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Scaling of the Interface Roughness in Fe-Cr Superlattices: Self-A ffine versus Non-Self-A ffine
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We have analyzed kinetic roughening in Fe-Cr superlattices by energy-filtered transmission electron
microscopy. The direct access to individual interfaces provides both static and dynamic roughness
exponents. We find an anomalous non-self-affine scaling of the interface roughness with a time
dependent local roughness at short length scales. While the deposition conditions affect strongly the
long-range dynamics, the anomalous short-range exponent remains unchanged. The different short- and
long-range dynamics outline the importance of long-range interactions in kinetic roughening.
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The analysis of surface morphology of thin films is a
subject of intense activity. Despite the complexity of the
growth process, theoretical and experimental studies have
shown that kinetic roughening frequently obeys relatively
simple scaling laws (self-affine roughness) [1]. In super-
lattices, with many (buried) interfaces, the evolution of
roughness is considerably more complicated and remains
unexplored. Unfortunately, determining quantitively the
interface structure from diffuse x-ray scattering [2-5]
requires assumptions on the nature of the roughness (as-
sumed generally self-affine [6]) and the existence of a
single lateral correlation length for the various interfaces.
However, a direct proof of these assumptions is lacking.
Here by imaging directly the interfaces we determine
simultaneously static and dynamic critical exponents.
We provide evidence for non-self-affine anomalous rough-
ness in superlattices with a power law dependent local
interfacial slope.

A rough surface can be characterized by fluctuations of
surface height around its mean value, z(x, 1) = h(x, 1) —
(h(x, 1)), at a position x and a time ¢. The local surface
width is defined as o(l, 1) = [{z2(x, 1))]"/2, where the
brackets denote an average over a lateral length scale, /,
in a system of size L(I <L). Alternatively, roughness
correlations over a distance [ can be obtained from the
height-height correlation function g(l, r) = {((h(x + [, 1)—
h(x, 1)1*)'/2. Both pictures are equivalent since numerical
simulations show g(/, t) « (I, r) [1]. For many surfaces,
the surface width scales according to the Family-Vicsek
[7] scaling ansatz,

o(l, 1) = tPf(1/17), (1

where the scaling function f(u) behaves as u® if u < 1
and is constant for u >> 1. The local surface width thus
increases as o (I, r) o [® until it saturates at a value o (1),
for [ larger than an in-plane cutoff length, &, the lateral
roughness correlation length. The saturation surface
width and lateral roughness correlation length grow
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with time (thickness) following power laws with different
dynamic exponents, o,(r) = t8 and &(r) « ¢'/%, and the
relation z = a/B holds [1]. In self-affine surfaces, local
[o(l, 1) « [#] and global [o(L, ) = L*] interface width
scale with the same roughness exponent « [1], and
for short length scales ([, r) is independent of deposi-
tion time.

Recently, growth models [8—10] with different rough-
ness exponents at short (a;,.) and long («) length scales
have been proposed which correspond to a non-self-affine
scaling ansatz [11,12]. The local interface width is no
longer time independent at short distances; it follows a
power law with a new exponent ,,., while at long lengths
it scales as r#. The lateral roughness correlation length
still scales as &(7) o t'/%, but the exponents obey ay,. =
a — Bz and ajo. = (B8 — Bioe)z [11]. A nonstationary
local interface width of the form o (I, f) = [*/In(¢) used
in models incorporating surface diffusion [13,14] was
observed in thin films with a linear diffusion limited
growth [15,16]. However, the power law dependence of
the local interface width at short length scales has been
observed only very recently in Cu [17] and in polymer
thin films [18].

For superlattices the interfacial width and in-plane
correlation length may increase from layer to layer,
although their evolution is not clear a priori, due to the
presence of more than one constituent. In other words, the
extension of scaling concepts from single surfaces to
superlattices is not straightforward. So far, interface
characterization used mainly diffuse x-ray reflectivity
(XRR), which provides averaged information over all
interfaces. Extracting quantitative information relies on
assumptions concerning the nature of the roughness;
i.e., (a) the individual interfaces are self-affine and (b) a
single correlation length is assumed for all interfaces
(correlated roughness). X-ray spectra are simulated
using a single height-height correlation function assum-
ing ([h,(x + 1,1) = h,(x, ) = 20°{1 — exp[—(1/£)**]}
which implies a single (averaged) roughness cutoff
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length [2—6]. The validity of these assumptions in super-
lattices has not been checked with techniques probing
individual layers.

Here we address this problem in sputtered Fe-Cr super-
lattices using chemically sensitive imaging by transmis-
sion electron microscopy on cross-section samples.
Special care was taken to ensure that the measurements
are free of errors due to projection or multiple scattering
effects [19]. Composition profiles of the individual layers
were statistically analyzed to extract the interface width
and its lateral correlation length. The roughness scaling
behavior was examined for two types of samples: those
grown at low-pressure exhibiting columnar structure and
those at high-pressure in which the growth is dominated
by diffusive transport and thermalization in the sputter-
ing gas.

