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Excessive number of high asperities for sputtered rough films
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The roughness of solids is crucial for interactions between bodies at short separations due to capillary or
van der Waals—Casimir forces and for contact mechanics. Specifically, it is critical for the fabrication and
operation of microelectromechanical systems, for which functional materials are deposited using thin film
coating technologies. Here, it is demonstrated that the materials deposited by magnetron sputtering or thermally
evaporated on a cold Si substrate reveal a significantly larger number of high asperities than that predicted by the
normal distribution. Such asperities define the distance between the solids in contact that is the key parameter
for many problems. The effect is related to the nonequilibrium deposition conditions and is suppressed if the
material is deposited on a hot substrate or annealed. The high asperity tails can be described by the extreme
value distribution or in some cases by the exponential distribution.

DOI: 10.1103/PhysRevB.104.035415

I. INTRODUCTION

The depositions of thin films of different materials by
evaporation or magnetron sputtering [1,2] are widespread
methods used in microtechnology for coating. An important
characteristic of the deposited films is the surface roughness.
The nanoscale roughness plays a crucial role in many areas
of science and technology. The roughness is essential for
heat transfer [3,4], contact resistivity [5,6], contact mechanics
[7,8], and sealing and lubrication [9]. The nanoscopic rough-
ness is important for capillary forces and wetting [10-12]. It
is also very significant for experiments measuring the Casimir
and van der Waals forces, when the distance between the
interacting surfaces becomes comparable with the roughness
amplitude [13-15].

The surface roughness is a factor that controls the occur-
rence of the pull-in instability. This instability is the main
reason for the failure of microelectromechanical systems
(MEMS) [16,17] when separate elements of MEMS stick
permanently to each other due to irreversible adhesion. Since
MEMS are fabricated using standard clean-room technology,
the coating of the surfaces by sputtering or evaporation is
relevant. The phenomenon of spontaneous stiction during fab-
rication or operation of MEMS has been investigated on a
model system of an adhered cantilever [16,18] and the role of
surface roughness has been confirmed by direct experiments
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[19]. The adhered cantilever, which does not suffer from a
pull-in instability, has been proposed as a method to measure
the Casimir forces at short separations inaccessible for the
standard method of elastic suspension [15].

Atomic force microscopy (AFM) demonstrated that rough
surfaces consist of peaks and pits [20-22] with a characteristic
lateral size & (correlation length) and randomly distributed
height with a root-mean-square (rms) value w. At lateral
distances smaller than & the deposited metallic films show a
self-affine character, when the height-height correlation func-
tion behaves as [23-25] Cs(R) = w?(R/£)*, where H (<1)
is the roughness exponent and R is the in-plane distance
between two points. Typically, the height of peaks and pits
is characterized by the normal distribution. In this case the
elastic contact of a surface with the self-affine roughness and a
flat surface can be described by Persson’s theory [7]. However,
this theory is applicable to very soft materials such as rubber,
while for more stiff materials the situation can be different.

Real contact occurs on the highest asperities and for stiff
materials the local pressure can be significantly larger than
the nominal one. The local pressure can easily exceed the flow
stress resulting in plastic deformations [15] so that the contact
is no longer elastic. Moreover, the height distribution of the as-
perities can differ from the normal distribution especially for
high asperities. It was demonstrated for gold films thermally
evaporated on silicon wafers [26]. The peaks with a height of
(2 — 3)w follow the normal distribution but higher asperities
appear more often than predicted by the normal distribution.
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Because real contact is realized on these high peaks, they play
a significant role in the contact problem.

High peaks are rare statistical events and the lateral dis-
tance between them is large in comparison with the correlation
length. For this reason the smaller the size of the investigated
area, the smaller is the height of the highest peak in this area.
The dependence on the area size has been demonstrated for
gold films of different roughnesses [26]. When one investi-
gates a small area as, for example, for colloid particles [27],
a normal distribution for the asperities is justified, but already
for nominal interaction areas of 1 x 1 um? or larger the nor-
mal distribution fails to describe the situation [14,26]. Thus,
high asperities are very important for the problem of contact
and for interactions between solids at distances comparable
with the height of these asperities. However, at this moment,
an excessive number of high peaks was observed only for
oligomer [28] and Au [26] thin films thermally deposited on Si
substrates and it is not clear how general is this phenomenon.

