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Chapter 3 
GROWTH DYNAMICS OF 
NANOCOMPOSITE COATINGS* 

In this chapter, surface roughness, dynamic growth behavior and microstructural 
evolution of TiC/a-C nanocomposite coatings deposited by pulsed-DC magnetron 
sputtering are described. From detailed analyses of surface morphology and growth 
conditions it is concluded that a transition in growth mechanisms occurs, i.e. a 
mechanism dominated by geometric shadowing at lower p-DC frequency evolving to a 
surface diffusion mechanism driven by impact-induced atomistic downhill flow process 
by Ar+ ions at higher pulse frequency which leads to transition from a strong columnar to 
a columnar-free microstructure. Moreover, it is shown that rapid smoothing of initially 
rough surfaces with RMS roughness ~ 6 nm to < 1 nm can be effectively achieved with p-
DC sputtering at 350 kHz pulse frequency. In order to analyze the smoothing mechanism 
the roughness evolution is described by a model; a linear stochastic differential equation 
with the second- and fourth-order gradient relaxation terms, which account for diffusion 
along the coating surface. Furthermore, the nonlocal shadowing effects in three spatial 
dimensions alongwith the angular distribution of depositing particles were included to 
explain the steep increase of roughness at 100 kHz p-DC sputtering. Simulation results 
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are compared with the experimental data for 100 kHz and 350 kHz p-DC deposition. The 
model is in good agreement with AFM measurements of roughness evolution.  

3.1   Introduction 

During sputtering deposition there is an interplay between interface roughening 
generated by noise, smoothing driven by surface diffusion due to concurrent ion 
impingement and nonlocal effects generated by shadowing. Geometrical shadowing 
enhances growth front roughness. Without additional lateral relaxation processes, this 
would inevitably cause dynamic roughening i.e. increase of surface roughness as a 
function of deposition time.1 As a result a rough surface will lead to columnar growth 
such that the column boundaries (CBs) originate at the networks of grooves on the 
growing surface and the hills become the spearheads of the columns. Such a columnar 
structure is undesired because the CBs are the potential source of failure, e.g. mechanical 
(cracking), chemical (corrosion) and thermal (oxidation). In contrast, ultra-smooth 
surfaces produce pinhole-free coatings which are of considerable technological 
importance, e.g. in magnetic disk storage systems.2 In view of this, during the last two 
decades considerable effort has been devoted to the experimental investigation and 
theoretical understanding of roughness evolution of growth front roughness. 3-7 

Several models have been proposed for describing the dynamic behavior of growing 
surfaces. Shadowing and kinetic roughening are the primary mechanisms of surface 
roughening.8-10 On the other hand, sputter re-deposition (or re-emission)11,12, atomistic 
impact-induced downhill flow3 and local melting by thermal spike4, surface diffusion and 
relaxation at high homologous temperatures13-15 are the proposed mechanisms that may 
smooth the growth front. In order to avoid Erhlich-Schwoebel barrier effects (the 
additional barrier for an adatom to diffuse down a surface step) and roughening due to 
crystallization, common practice is to employ an amorphous system for the study of 
dynamic scaling behavior of coating growth. In fact, amorphousness has been considered 
as the prerequisite for obtaining ultrasmoothness of thin coatings.3,4 

Dynamic growth behavior of p-DC sputtered TiC/a-C nanocomposite coatings as a 
function of different pulse frequencies was investigated with particular emphasis on 
understanding the predominant growth mechanism that controls the microstructure of the 
coatings. Furthermore, to reveal the parameters and processes that control the growth 
front roughness, roughness evolution is described by the linear stochastic differential 
equation with the second- and fourth-order gradient relaxation terms, which accounts for 
diffusion along the coating surface.16 The second-order term is attributed to ballistic 
effects resulting from continuous bombardment of the growing coating by Ar+ ions. This 
model explains the experimentally observed dynamic smoothing for p-DC sputtered 
coatings at higher pulse frequency. The shadowing effect and the angular distribution of 
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depositing particles were included in the model to explain the dynamic roughening 
observed at lower pulse frequency.17 A concept of the exposure angle, according to which 
the local growth rate at a point is roughly proportional to the exposure angle of this 
point14,15 was considered. The model also takes into account the angular distribution of 
depositing particles. Both these models are briefly discussed. The simulation results are 
compared with the experimental observations for 100 and 350 kHz p-DC sputtered 
coatings.  

