height
correlation function needed to characterize the interfacial
roughness.?!"*3 (The fittings of the diffuse component to a
general height-height correlation function are in progress
and will be presented elsewhere.**) Shown in Fig. 8(b) are
q, scans taken for different values of g,. For the larger
values of g,, the diffraction scan is sensitive to the
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FIG. 7. Low-angle specular (solid line) and longitudinal
diffuse (dashed line) scattering from (a) a 5-mTorr [Nb(35
A)/Si(30 A)], multilayer, (b) a 3-mTorr [Nb(35 A)/Si(30 A)l4
multilayer, and (c) a 15-mTorr [Nb(35 A)/Si(30 A)],, multilay-
er. The inset in (b) shows an expanded view of the specular in-
tensity between the fourth and fifth Bragg reflections.
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FIG. 8. (a) Transverse diffraction scan about the g, =0.4 AT

reflection of the 5-mTorr [Nb(35 A)/Si(30 A)]m multilayer in
Fig. 7(a). (b) Longitudinal diﬁ"uge'_slcans for the same sample for
fixed g, values, where g, =0.0 A~ corresponds to the specular
intensity in Fig. 7(a). Each spectrum is offset by a decade from
the prior scan.

higher-frequency corrugation of the interfacial rough-
ness.*> For all g, values, the diffuse scans are peaked at
the same g, values, which indicates that the interfacial
roughness is correlated for all frequencies explored.
There is, however, a systematic broadening of the peak
widths with increased g, values. This implies that the
lower-frequency components of the roughness are more
strongly correlated than the higher-frequency com-
ponents.21'45

V. LOW-ANGLE XRD MODELING
A. General description of the modeling

To quantify the structural parameters of the multilay-
ers we fitted the specular reflectivities to a model based
on the original optical formalism described by Parratt.*
The reflectivity of a perfect interface is proportional to
the difference in electron densities of the constituent lay-
ers, but is reduced by interdiffusion or roughness. For a
Gaussian interface profile of width o, the reflectivity is
reduced by a factor exp(—2k,k,0?), where k, and k, are
the wave vectors in the constituent layers.*> To calculate
the scattered intensity dynamically requires matching the
boundary conditions at each interface and calculating the
scattering from each interface recursively. In a kinematic
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model, multiple reflections are ignored and the scattered
intensity is given by summing the reflectivity of each in-
terface with the proper absorption and phase informa-
tion, including refraction.?’3>*! The two formalisms are
identical as long as the scattered intensity is <10% of
the incoming intensity. The kinematic formalism breaks
down near the critical angle and for intense Bragg
reflections. The main advantages of the kinematic for-
malism are computational ease and the fact that cumula-
tive layer-thickness errors can be incorporated easily
within a closed-form expression as in wide-angle calcula-
tions.”* For the following calculated intensities, we use a
fully dynamical formalism below g, =0. 14 A7 "and a ki-
nematic formalism above. All the calculated spectra are
convoluted with an appropriate instrumental resolution
function. '

The XTEM images show no change in the interfacial
profile vs thickness for the low-pressure multilayers. This
is clearly not the case for the high-pressure multilayers.
We have modeled the cumulative nature of their rough-
ness in two ways: (i) By assuming that the interfacial
width is constant and ensemble averaging the random,
cumulative layer-thickness errors; and (ii) by assuming
that the average layer thickness is constant and by in-
creasing the interfacial width with an increased number
of layers. Although these two approaches appear qualita-
tively different, the cumulative roughness parameter
determined for these two models is the same. We will
concentrate first on the results of model (i) because it is
straightforward to incorporate this model within a kine-
matic formalism.?*3® We assume that the thickness fluc-
tuations about the average form a continuous Gaussian
distribution of width o,. The fluctuations are assumed to
be cumulative and the fluctuations of each layer are as-
sumed to be statistically independent of the previous lay-
ers. The total scattering amplitude of the multilayer is
given by integrating the scattering amplitude of particu-
lar layer-thickness configurations over all possible fluc-
tuations. Since the measured intensity is the true specu-
lar, we average the scattering amplitude and not the scat-
tered intensity.3”*>47 [It would have been necessary to
average the scattered intensity if the total intensity (spec-
ular plus diffuse) were to be calculated.] The specular in-
tensity is then given by the square of the integrated am-
plitude. This result is equivalent to the expression from
Ref. 39 for the specular reflectivity which includes cumu-
lative roughness.