In this paper, based on the analysis of large area AFM scans
supported by the images from a scanning electron microscope
(SEM), we demonstrate that significant deviations from the
normal distribution is not an exceptional property. All the
tested films of Cu, Pt, W, and SiO, deposited by magnetron
sputtering on a Si substrate at room temperature show a sig-
nificant number of high peaks, which can be described by an
extreme value distribution. The finding is important for the
description of the interaction between solids close to or being
in contact.

II. MATERIALS AND METHODS

Films of W, Pt, Cu, and SiO, were deposited using mag-
netron sputtering by SCR-651 Tetra (Alcatel). Pressure in
the vacuum chamber was reduced to 5 x 10™* ubar with a
turbomolecular pump. Argon was used as a working gas at a
pressure 2 ubar for deposition of all the metals and 13% of
O, was added to Ar for the deposition of SiO, (total pressure
2.2 ubar). The sputtering system operates at 13.56 MHz; the
power at the target was 300 W for the deposition of tungsten
and 200 W for the other materials. A thin (10-nm) adhesive
sublayer of Ti was used to deposit the metals. The deposition
rates were (in nm/s) 0.42 (W), 0.28 (Pt), 1.00 (Cu), and 0.17
(Si0,). The films were deposited at room temperature, but Pt
and W films were deposited also on hot substrates at 400 and
600 °C, respectively. Two tungsten films deposited at room
temperature were annealed without breaking the vacuum at
600 °C during 30 min. The film thicknesses were 100 and
300 nm for W, 100 and 200 nm for Pt, 100, 250, 500, and
750 nm for Cu, and 312, 420, 878, and 990 nm for SiO,.

The roughness of the films was investigated with a Smart-
SPM 1000 (AIST-NT) AFM instrument in the tapping mode.
The cantilevers fpN10 (AIST-NT) had a nominal spring
constant 11.5 N/m, resonance frequency 250 kHz, and tip
curvature radius 10 nm. The data were collected from 1 x
1 cm? samples in three arbitrarily chosen locations for each
sample. For the determination of the roughness distribu-
tion the scan area was 20 x 20 um? with a resolution of
4096 pixels per line. It was possible to collect high reso-
lution data from this large area due to the high stability of
the recording system and a low level of vibrations. Smaller
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FIG. 1. (a) AFM image of Pt film with an area of 20 x 20 um?
deposited on a Si substrate at room temperature (cold). The color bar
shows the height scale. (b) A zoomed 2 x 2 um? area taken from
the full image. (c) The same as (a) but the film is deposited on a hot
substrate at T = 400 °C. (d) Magnified view of the film in (c).

images 5 x 5 um? with 1024 pixels per line were collected
only for SiO; films. The correlation lengths of the films were
determined from 2 x 2 um? scans with 1024 pixels per line.
For comparison we provide also the data for a 200-nm-thick
Au film thermally evaporated as described in Ref. [26]. For the
gold sample the data were collected with a Bruker Multimode
8 AFM. For all samples the topographical features visualized
with AFM were controlled with the scanning electron micro-
scope (SEM) Zeiss Supra 40. The parameters characterizing
the sputtered films are collected in Table S1 [29].

II1. RESULTS

Since we are looking for high asperities, which are sta-
tistically rare events, it is important to collect information
on the roughness from as large an area as possible. On the
other hand, the spatial resolution has to be sufficient to resolve
separate asperities. These are contradictory conditions so that
a scan area of 20 x 20 um? and a number of pixels per line
of 4096 were chosen to keep the balance between the two
conditions within the range of the AFM instrument. These
parameters correspond to a pixel size of 4.88 nm. From such a
megascan one can get information on different length scales.
This approach proposed in Ref. [26] also guarantees that the
information corresponds to a homogeneous area on the sample
in contrast with smaller separate scans.