3.2   Experimental  

The TiC/a-C nanocomposite coatings were deposited with non-reactive magnetron 
sputtering of simultaneous DC sputtering of Ti and p-DC sputtering of graphite targets 
operating at different frequencies and 50% duty cycle. The substrates were pulsed biased 
at -40 V at 250 kHz and 50% duty cycle. The substrates were fixed at 80 mm distance to 
the targets and the rotational speed of the sample carrousel was 3 rpm during the 
deposition of coating. Prior to deposition, the acetone-washed Si substrates were further 
cleaned with Ar plasma etching for 15 minutes at -400 V bias voltage. A ductile CrTi 
interlayer of 170 nm thickness was first deposited to enhance the interfacial adhesion 
between the top coating and Si substrate. Thereafter, the TiC/a-C nanocomposite top 
coating was deposited under the condition of 1.5A sputtering current applied to each of 
the two graphite targets and 0.55A current to the single titanium target, for different 
deposition times from 7.5 minute up to 4 hour. The averaged growth rates were 8.5, 7.5 
and 5.5 nm/min for p-DC sputtering at 100, 250 and 350 kHz, respectively. Moreover, 
intentionally rough coatings at 100 kHz were deposited to simulate a rough finishing of 
industrial substrates and dynamic growth behavior of coatings deposited at 350 kHz on 
such rough coatings were studied. A series of TiC/a-C top layers were deposited for 
various deposition times and at two p-DC frequencies, coded as xCyTi where x denotes 
pulse frequency applied to the graphite (C) targets in kHz and y denotes the current 
applied to Ti-target in ampere. The p-DC current applied to the graphite targets was 
always 1.5A each. The deposition rates were 8.0, 8.5 and 3.15 nm/min for 100C0.35Ti, 
100C0.55Ti and 350C0.35Ti, respectively. 

Atomic force microscopy (AFM) was used to probe the surface morphology of the 
coatings. Eight scans of size 2×2 µm² were captured for evaluating the surface roughness 
and height-difference correlation function. The captured AFM micrographs consisting of 
512 lines were displayed and leveled by using a free software WSxM® 4.0 Develop10.218 
and then exported to X-Y-Z ASCII files for calculating the height-difference correlation 
functions with a home-made code in MatLab software. The microstructural evolutions of 
the coatings were characterized by scanning electron microscopy (HR-SEM) and the 
nanostructure of the coatings was revealed by HR-TEM. 
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3.3   Results and discussion 

In this section, the dynamic growth behavior and microstructure of TiC/a-C 
nanocomposite coatings deposited by p-DC sputtering at different pulse frequency, 
mainly 100 and 350 kHz are described. 

3.3.1   Dynamic growth behavior and microstructure of p-DC sputtered TiC/a-C 
coatings 

The typical evolution of the surface morphology of 100 kHz p-DC sputtered TiC/a-
C nanocomposite with increasing deposition time is displayed in Figure 3.1.  

 

 
Figure 3.1 Surface topography images (2×2 µm²) showing evolution of the surface of 100 kHz p-
DC sputtered TiC/a-C nanocomposite coatings at different deposition times: (a) 450 s, (b) 1800 s, 
(c) 7200 s and (d) 14400 s. The corresponding RMS roughness (R) is indicated. 

The interlayer exhibited a grainy surface morphology with a “grain” size of around 
50 nm (Figure 3.1a) and a roughness of 0.30 ± 0.01 nm. With increasing deposition time, 
the surfaces evolved gradually from a fine grainy structure to large hills surrounded by 
deep groove networks (Figure 3.1a-d), i.e. the features grew both vertically and laterally. 
As a result, the roughness increased rapidly from 0.30±0.01 nm to 4.24±0.06 nm after 
four hours of deposition time, indicating a dynamic roughening growth.  