B. XRD analysis: Evidence for an interfacial compound
and cumulative disorder

Results for the N =10 multilayers are compared to ex-
periment in Fig. 9. The peak widths are considerably
broader than the instrumental resolution because of the
limited number of layers. This simplifies the quantitative
comparison of the measured and calculated intensities be-
cause such a comparison becomes less sensitive to resolu-
tion corrections. The spectra were least-squared fitted to
model (i) by minimizing the difference between the loga-
rithm of the measured and calculated intensities squared.
This is accomplished by adjustment of the relative
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FIG. 9. Low-angle specular reflectivity scans (circles) and
calculated reflectivities (line) for [Nb(35 A)/Si(30 A)];, multi-
layers sputtered at various Ar pressures. The inset shows
schematically the interfacial profile used in the calculated
reflectivities. Parameters used in the calculations are given in
Table L.

thicknesses (¢y;, and tg;), interfacial parameters, and sub-
strate and surface roughnesses. When the 3- or 5-mTorr
sample are fitted under the assumption that the Nb-on-Si
and Si-on-Nb interfaces are equivalent, there are
significant discrepancies between the calculated and mea-
sured spectra. If different widths are assumed for the
Nb-on-Si and Si-on-Nb interfaces, then the fits are sub-
stantially improved, however there are still a number of
discrepancies between the measured and fitted spectra.
To further refine the fitting model, we used the results of
TEM studies of the metal/Si superlattice which have
shown that the interface compounds can form at the in-
terface.?®3%3! The inset in Fig. 9 schematically shows the
interfacial profile assuming an interfacial compound reac-
tion. The solid lines in Fig. 9 show fitting results which
allow for the interfacial profile given by the inset. The
spectrum is best fitted by a Si-on-Nb interface of width o
and including an interfacial compound of thickness ¢, =4
A with an intermediate scattering power of 1.6+0.3 as
compared to 2.3 for bulk Nb and 0.7 for Si. This results
in there being effectively two interfaces (with widths
given by o ,) at each Nb-on-Si interface in the calculation.

This model is able to reproduce both the multilayer
peaks and the finite-size peaks over eight decades in in-
tensity. Parameters of the model are given in Table I.
The low values of o, for the low-pressure samples are in
agreement with the analysis of the XTEM images in that
they show little increase in roughness normal to the lay-
ers. The values for 0;=1.5 A and ¢, =4 A are in quanti-
tative agreement with similar studies of Mo/Si multilay-
ers which found the Si-on-Mo and Mo-on-Si interface
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TABLE I. Fitting parameters for Nb/Si multilayers shown in Figs. 9-11, where ty, and tg; are the
average thicknesses of the Nb and Si layers, respectively, N is the number of bilayers, P,, is the Ar
sputtering pressure, o, is the half-width of the Si-on-Nb interface, o, is the half-width of the interface
on either side of the interfacial compound of thickness ¢, (see inset of Fig. 9), and o, is the cumulative

thickness error of each layer.