Figure 1(a) shows a full scan of the Pt film deposited on
a Si substrate at room temperature. Since the resolution is
high, one can see in Fig. 1(b) the magnified details from
an area 10 times smaller in size than the original scan. The
grain structure can be seen in this image, but unexpectedly
high peaks comparable in lateral size with the grains are also
visible. These peaks cannot be treated as dust because their
aspect ratio (width/height) is about 5 and their number is
large. Moreover, the film deposited on the Si substrate at
T = 400 °C shown in Figs. 1(c) and 1(d) does not demonstrate
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FIG. 2. (a) and (b) AFM image of Pt films with an area of
2 x 2 um? and a pixel size of 1.95 nm deposited on a cold and hot
substrate, respectively. (c) and (d) The height-difference correlation
function (circles) extracted from the images in (a) and (b). The solid
black lines show the asymptotics corresponding to Eq. (2). The blue
dashed line indicates the correlation length.

similar peaks although it was processed in the same way as the
film deposited on a cold substrate.

To determine the correlation length £ one has to use a
better spatial resolution. For this purpose we used AFM scans
with an area 2 x 2 um? and 1024 pixels per line (the pixel
size is 1.95 nm). The height-difference correlation function is
defined as

1
SR =5 / dxdylz(r + R) — Z(R)P, 1

where z(r) is the height in the point r = (x,y), R=r"—r
is the distance between the points, and A is the area of the
image. All the investigated materials demonstrate a self-affine
roughness that is characterized by the following asymptotic
behavior [25,30,31],

sR) _ [(R/EPH, R<E, @)
2w2 - 1, R>>%'

Figures 2(a) and 2(b) show these higher resolution images of
200-nm-thick Pt films deposited on cold and hot substrates,
respectively. Comparing these images with those in Figs. 1(b)
and 1(d) produced from the megascans one can see the in-
crease in the resolution does not change the images. The high
resolution images are important only for the determination
of the correlation length. The functions g(R) are shown in
Figs. 2(c) and 2(d), from which & can be determined. In this
way the correlation length has been determined for all the
materials.

Cu 250 nm W 300 nm
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FIG. 3. (a)~(d) 2 x 2 um? areas of the full images for Cu, W,
Si0,, and Au, respectively, deposited at room temperature.

The observed difference in the topography of the films
deposited on cold and hot substrates is supported by SEM
images (see Fig. S1). To see also the similarity between SEM
and AFM images one has to take into account that SEM keeps
the horizontal and vertical scales approximately the same,
while for AFM the lateral scale is typically much larger. For
this reason high peaks in Fig. 1(b), which are roughly 30 nm
wide and 10 nm high, appear as bright spots in AFM but are
barely visible in the SEM images. Nevertheless, adjusting the
contrast of SEM images one can see the similarity with the
AFM images as Fig. S1(e) shows.

Magnified views of the Cu, W, SiO,, and Au films de-
posited on cold Si substrates are shown in Fig. 3. These
films demonstrate very different roughnesses but all of them
contain a significant number of asperities with heights much
larger than the rms roughness. These high peaks are not so
well pronounced as for Pt, but they are clearly visible in
histograms (see Fig. 4 below). On the other hand, similar to
Pt, tungsten deposited on a hot substrate or annealed at 600 °C
after the deposition, does not show an excessive number of
high peaks as one can see in Fig. S4. We assume that the
high asperities are related to the nonequilibrium deposition
conditions. These conditions result in a smaller rms roughness
with more significant deviations from the average height of the
asperities. If the film is deposited on a hot substrate, it is closer
to the equilibrium due to faster surface diffusion. Similarly,
the surface diffusion is involved when the film is annealed.

The height probability density function is constructed from
the AFM images as a histogram. It is defined as a number of
pixels with heights within the interval (z, z + Az) normalized
to the total number of pixels and to the size of the bin Az,
where z varies from 0 to zp,x (the highest pixel in the image).
The data collected in this way are presented in Fig. 4, where
the height x = z — z,, is counted from the average value z,y, so
that the average position of the surface corresponds to x,, = 0.