The 350 kHz p-DC sputtered coatings behave rather differently concerning their 
growth dynamics. The evolution of the surface morphology at different deposition time is 
demonstrated in Figure 3.2.  
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Figure 3.2. Surface topography images ( 1×1 µm²) showing the typical evolution of the surface 
morphology of 350 kHz p-DC sputtered TiC/a-C nanocomposite coatings at different deposition 
times: (a) 0 s (interlayer), (b) 900 s, (c) 3600 s and (d) 14400 s. The corresponding RMS 
roughness (R) is indicated. 

During the onset of coating deposition, the grooves of the grainy surface (Figure 
3.2a) gradually became less visible and the surface became smooth. After 15 minutes of 
deposition, as shown in Figure 3.2b, the neighboring grains merged to yield a smoother 
surface on one hand and on the other hand the growing bumps appeared even finer. At a 
deposition time of 60 minutes (Figure 3.2c), the growing surface became much smoother 
and exhibited tiny bumps of sizes almost one order of magnitude smaller than those 
observed on the interlayer. After 240 minutes of deposition time, the surface showed only 
weak contrast of nano-sized dots (Figure 3.2d) and appeared ever smoother with a 
roughness of 0.23±0.01 nm. It is clear that a dynamic smoothing process occurred due to 
intensified concurrent ion impingement (i.e. 350 kHz p-DC sputtering), as will be 
discussed in the following section. 

The height-difference correlation function of the surfaces shown in Figure 3.3 
provided statistical information about the morphology evolution of coatings versus 
deposition time. Here the height-difference correlation function was calculated from 

2)]()([)( rxhxhrH +−= , where h is the height function at a position x on a scanned 

surface area and the angle brackets denote an average of the height-difference squared 
over the distance r along the fast scanning direction over an entire AFM micrograph. The 
height-difference correlation function takes the form )/(2)( 2 ξrfwrH =  with 

α2)()( mrrH =  for ξ<<r  and 22)( wrH =  for ξ>>r .19,20 
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Figure 3.3 Height-difference correlation curve of the coatings grown for different times and p-
DC sputtered at frequency of (a) 100 kHz and (b) 350 kHz. Note the error bars are within the 
thickness of the symbols. 

The lateral correlation length ξ defines the lateral distance within which the surface 
heights of any two points are correlated and the width w is an equivalent of the RMS 
roughness measured by AFM The roughness exponent α describes the undulation, such 
that a larger value of α corresponds to a smoother surface structure whereas a smaller 
value of α corresponds to a locally more jagged morphology.  

Table 3.1 Parameters of height-difference correlation function and RMS roughness of 100 kHz p-
DC sputtered TiC/a-C nanocomposite coatings for different times. 

Deposition time (s) Α M ξ (nm) w (nm) RMS (nm) 
450 0.589 0.0105 21.66 0.30 0.30 ± 0.01 
900 0.651 0.0200 21.68 0.41 0.41 ± 0.01 

1800 0.734 0.0358 27.05 0.69 0.69 ± 0.02 
3600 0.874 0.0775 36.14 1.70 1.71 ± 0.05 
7200 0.869 0.0822 41.03 1.96 1.98 ± 0.09 

14400 0.841 0.1779 52.13 4.30 4.24 ± 0.06 

Table 3.2 Parameters of height-difference correlation function and RMS roughness of 350 kHz p-
DC sputtered TiC/a-C nanocomposite coatings for different times. 

Deposition time (s) α M ξ (ξ2) (nm) w (nm) RMS (nm) 
0 0.665 0.0070 42.3 0.30 0.30 ± 0.01 

450 0.648 0.0049 52.7 0.29 0.29 ± 0.01 
900 0.571 0.0034 62.3 0.29 0.29 ± 0.01 

1800 0.562 0.0033 60.5 0.29 0.29 ± 0.01 
3600 0.502 0.0022 59.0 (98.1) 0.25 0.25 ± 0.01 
7200 0.471 0.0012 80.2 (119.6) 0.24 0.25 ± 0.01 
14400 0.459 0.0011 73.0 (188.5) 0.23 0.23 ± 0.01 