tnp (A) tg (A) N P,. (mTorr) o, (A) o, (A) t, (A) o, (A)
41 21 10 3 1.5 1.4 4.1 0.15
40 23 10 5 1.8 1.5 4.7 0.3
38 26 10° 9 1.5 1.7 32 0.5
39 27 10 11 3.0 3.1 0.8
36 27 10 15 ~2 ~2 1.7
41 18 40 3 1.6 1.9 4.8 0.3
38 26 40 9 23 2 3.7 0.4
35 29 40 15 ~2.5 ~3 1.9
72 57 20 3 1.4 2.6 5.0 0.4
70 51 20 9 2.1 3.1 4.3 0.9

widths of 1.5 and 3.0 A, respectively.”’ For the high-
pressure multilayers (11 and 15 mTorr) the higher-order
multilayer peaks are broadened or no longer resolved and
the finite-size peaks quickly dampen out. As a result, the
ability to resolve details of the interfacial profile is limit-
ed. The main difference in the fitting result is the in-
crease in the cumulative thickness fluctuation per layer
o, to0 0.8 and 1.8 A for increases in Ar pressure to 11 and
15 mTorr, respectively. For the high-pressure multilay-
ers (11 and 15 mTorr) there was some additional intensity
at g~0.5 A~! which was not reproduced by the multi-
layer model. A similar feature was observed in the spec-
trum from a GaAs/AlAs superlattice.*’ By adding an
additional layer of =10 A to the top of the multilayer, we
were able to reproduce this broad feature in the spectra.
This additional layer may result from oxidation of the
surface which is enhanced by the additional roughness
and presence of grain boundaries.

The N =40 multilayers permit an evaluation of cumu-
lative thickness errors relative to the N =10 multilayers.
The N =20 multilayers permit the role of individual-
layer thickness to be evaluated. Calculated and experi-
mental results for the N =40 multilayers are shown in
Fig. 10, and corresponding results for the N =20 multi-
layers appear in Fig. 11. The low-Ar-pressure samples
are best fitted, again, by inclusion of an interfacial com-
pound at the Nb-on-Si boundary. As the Ar pressure in-
creases, the cumulative thickness-fluctuation parameter
o, increases, is independent of the number of layers from
10 to 40 layers, but increases for the N =20 sample with
increased layer thickness. Plotted in Fig. 12 is the cumu-
lative thickness fluctuation o, for the N =10 and 40 sam-
ples as a function of Ar pressure. There is a break in the
data at an Ar pressure of 9 mTorr, the same pressure at
which thermalization of the sputtered atoms occurs.

Within the model described above, the layer-thickness
fluctuation of each layer is cumulative but statistically in-
dependent from the previous layer, so that the interface
fluctuations per interface scale by the square root of the
number of interfaces. This leads to an effective t*° scal-
ing behavior of the cumulative roughness. For the 15-
mTorr samples where o,=1.8 A, the interface fluctua-

tions of the 10th and 40th bilayer are 8.5 and 17 A, re-
spectively. The XTEM images are consistent with these
values. Figure 3(b), which depicts an expanded view of
the 15-mTorr sample near the top of the multilayer,
shows that the fluctuations of the interface positions are
of the order of the Si thickness.

C. Modeling the interfacial width parameters

The second model we used to fit the diffraction spectra
involved an increase in the interfacial width with an in-
creased number of layers. In this way a more general
scaling behavior of the roughness with layer thickness
could be developed.48 However, we were unable to obtain
a unique solution for B when a t? power-law scaling of
the roughness was used in a general least-squares-fitting
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FIG. 10. Low-angle specular reflectivity scans (circles) and
calculated reflectivities (line) for [Nb(35 A)/Si(30 A)]4 multi-
layers sputtered at various Ar pressures. Parameters used in the
calculations are given in Table 1.
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FIG. 11. Low-angle specular reflectivity scans (circles) and
calculated reflectivities (line) for [Nb(70 A)/Si(60 A)],, multi-
layers sputtered at 3- and 9-mTorr Ar pressure. Parameters
used in the calculations are given in Table I.

routine. Agreement with the measured spectrum was ob-
tained by using $=0.5 and the interface parameter
values from model (i) above. For example, Fig. 13 shows
the results of the parameters of the N =10, 11-mTorr
sample in Table I calculated using model (ii). The inter-
facial roughness of the jth interface in the multilayer o;
is given by

oi=a’t+jo}, 1

where o is the intrinsic roughness (o or o, in Fig. 9) and
o, is the cumulative roughness parameter. The calcula-
tion in Fig. 13 does not include the surface layers used in
Fig. 9 so it does not reproduce the broad background in-
tensity around g ~0.5 A~!. However, the result of the
two models are equivalent in reproducing the measured
peak widths and intensities and the parameters in Table I
are insensitive to the particular model used.