If the scans are taken from different places in the sample,
the distribution function is well reproducible, as one can see
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FIG. 4. Probability density function for different materials de-
posited on a Si substrate at room temperature. The green dashed
curve shows the normal distribution for the same rms roughness.

in Fig. S2 for Pt and Cu. For very high peaks (large x/w) some
scattering of the data is due to the small number of peaks. We
have to note that for small area scans the scattering is signif-
icant, which makes it difficult to collect a reliable statistics
of high peaks. It is one of the reasons to use megascans for
the data collection. Figure S3 illustrates that by using a linear
vertical scale for the distribution function it is not possible to
see a strong deviation from the normal distribution.

The density function can be compared with the normal
(Gaussian) distribution function,

fulx) = exp(—x%/2w?). 3)

1
w21
The function f,(x) depends only on one parameter w. Choos-
ing this parameter to be equal to the rms roughness of the film
determined from the scan, we get the corresponding normal
distribution for the film. For each graph in Fig. 4 this distri-
bution is shown by the green dashed curves. One can see that
all the materials deposited at room temperature demonstrate
a significant deviation from the normal distribution for high
asperities. We call the part of the observed distribution which
deviates from the normal one the high peak tail. Although
the probability to find a high peak is low, there are many
such peaks on a large area. These rare peaks will define the
actual contact between solids. The high peak tail (peaks with
x 2 3w) is especially well pronounced of Pt and Cu, while
for SiO, and Au the tail is not so long. Tungsten, which is not
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FIG. 5. Probability density function for Pt and W deposited on
hot Si substrates. The normal distribution (green dashed curve) de-
scribes well the observed distribution.

shown in Fig. 4, can have a tail comparable with that for Pt
and Cu or with that for gold as one can see in Figs. S4(a) and
S4(c).

To feel the difference between the actual and normal
distributions let us provide a few numbers. At x = Sw for
Pt, f,(Sw) =1.34 x 10~°, but the actual value is fw) =
1.47 x 1073, The probability to find a peak with a height of
Sw is three orders of magnitude larger than that for the normal
distribution. For other materials the ratio f(Sw)/f,(Sw) ~
100 is somewhat smaller but still very large.

Figure 5 shows the probability density function extracted
from the images of platinum and tungsten films deposited on
a hot substrate. The difference with Fig. 4 is striking. The
materials deposited on a hot substrate have practically no ex-
cessive high peaks in comparison with the normal distribution.
A similar situation is observed for annealed tungsten films
[see Fig. S4(d)].

The existence of the high peak tail was already noted for
the thermally evaporated gold films [26]. It was suggested [32]
that for Au films the tail can be described by the extreme value
distribution [33], for which the cumulative distribution can be
presented in the form

P(x) =1 —exp[—e“ /P x> 3w, “4)
where © and B are the parameters. However, it was not clear
how general is such a behavior. This paper demonstrates that a
significant deviation from the normal distribution is a generic
feature for all the investigated materials magnetron sputtered
on a cold substrate. The degree of deviations and the details
of the high peak tail can be specific for each material. Never-
theless, one can make some statements about the distribution
of high asperities.

The total number of pixels in a megascan is N = 22%12 ~
1.68 x 107. The number of pixels with the height & larger
than x is Nj(x) = N[1 — P(x)]. This number as a function
of x is shown in Fig. 6 for different materials. The gold
film in Fig. 6(a) is well described by the extreme value
distribution (4) in the interval 2.5w < x < 7w, in agreement
with Refs. [14,32] where rougher films have been analyzed.
The first point of the interval is the place where the actual dis-
tribution starts to deviate from the normal one. The numbers
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FIG. 6. Number of pixels with a height & larger than a given
value x for different materials. The data for high peaks are fitted
with (4) or with the exponential distribution (for SiO,). For Pt and
Cu the data are fitted piecewise by the extreme value distribution.
The numbers at the breakpoints show the number of pixels for the
corresponding x.

near the horizontal dashed lines are the number of pixels at
the beginning and the end of the interval. A very smooth SiO,
film with fine lateral features [Fig. 6(b)] is described better
by the exponential distribution 1 — P(x) ~ exp(—x/w) in the
interval 2w < x < 6w than by the extreme value distribution.
The high pixels outside of the interval are related to one or
a maximum of a few highest peaks and have no statistical
significance.