The calculated values of all the scaling parameters are listed in Table 3.1 and 3.2 for 
the coatings deposited at 100 and 350 kHz pulse frequency, respectively. The value of α 
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was derived from the slope of the initial linear part of the height-difference correlation 
curves. For the coatings deposited at 100 kHz, the roughness exponent α increased with 
increasing deposition time and saturated at 0.84~0.87. In contrast, for the coatings 
deposited at p-DC 350 kHz, the roughness exponent α decreased with increasing 
deposition time, ranging from 0.665 to 0.459. Moreover, the averaged local slope m 
showed a general decrease from 0.007 to 0.001 as the deposition time was prolonged 
from 0 to 4 hours, reflecting the dynamic smoothing governed by both the effects of 
reduced width and elongated lateral correlation length. The interface width (w) was 
consistent with the RMS roughness measured directly by AFM. It is noteworthy that a 
scaling behavior of different components was observed at one hour deposition time or 
longer, where the initial linear part of the height-difference correlation curves was spitted 
into two linear segments and the lateral correlation lengths were correspondingly defined 
(see Table 3.2). 
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Figure 3.4 Dynamic scaling of the coatings: (a) surface roughness versus deposition time and the 
growth exponent β; (b) lateral correlation length versus deposition time.  

In the hypothesis of dynamic scaling19, both the width and the lateral correlation 
length evolve as power laws of the deposition time such that βttw ∝)(  and ztt /1)( ∝ξ , 
where β is the growth exponent and z is the dynamic exponent that requires βα /=z . 
The dynamic characteristic of the interface width and the lateral correlation length as a 
function of deposition time are depicted in Figure 3.4a and b, respectively. Since the 
deposition rate remained constant at a given frequency of p-DC sputtering, the exponents 
β and z of the power-law dynamic scaling functions are independent of whether the 
thickness of coatings or the deposition time is used along the horizontal axis in the 
graphs. From the log-log plot of the width versus deposition time (Figure 3.4a), the 
values of β are calculated as 0.816, 0.025 and -0.076 for the coatings sputtered at pulse 
frequency of 100, 250 and 350 kHz, respectively. Obviously, the growing surface of the 
nanocomposite coatings exhibited both dynamic roughening and smoothing behaviors 
that are correlated to the intensity of concurrent ion impingement. As discussed in chapter 
2, the energy flux of the impinging Ar+ ions onto the growing surfaces is 2.34×1017, 
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4.47×1018 and 1.26×1019 eV m-2 s-1 in the case of p-DC sputtering at frequency 100, 250 
and 350 kHz, respectively. With a high enough intensity of concurrent ion impingement 
such as the situation at 250 kHz p-DC sputtering, dynamic roughening ceased and the 
evolution of the outer surface roughness became stable with a growth exponent close to 
zero. At even higher intensity of impingement at 350 kHz p-DC sputtering, a negative 
growth exponent was obtained indicating a dynamic smoothing process. Considering the 
values of the roughness exponent α and the exponent 1/z according to Figure 3.4b, β has 
been calculated, by using z=α/β, as 0.031-0.040 and 0.045-0.065 for the coatings 
sputtered at p-DC frequency of 250 and 350 kHz, respectively. These values are in 
reasonable agreement with that derived from Figure 3.4a, i.e. β is close to zero. Thus, the 
scaling exponents for the TiC/a-C nanocomposite coatings deposited with 350 kHz p-DC 
sputtering are α ~ 0.55 and β ~ 0. Similarly, for the 100 kHz p-DC sputtered coatings β 
was calculated as 0.167~0.248, which differs significantly from the growth exponent 
according to Figure 3.4a (β = 0.816). This indicated that the dynamic roughening was 
mainly attributed to the vertical growth of the surface features (hills) as shown in Figure 
3.1, with only a slightly lateral growth. It should be kept in mind that the growing surface 
is non-stationary indicated by the time-dependent α and the AFM measurements at 
different growth time are performed on different areas. 