OE NN I NN W I ESU SO N S N —

2 4 6 8 10 12 14 16
PAr(mTorr)

. FIG. 12°. Thickness errors o, vs .:&r pressure for [Nb(35
A)/Si(30 A)]yo (circles) and [Nb(35 A)/Si(30 A)], (squares)
multilayers.
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FIG. 13. Low-angle specular reflectivity scans (circles) and
calculated reflectivities (line) for [Nb(35 A)/Si(30 A)],, multi-
layers sputtered at 11-mTorr Ar pressure. Parameters used in
the calculations are given in Table I and discussed in the text.

VI. DISCUSSION

First we will discuss generalities of growth kinetics as
it applies to our situation. We will then relate our obser-
vations to those in the literature, and consider prior mod-
eling insights. The relationship to the film stress is briefly
considered. Finally, we discuss thermodynamic con-
siderations, with special interest in the role of the heat of
mixing in understanding interfacial compound formation.

A. Growth kinetics

As can be seen from both XTEM and XRD, there is a
qualitative change in the multilayer structure with in-
creased Ar pressure. For the low-pressure sample, the
layers are smooth over lateral distances >1 um with lit-
tle increase in roughness with the number of layers. For
higher Ar pressures, the roughness of the layers changes
dramatically as the number of layers increases. Fluctua-
tions in the layers, once initiated, grow into domed
columns with well-defined grain boundaries. This transi-
tion occurs at roughly the expected pressure for thermali-
zation of the sputtered atoms and dramatically demon-
strates the role of kinetics on the morphology of the lay-
ers.

As the sputtering pressure is increased, scattering of
the deposited atoms with the sputtering gas has two im-
portant consequences on the deposited atoms: (i) the ob-
lique velocity component of the impinging atoms in-
creases, and (ii) the average kinetic energy decreases.?
Both of these effects will change the growth dynamics of
thin films or multilayers and it is not clear which will
have a larger effect. However, both changes tend to
enhance the effects of self-shadowing and the formation
of domed columns characteristic of zone-1 thin-film
growth. On a rough surface, the valleys or low points on
the surface will have a limited angle of acceptance for de-
posited atoms. As the oblique angle of the deposited
atoms increases, the percentage of atoms within the ac-
ceptance angle decreases and preferred deposition occurs
on the high points of the surface. If the surface mobility
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is low, then the deposited atoms are unable to diffuse to
the low points on the surface. As the growth progresses,
the valleys grow deeper and form well-defined grain
boundaries between broad growth fronts.

For lower Ar pressure, the sputtered atoms become
more collimated with higher kinetic energy which
reduces the effects of self-shadowing. The increased
kinetic energy increases the surface mobility of the depos-
ited atoms and leads to displacements of atoms on the
growth surface. The growth surface can also become
bombarded by reflected neutral gas atoms, electrons, and
negatively charged ions. Reflected Ar neutrals are ex-
pected to have energies significantly higher than the ada-
toms.”” Bombardment of the surface will preferentially
affect the highest points of the surface and suppress
columnar growth. It has been observed that interfaces
can be smoothed®®* and columnar growth can be
suppressed by independent ion bombardment of the film
surface during growth.”® For very low sputtering pres-
sures, displacements of the surface atoms into the interior
also can occur by forward sputtering. The expectation
that the columnar structure will be suppressed is seen
clearly in the XTEM comparison of Figs. 2 and 3. In-
creased surface mobility should also result in the growth
of oriented Nb(110) grains.”’ Metal films typically grow,
given sufficient surface mobility, normal to the densest
atomic plane to minimize the surface energy. When the
Ar pressure is high and surface mobility is low, it would
be expected that small randomly oriented grains would
nucleate resulting in a polycrystalline Nb layer. For
higher surface mobility, the adatoms can arrange to mini-
mize the surface energy and form large Nb(110) grains.
The transition from oriented Nb(110) grains to polycrys-
talline Nb layers with increased Ar pressure is seen in the
wide-angle data in Fig. 5.