The films of Pt and Cu have a more complicated structure
of the cumulative distribution. Nevertheless, the high peaks
for these materials can be described by the extreme value
distribution in a piecewise way. In this case one can separate
three domains described by the extreme value distribution but
with different parameters. For platinum these domains are
located between the breakpoints x = 2.5w, 7w, 11.5w, 15w.
As one can see in Fig. 6(c), the fitting with the piecewise
parameters describes the cumulative distribution for Pt nearly
perfectly. In a similar way one can describe the distribution
for Cu [Fig. 6(d)], but the breakpoints are different: x =
4w, 8w, 15w, 17.5w. In comparison with Pt, the normal dis-
tribution can be applied to Cu up to x = 4w but qualitatively
the high peak tails behave similarly. This similarity suggests
that the physical processes responsible for different domains
also have to be similar. The piecewise behavior means that
there are three groups of high peaks, which are described by
different parameters w and 8 in (4).

Of course, the film deposition in plasma is a complicated
process and we can only speculate on the physical origin of the
high peaks. We relate the occurrence of high peaks with the
relaxation of local stresses, which appear during the nonequi-
librium film growth. For metals this process is described by

the extreme value statistic, but for SiO, the statistics can be
different because, in contrast with plastic metals, silicon oxide
is a brittle material. A very long tail of the distribution for Pt
and Cu can be explained by the existence of different kinds of
stress centers, which are described by different parameters of
the extreme value distribution. These high peaks are, however,
metastable and can disappear at high temperatures.

The numbers shown in Fig. 6 near the breakpoints indicate
the number of pixels with the height larger than the break
value of x. These numbers, however, do not correspond to the
number of high peaks. It is possible to establish the corre-
spondence between the number of pixels and the number of
peaks assuming a specific shape of the peaks. However, as a
rough estimate we assume here that the area of one peak is
mr?/2, where r is related to the correlation length as r = £ /2.
For £ = 20 nm and the area of one pixel 23.8 nm?, one finds
about 7 pixels per peak. Thus, from Fig. 6 one can conclude
that the last breakpoint corresponds to one or a few peaks, but
a significant number of peaks exist for smaller values of x.

From the theoretical point of view it was suggested [28]
that the non-Gaussian height distribution is explained by the
roughening mechanism described by the Kardar-Parisi-Zhang
(KPZ) scenario [34]. This idea has been analyzed in Ref. [35]
where the role of the extreme value distribution has been
stressed. The current paper shows that the KPZ model of film
growth is plausible, but more theoretical work is needed to ex-
plain the exponential distribution for SiO, films and breaking
points for Cu and Pt.

IV. CONCLUSIONS

We collected detailed information on roughness of thin
films magnetron sputtered on a substrate using large area
AFM megascans containing ~107 pixels. We observed that
the deposition of different materials on a cold substrate (mag-
netron sputtered or thermally evaporated) provides the films
with a significant number of high asperities that exceed con-
siderably the number predicted by the normal distribution of
roughness. On the other hand, if the films are deposited on
a hot substrate or annealed, they are well described by the
Gaussian distribution. We concluded that the finding is related
to the nonequilibrium deposition conditions. For all metallic
films the high peaks can be well described by the extreme
value statistics. Platinum and copper, which demonstrate long
tails in the distribution of high peaks, are also described by
the same statistics but in a piecewise way. In contrast the
Si0O, film is described much better by the exponential distri-
bution. These observations are very important for interactions
between solids at short separations and for contact mechanics,
when the thin film coating technology is used as, for example,
in MEMS. The excessive number of high peaks is crucial for
the explanation of the Casimir forces measured at distances
comparable with the height of these peaks or even when the
surfaces are in direct contact.
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