  

 
Figure 3.5 SEM micrograph showing the fracture cross-section of TiC/a-C nanocomposite 
coatings sputtered for four hours at different p-DC frequencies: (a) 100 kHz, (b) 250 kHz and (c) 
350 kHz. 

Cross sectional micrographs of the TiC/a-C coatings are shown in Figure 3.5. The 
100 kHz p-DC sputtered coating in Figure 3.5a shows a rough surface which exhibits 
large hills as already observed in the AFM micrograph in Figure 3.1d. The most 
remarkable observation is the formation of a columnar structure, where the diameter of 
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the columns grows significantly with coating thickness. In contrary, the coating deposited 
at 250 kHz was column-free and exhibit smooth surface, but showed a slightly coarser 
microstructure (Figure 3.5b). Similarly, the 350 kHz p-DC sputtered coating in Figure 
3.5c exhibited a very smooth surface, and fully dense and columnar-free microstructure.  

  
Figure 3.6 (a) XTEM overview of the 100 kHz p-DC sputtered TiC/a-C nanocomposite coating 
100K240, with arrows indicating the boundaries of columns; (b) high resolution XTEM 
micrograph showing the details of the growing surface and the multilayers, with circles 
indicating the formation of TiC nanocrystallites already in the first sublayer. 

Cross sectional TEM observations of the 100 kHz and 350 kHz p-DC sputtered 
coatings are presented in Figure 3.6 and Figure 3.7, respectively. The multilayers can be 
easily recognized in the coating deposited at 100 kHz (Figure 3.6a), where a wavy profile 
of the outer surface correlated to the columnar structure. HRTEM observations reveal 
that the multilayered structure consisted of TiC/a-C nanocomposite sublayers and a-C 
sublayers in alternation (Figure 3.6b).  

  
Figure 3.7 (a) Overview and (b) high resolution XTEM micrograph of the 350 kHz p-DC 
sputtered TiC/a-C nanocomposite coating, revealing that an amorphous front layer of about 2 nm 
thickness covers the bulk nanocomposite coating with its internal interface indicated by two 
arrows. 

The most interesting observation in the case of 350 kHz p-DC sputtered films was 
the super flat outer surface and especially a sharp amorphous front layer of about 2 nm 
thickness that covered the bulk nanocomposite (Figure 3.7b). The TiC nanocrystallites 
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were formed only beneath this amorphous front layer and can be considered as the tracer 
of crystallization process under intensively concurrent ion impingement. In the 
subplantation model proposed for the formation of sp3 carbon bonding and ta-C growth21-

23, a very thin surface layer of sp2 bonded carbon is expected, with its thickness 
depending on the subplantation depth. The existence of such a sp2 layer of low density 
has been confirmed only by the intensity contrast in XTEM and spatially resolved EELS 
in STEM24,25, and reproduced by MD simulation3. Clearly, verification of the growth 
modes of DLC-based nanocomposite coatings is essential in the study of dynamic 
smoothing behavior of growing surfaces, in particular whether the nanocrystallites are 
formed directly at the surface or underneath in relation to the evolution of surface profile. 
The amorphous front layer in TiC/a-C nanocomposite coatings identified by high-
resolution XTEM micrographs (Figure 3.9b) provides the evidence that ultra-smoothness 
can be achieved only in amorphous coatings or coatings grown via an amorphous front 
layer. By comparing the nanostructure of the coatings deposited at 100 and 350 kHz in 
Figure 3.6b and Figure 3.7b, respectively, it is confirmed that the concurrent Ar+ ions 
impingement of high energy flux induces the formation of the amorphous front layer. 
This observation supports the subplantation model21,-23 and the downhill flow model3 
where amorphousness is the prerequisite. The formation of such an amorphous front layer 
excludes any influence of nanocrystallites on the dynamic growth behavior and 
roughness evolution of the nanocomposite coatings. 