[Fe(3 nm)/Cr(1.2 nm)],, superlattices were grown by
dc sputtering sandwiched between 100 nm Nb thick
buffer and capping layers. The growth pressure was varied
between 4 and 10 mTorr. The Nb layers were always
grown at an Ar pressure of 3 mTorr and with the same
thickness, to ensure that the Nb-buffer layer always
had the same roughness. A detailed description of the
growth and transport measurements has been reported
elsewhere [19].

Electron microscopy was carried out using a Philips
CM20-FEG TEM equipped with a Gatan Imaging Filter,
capable of obtaining both electron energy-loss spectra
and energy-filtered images in real time at high spatial
resolution. Cross-section TEM samples were prepared
following customary polishing, dimpling, and low angle
(<10°) ion milling to get large electron transparent
regions thin enough for electron energy loss spectral in-
vestigations without multiple scattering. Energy-filtered
imaging techniques (EFTEM) (after removal of the
background due to other loss processes) on cross-sectional
samples provide Fe or Cr elemental maps at sufficient
resolution to quantify the local structural roughness at
the Fe-Cr or Cr-Fe interfaces. Two different methods
(“three windows™ or “jump ratio’”) were used to account
for the uncharacteristic background [19].

A possible problem with this technique is that the 2D
roughness is projected along the cross-section thickness
into a one-dimensional (1 + 1) profile. However, the
roughness and the inelastic or multiple scattering mean
free path are comparable or larger than the cross-section
thickness [20]. Thus our conclusions are free from pro-
jection artifacts.

Typical cross-section EFTEM maps of sputtered
[Fe(3 nm)/Cr(1.2 nm)], superlattices are shown in
Figs. 1(a) and 1(c). The bright intensity is proportional
to the intensity of the Fe-characteristic L, ; energy-loss
signal; dark regions mean absence of Fe. EFTEM maps
(150-200 nm wide) were digitized with the Gatan-
Digital-Micrograph software integrating the intensity
over windows 2.7 nm wide centered around points sepa-
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FIG. 1. Energy filtered Fe L,; maps of [Fe(3 nm)/

Cr(1.2 nm)],, superlattices grown (a) at 4 mTorr and (b) at
8 mTorr. Lateral evolution of the local interface width o(I) for
the different bilayers for samples grown (c) at 4 mTorr and (d) at
8 mTorr. Different data sets correspond to different bilayer
indexes (1 to 20). Lines in the figure are fits to o ,(I) = o {1 —
exp[—(1/&)**]}'/%. Note that [ < L and ¢ < L always.

rated 1.35 nm (5 pixels) [21]. The maximum intensity
locii for each bilayer define the bilayer profile. The fluc-
tuations in the interface heights were statistically ana-
lyzed for the different bilayers.

Interestingly, for the individual layers 4,(x + [, t) —
h,(x, t) has a Gaussian distribution with a standard de-
viation ([, (x + L, 1) — h,(x, *)"/? increasing with dis-
tance [ between points [6]. Thus, our results provide a
direct proof of the random Gaussian distribution of height
differences for the individual bilayers. This is a central
assumption in many quantitative interpretation of diffuse
XRR [2-6,20,22]. This was verified for all samples. The
local interface width o (1, £) = [(z2(x, 1))]'/? was analyzed
for individual bilayers using the standard deviation of the
distribution of heights z,(x, 1) = h,(x, t) — (h,(x, 1)) for
each bilayer. Note that averages are done over a window
width € around each point. Figure 1 shows o(/, t) vs the
window width for the individual bilayers, for samples
with N = 20 bilayers grown at 8 mTorr 1(b) and 5 mTorr
1(d). Interestingly, in distinction of self-affine surfaces,
the interface width o(/, r) depends on thickness (time) at
small length scales [Figs. 1(b) and 1(d)]. Moreover, the
data sets for the low-pressure sample [Figs. 1(a) and 1(c)]
shift nearly parallel to each other as the bilayer index
(time) changes. This indicates that kinetic roughening
cannot be described by a Family-Vicsek scaling ansatz,
Eq. (1), and that anomalous scaling of Eq. (1) may apply
(non-self-affine interfaces).

The roughness increases with lateral window size [
according to a power law o(l) « [*e and then saturates.
The position of the “knee’ at saturation is a measure of
the lateral correlation length & of the roughness. & is
extracted from fits [lines in Figs. 1(b) and 1(d)] of the
roughness for each bilayer to the expression o,(l) =
oy {1 — exp[—(1/£)*=]}/2, where o, is the saturation
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FIG. 2. Thickness (time) dependence of the following:
(a) saturation interface width, (b) roughness lateral correlation
length, and (c) short-range local interface width for low
(4 mTorr, open squares) and high (8 mTorr, solid circles)
pressure samples.

value of the roughness for bilayer n, and ay,. is the
roughness exponent [6]. Thus, the asymptotic behavior
o,(l <K &) = 1" and o,(l> §)) = o,,. Note that
&) < L in all cases. The saturation roughnesses averaged
over different bilayers are in good quantitative agreement
with values obtained from the refinement of XRR [21,23].