The XTEM images shown in Figs. 2 and 3 are for the
extreme pressure ranges of our study. The XRD results
in Figs. 5-13 quantify the transition from low to high
pressure. Both the low-angle and wide-angle XRD re-
sults vary systematically with Ar pressure. The low-
pressure films have smooth layers with limited cumula-
tive roughness (i.e., small o,) and highly oriented (110)
grains. As the Ar pressure increases, there are only small
increases in both o, and the wide-angle rocking-curve
width up to 9 mTorr. This result is consistent with the
XTEM images of the 9-mTorr sample, which is qualita-
tively more similar to that of the 3-mTorr than the 15-
mTorr sample. Although the changes are small, the
difference between the 3- and 9-mTorr samples is seen
clearly in the low-angle XRD spectra. Above 9 mTorr,
there is a much more dramatic change in both o, and the
wide-angle rocking-curve width. In fact, the shapes of
Figs. 12 and 5(b) look nearly identical, indicating that the
surface morphology and crystalline microstructure are
highly correlated. This is not surprising, since both the
microstructure and morphology depend similarly on the
surface mobility of the deposited adatoms.

B. Prior modeling overview

The scaling of this zone-1 type of growth has been
studied theoretically based on a Huygens-principle
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growth mechanism!? and Monte Carlo simulations.'> It
is found that as the growth progresses, the width of the
domed columns increases and follows a power-law
behavior, with the exponent depending sensitively on the
initial surface topology. As the width of the columns in-
creases, some grain boundaries merge to accommodate
the lateral growth of the grains. Figure 2 of Ref. 12
shows the evolution of a random initial surface according
to the Huygens-principle model, and Fig. 4 of Ref. 13
shows results of Monte Carlo simulations. Both cited
references appear to be in qualitative agreement with the
information contained in the XTEM images of the 15-
mTorr sample. Unfortunately, the multilayer thicknesses
studied herein (2500 A) are not sufficiently thick to inves-
tigate the later stages of grain growth to determine an ac-
curate scaling exponent.

For theoretical models in which there is a competition
between shadowing and surface diffusion, it is found that
the growth of a smooth surface will initially continue to
be smooth up to a critical height which is dependent on
the surface diffusion constant.’! Above this height, the
surface roughens and forms a columnar structure. A
similar transition height was calculated in the Monte
Carlo simulations of Ref. 13. This prediction also ap-
pears to be in qualitative agreement with the XTEM im-
age of the 15-mTorr sample, where the first four bilayers
appear smooth. Additionally, the formation of the
columns does not seem to be related to defects in the sub-
strate as has been observed in other studies.!’

A transition is often observed in the intrinsic stress of
the film sputtered at different Ar pressures which is
thought to be related to the growth kinetics in a similar
way as the interface morphology.?? For low-pressure
deposition, the intrinsic stress is compressive; it becomes
tensile for higher pressure. The transition occurs at an
Ar-pressure target-substrate distance product of =~60
mTorrcm for both Cu and Mo films. This corresponds
to an Ar pressure of ~6.5 mTorr for our system, and is
near the expected thermalization pressure. The compres-
sive stress at low pressure is usually attributed to an
atomic peening mechanism, and the tensile stress is
thought to result from the relaxation of grain boundaries
which are formed at high sputtering pressures. Other
physical properties of thin films have been found to vary
significantly with Ar pressure, including resistivity,
reflectivity, and Ar incorporation.?