3.3.2   Dynamic smoothing and microstructural evolution for coatings deposited on 
rough surfaces: 

In the above section it is shown that dynamic growth behavior of thick TiC/a-C 
coatings grown by p-DC sputtering on smooth surface depends upon the applied pulse 
frequency. At higher pulse frequency dynamic roughening was completely suppressed 
and rather dynamic smoothing was revealed. For industrial applications, one of the major 
concerns is to obtain smooth coatings on rough substrates, i.e. how rough the finishing of 
substrates can be smoothed in coating deposition. In this section the question “Can 
dynamic smoothing be achieved for these coatings grown on initially rough surfaces?” is 
addressed. Rough TiC/a-C coatings were grown on Si substrates at 100 kHz pulse 
frequency on purpose to simulate a rough finishing of industrial substrates and then 
deposition was continued at 350 kHz to check the feasibility of smoothing of such rough 
surfaces. 

In order to study the dynamic growth behavior, series of TiC/a-C top layers were 
deposited for various deposition times and at two p-DC frequencies, coded as xCyTi 
where x denotes p-DC frequency powering the graphite (C) targets in kHz and y the 
sputtering current applied to Ti-target in ampere. The p-DC current applied to the 
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graphite targets was always 1.5A each. The deposition rates were 8.0, 8.5 and 3.15 
nm/min for 100C0.35Ti, 100C0.55Ti and 350C0.35Ti, respectively.  

The evolution of the surface morphology of 100C0.35Ti layers with increasing 
deposition time is shown in Figure 3.8a-c. The surface exhibited hills surrounded by 
network of valleys. The features grew laterally and the peak-to-valley distance extended 
with increasing deposition time. Consequently, the RMS roughness increased from 
1.65±0.03 nm at 30 min to 5.93±0.15 nm at 90 min indicating dynamic roughening, 
similar to that observed in the above section. However, with the onset of deposition with 
350 kHz p-DC sputtering on the rough surface(Figure 3.8c), as seen in Figure 3.8d, the 
shape of the hills turned from sharp pyramids in Figure 3.8c to round bumps and the hills 
were broadened.  

 
Figure 3.8 AFM micrographs (2×2 µm²) of TiC/a-C nanocomposite coatings deposited by p-DC 
sputtering at different pulse frequencies and deposition times: at 100 kHz pulse frequency for (a) 
30 min, (b) 60 min, (c) 90 min; and at 350 kHz pulse frequency [deposited on surface (c)] for (d) 
45 min (e) 90 min and (f) 180 min. The corresponding RMS roughness (R) is indicated. 

As the deposition progressed, the hills merged into each other at the bottom of the 
valleys (Figure 3.8d-f), which was due to the preferred growth of the valley in the midst 
of the hills. This is in accordance with the densification under ion assisted coating 
growth.26 The peak-to-valley distance decreased and the RMS roughness reduced to 
0.7±0.02 nm after 180 min of deposition time indicating dynamic smoothing. Figure 3.9 
presents the surface roughness evolution of TiC/a-C coatings as a function of deposition 
time and frequency of p-DC sputtering graphite targets. 

a b c

d e f
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Figure 3.9 Surface RMS roughness of TiC/a-C coatings as a function of deposition time and p-
DC frequency. Rapid smoothing effect was fitted by exponential decay for the 350C0.35Ti top 
layers. The black curves are the simulated results.  

It is interesting to note that the surface roughness of the layers deposited at 100 kHz 
frequency experienced continuous roughening (similar to that observed in section 3.3.1) 
and those of 350 kHz p-DC sputtered layers, deposited on initial rough surfaces, 
exhibited dynamic smoothing instead. In addition, the sputtering current applied to Ti-
target also plays a role. By intentional use of different currents to Ti-target, two different 
levels of roughness were achieved after 90 min of deposition time with 100 kHz p-DC 
sputtering, i.e. 5.93±0.15 nm with 0.35A and 1.85±0.04 nm with 0.55A current to Ti-
target, respectively. Thereafter, rapid smoothing has been observed with 350 kHz p-DC 
sputtering, i.e. no matter how high the initial roughness was. Within a limited deposition 
time of 180 min, however, the final roughness was related to the initial roughness. It must 
be noted that in the case of 350 kHz p-DC sputtering, the RMS roughness was decreased 
from an initial value of 5.93 ±0.15 nm to about 0.7 nm. This clearly demonstrated that 
smooth coatings can be deposited on initial rough (~ 6 nm RMS roughness) surfaces by 
350 kHz p-DC sputtering.  