The evolution of the lateral correlation length and the
saturation roughness with bilayer index provides dy-
namic information of the growth if the thickness in-
creases linearly with time. Figure 2 shows the thickness
(time) dependence of the saturation roughness [o(7) o
t#] and of the lateral roughness correlation length [£(¢) o
1'/2] for low and high-pressure samples. Very different
values are obtained for the critical exponents: for high-

TABLE L

pressure samples B = 0.76 *0.05 and 1/z=0.70 =
0.05, the low-pressure samples show a saturation rough-
ness increasing with a small exponent 8 = 0.25 = 0.05
and an almost thickness independent correlation length.
This behavior of the low-pressure samples was confirmed
for samples with a larger number of bilayers (up to 40).

Interestingly, logo(l, f) is approximately linear with
logt at short time with an exponent S, = 0.25 = 0.05
independent of growth conditions [Fig. 2(c)]. In the high-
pressure samples, independently determined roughness
exponents are in good agreement with the relation oy, =
(B — Bioe)z predicted by Lopez and co-workers [9,11,12]
in the case of anomalous kinetic roughening. Using
o = @ — Bz the global roughness exponent o =
1.05 = 0.05. Note that in the low-pressure samples the
time exponent, B3, of the global roughness is nearly the
same as that determined from its short-range behavior
Bioc = 0.25. This behavior, in which 8 = B, together
with 1/z = 0, does not allow determining the global
roughness exponent.

To the best of our knowledge, the set of critical expo-
nents obtained in our experiments do not fit in any of the
existing model classes of surface growth that are known
to exhibit anomalous scaling. See Table I for comparison.
This shows that kinetic roughening is more complex in
superlattices than in single films. An important question
is the influence of this complex behavior on the results of
diffuse XRR. Models to extract quantitative information
in superlattices should take into account the anomalous
(non-self-affine) roughness and the increase in the lateral
roughness correlation length (nonconformal roughness).

Further insight into the mechanism of interface rough-
ening can be obtained from the evolution of the ratio of
the saturation interface width (scaling as t#) to the lateral
roughness correlation length (scaling as ¢'/%). These pro-
vide a measure of the average interface slope and define
the aspect ratio of the interface (inset of Fig. 3). It follows
from the scaling properties outlined above that the aver-
age interface slope scales with thickness (time) as 18 /1'/%.
It increases slightly with thickness for the low-pressure
samples [as expected from a thickness (time) independent
lateral roughness correlation length], and it remains es-
sentially constant with thickness for the high-pressure
ones (Fig. 3). The time independent aspect ratio of the
high-pressure samples points to a growth mechanism

Critical exponents determined experimentally in this work for high (8 and 10 mTorr) and low (4, 5, and 6 mTorr)

pressure samples compared with exponents determined for various growth models after Ref. [11]. Here o, Bioc» @, and 1/z have

been determined independently. (MBE: molecular-beam epitaxy.)

Aloc :8100 .B a 1/Z
High pressure 0.75 = 0.05 0.22 = 0.05 0.76 = 0.05 1.05 = 0.05 0.70 = 0.05
Low pressure 0.65 = 0.05 0.22 = 0.05 0.25 £ 0.05 e ~ 0
Linear MBE [8] 1 1/8 3/8 1.5 0.25
Random diffusion [9] 0.5 > 0.5 <0.5
Nonlinear MBE [10,26] 0.73 1/11 1/3 1 0.33
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FIG. 3. Ratio of the saturation interface width to the lateral

correlation length as a function of thickness (time) for 4 mTorr
(open squares) and 8 mTorr samples (solid circles). This is a
measure of the average long-range interface slope (see dotted
line in the inset).

with a significant roughness correlation. It is interesting
that changing the growth conditions results in a com-
pletely different behavior of the averaged interface slope
for low and high pressures.

The scaling of the local interface slope can be obtained
from the short-range local roughness, which scales as the
height-height correlation function. Figure 2(c) shows that
the local short-range roughness and the local interface
slope show similar scaling for both kinds of samples. This
may reflect that the growth processes are similar at
atomic scale, but different at long scale, probably due to
nonlocal (shadowing) effects [24]. The importance of
long-range interactions in growth processes proposed
theoretically [25] showed that the critical exponents
might depend on the details of the interaction. The differ-
ences between short- and long-range behavior high-
lighted by the anomalous roughness may be uncovering
a complicated scenario which has not been included in
existing theories of surface growth.

In summary, we present imaging of the individual
layers in sputtered Fe-Cr superlattices by EFTEM. A
statistical analysis of the local interface width for the
individual layers shows anomalous non-self-affine rough-
ness characterized by a time dependent local interface
width. Varying deposition conditions result in important
changes in the critical exponents, from a thickness (time)
independent lateral roughness correlation length at low
deposition pressures to a strong increase with bilayer
index at high pressures. This shows that kinetic rough-
ening might be significantly more complicated in super-
lattices than in single surfaces.
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