C. Thermodynamics of interfacial compound formation

Some care is needed in applying only kinetics argu-
ments to sputtered multilayers. The growth of multilayer
structures also depends strongly on the thermodynamic
properties of the constituent materials. As was pointed
out by Clemens and Sinclair,® multilayer growth should
depend on the heat of mixing of the constituents. For
systems with positive heats of mixing, sufficient mobility
of the atoms can result in islanding and give poor layer-
ing. Conversely, systems with a large negative heat of
mixing will result in layer nucleation and growth for high
mobility. This argument is certainly consistent with our
Nb/Si-multilayer results in which there is a large nega-
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tive heat of mixing. There is clearly evidence of mixing
at the Nb-on-Si interface, which is consistent with a num-
ber of other studies on metal/Si multilayers which show
asymmetries in the interfacial profiles. Compound reac-
tion may actually help to smooth the interface, by going
from a rough interface towards a more uniform com-
pound layer. Smoothing of substrate roughness has been
observed in sputtered W/C multilayers.?°

The asymmetry in the interfacial profile has been ob-
served for a number of metal/Si and metal/metal’? multi-
layer systems. This difference has been attributed to a
number of factors including (i) the higher kinetic energy
of the metal adatoms impinging on the Si surface,’">*? (ii)
the difference in latent heat of condensation,? or (iii)
enhanced Si diffusion into the forming metal layer rela-
tive to diffusion into the already deposited metal layer.?®
Since we observe no significant difference in the local in-
terface widths as determined by XTEM with increased
Ar pressure, the kinetic energy of the deposited atoms
does not seem to play a major role. Additionally, interfa-
cial compound reactions have been observed in evaporat-
ed films where the kinetic energy of the deposited atoms
is considerably lower than that of sputtered atoms.

There is considerable experiment work on the phase re-
action at metal-amorphous Si interfaces.>> However,
the kinetic and thermodynamic constraints on phase
selection during growth are not well understood. For
some systems crystalline interfacial compounds are
formed (e.g., Co/Si, Cr/Si) and for others the first com-
pound is amorphous (e.g., Ti/Si, Ni/Si). For sputtered
Fe/Si multilayers, the interfacial compound can be either
crystalline or amorphous depending on the Si-layer
thicknesses.**>*> Additionally, for Fe/Si multilayers, the
interfacial reaction occurs in two stages: (i) Si diffuses
into the bce-Fe layer up to the solubility limit ( = 15 at. %
Si in a-Fe), and (ii) it then forms a nonmagnetic Fe-Si
phase at the interface. The initial diffusion of Si lowers
the interfacial energy, which may, in turn, limit the
amount of compound reaction. This mechanism was sug-
gested to explain the interface reaction in Ni/a-Si multi-
layers.>?

As seen in Table I, the Nb-layer thicknesses are larger
than the thin film and design values, and the Si-layer
thicknesses are less than the design thicknesses of ~30
A. Similar changes in the layer thicknesses from the
designed values have been observed in Mo/Si (Ref. 36)
and Ru/Si multilayers.?® For multilayers in which the
nominal layer thicknesses were doubled, the measured
layer thicknesses were closer to their expected values.
Reaction between the Nb and Si can explain qualitatively
why (i) the Nb- and Si-layer thicknesses differ from the
expected values, and (ii) the crystal coherence length of
the Nb layers is significantly smaller than the layer thick-
ness. The reduced coherence length implies that the
compound formed is amorphous, similar to Mo/Si multi-
layers.?® The first expected phase to form is NbSi,.’
Since this phase is Si rich, its formation will tend to de-
crease the Si-layer thickness and increase the Nb thick-
ness relative to a perfect interface. Additional diffusion
of Si into the Nb layer also will increase the Nb-layer
thickness and decrease the Si thickness. This type of
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diffusion is not unreasonable given that significant
diffusion of Si into Mo has been observed, even for MBE
growth of Mo on single-crystal Si substrates at room tem-
perature.’’ Annealing these multilayer structures results
in a reduction in A with increased annealing tempera-
tures due to the continued reaction of the metal and Si
layers. To reduce these effects, MoSi/Si multilayers have
been made to inhibit Si diffusion into the Mo layer in an
attempt to retain the deposited layer thicknesses.’® Al-
though the formation of compounds at the interface is in-
ferred from the XTEM and XRD results, additional
diffusion of Si into the Nb layers is difficult to determine
with these techniques. To resolve this effect would re-
quire an element-sensitive technique, such as Mdssbauer
spectroscopy as used to study Fe/Si multilayers,>*>° or
Augg spectroscopy as used to study the Mo-on-Si sys-
tem.

D. Relationship to other physical properties

Although the interface morphology of the low- and
high-pressure samples changes, the interfacial width
determined locally from the digitized XTEM images is
not significantly different. The main difference results
from fluctuations in the interfacial position over lateral
distances =~ 100 A. This difference in lateral length scale
has to be considered when addressing the effects of inter-
facial structure on the physical properties of the multilay-
ers. For example, surface acoustic-phonon-velocity mea-
surements for the low- and high-pressure Nb/Si multilay-
ers show the same dependence on layer thickness.’® But
since acoustic phonons average over length scales of
~5000 A, such short-range fluctuation of the interface
positions has little effect on the elastic response. Trans-
port properties will be dependent on both the local inter-
facial structure and morphology. Some care is needed
when using average interfacial widths for understanding
physical properties. For example, the effects of interface
roughness on the magnitude of the giant magnetoresis-
tance in Fe/Cr superlattices is presently an open ques-
tion. Different techniques have been used to change the
interface ‘“roughness” such as varying the Ar pres-
sure,'% superlattice thickness, or sputtering rate,'?
codepositing Fe and Cr at the interface or thermal an-
nealing to increase the interdiffusion,®® and changing the
substrate temperature.®! Clearly, the effects of changing
the Ar pressure, which alters the interface morphology
but does not significantly alter the interdiffusion,®? are
qualitatively different from codepositing Fe and Cr at the
interfaces. In general, characterization should try to
separate the contributions of roughness (including lateral
length scales) and interdiffusion, and changes in the
atomic structure of the interface.

VII. CONCLUSION

We have studied the interfacial structure of Nb/Si
multilayers as a function of Ar sputtering pressure. We
find that interfacial roughness and crystalline microstruc-
ture vary systematically with pressure with a clear transi-
tion in the growth dynamics at an Ar pressure of 9
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mTorr. Multilayers sputtered at low Ar pressures ( <9
mTorr) form smooth flat layers with limited increase in
the interfacial roughness with film thickness, and possess
(110)-textured Nb grains. For multilayers sputtered at
high pressures ( > 9 mTorr), the initial layers are smooth,
but, as the growth progresses, fluctuations in the layer
thickness develop into domed columns with well-defined
grain boundaries characteristic of zone 1 thin-film
growth. The transition pressure, =9 mTorr, corresponds
to the expected thermalization pressure of the sputtered
atoms. For low-pressure multilayers, the XRD spectra
are best fitted with a model that includes asymmetric
widths of the interfaces. The Si-on-Nb interface is
sharper than the Nb-on-Si interface. This conclusion is
in agreement with XTEM results which also show that
the interfacial widths are roughly independent of the Ar
pressure but are asymmetric. The low-angle XRD mod-
eling was used to quantity cumulative layer-thickness-
fluctuation and interfacial-width parameters, as well as to
identify the existence of an interfacial compound at the
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Nb-on-Si interface. The interfacial compound can be un-
derstood based on thermodynamic stability arguments
that consider the heat of mixing as the relevant gauge.
The present work shows the dramatic effects that kinetics
and thermodynamics have on interfacial morphology, the
need to characterize both the diffusion and roughness of
the interface, and the complementary nature of XRD and
XTEM on the characterization of multilayers.
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(a)

(b)

FIG. 2. XTEM images of [Nb(35 A)/Si(30 A)]y, multilayers
sputtered in (a) 3 mTorr and (b) 15 mTorr of Ar.



FIG. 3. Digitized and pseudocolor enhanced XTEM images from Fig. 1 corresponding to multilayers sputtered in (a} 3 mTorr and
(b) 15 mTorr of Ar.