1 10 100 1000 10000
1E-3

0.01

0.1

1

10

100

 Initial rough surface
 30 min 
 45 min 
 90 min
 180 min 

H
(r)

 n
m

²

r (nm)  
Figure 3.10 Log-log plot of height-difference correlation function for initial rough surface 
(deposited at 100 kHz) and 350 kHz p-DC sputtered TiC/a-C nanocomposite coatings deposited 
for various deposition times as indicated. (Note the error bars inside the symbols). 
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The change in pulse frequency causes a transition of dominating growth mechanism 
that controls the coating growth. To understand the growth mechanism the coatings were 
further investigated with height-difference correlation function, as described in section 
3.3.1 and is shown in Figure 3.10. The values of α and ξ for 100C0.35Ti series were 
calculated from the height-difference correlation function, and the exponent 1/z was 
calculated from the log-log plot of ξ versus growth time. Consecutively, β was 
calculated, by using z=α/β, as 0.53 ± 0.02. Alternatively, β was calculated from the log-
log plot of w versus growth time as 1.13. The considerable difference in the values of β 
implied the breakdown of self-affinity of the system due to presence of nonlocal growth 
effects such as geometrical shadowing.27 This is well supported by previous theoretical or 
experimental studies which revealed that if the geometrical shadowing effect dominates 
in the coating growth the value of β will be equal to or above 0.5.28-31 Similarly for 
100C0.55Ti coatings, the scaling relationships between the exponents cease to exist, the 
power law scaling behavior gave β = 0.84. Thus, increasing the current of Ti target to 
0.55A reduced the absolute value of the interface width as well as the value of β, 
indicating that the interface width grew less rapid than that of the 100C0.35Ti coatings. 
This was due to increased Ar+ ion flux impinging at the growing interface with increasing 
target current. Thus, geometrical shadowing, where taller surface features block the 
nonnormal incident flux from reaching lower-lying areas of the surface, dominated the 
coating growth to yield dynamic roughening in 100 kHz p-DC sputtered coatings.  

The dramatic decrease in the surface roughness as a function of growth time during 
350 kHz p-DC sputtering is interesting since it indicated the presence of surface diffusion 
driven growth. The log-log plot of w versus growth time for 350C0.35Ti coatings gave 
values of β as -0.76 and -0.96 respectively indicating surface smoothing. The flux and 
energy distribution of impinging ions at the growing interface play a crucial role in 
achieving the smoothing effect. During 350 kHz p-DC sputtering a high Ar+ ions and 
energy flux was delivered to the growing coating, as discussed in chapter 2. Also the 
plasma fills the whole chamber ensuring continuous impingement of the growing coating 
in a closed-field unbalanced configuration. The intensive ion impingement on the 
growing interface provides an important contribution to the surface diffusion of adatoms 
during the growth of the coating. Furthermore, the Ar+ ions impinge more likely at the 
surface protrusions or hills rather than in the valleys. It means that the ion impingement 
can erode hills and fill in the valleys. At the final stage of the growth at 180 min, the 
surface became smoother and the peak-to-valley distance decreased. The value of α, 
calculated from height-height correlation function, for these coatings show decreasing 
trend from 0.7 to 0.5 with increasing deposition time indicating formation of sub-
nanometer crater formation in the vicinity of impact site.  
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A very low roughness and β ~ 0 have been observed by Casiraohi et. al. in ta-C thin 
coatings deposited with filtered cathodic vacuum arc4 and the smoothing mechanism is 
proposed to be local melting induced by impact induced thermal spikes. The basic idea in 
this model is that the energy of the depositing C ions dissipates locally as heat in a so 
called thermal spike of ~ 1 ps and that this heat causes a local surface melting. During 
this time, surface energy minimization flattens the surface locally. They observed an 
increase in α with deposition time. However, in the case of 350 kHz p-DC sputtered 
coatings, the local surface becomes more jagged at an atomic level during the dynamic 
smoothing process as evidenced by the reduced α with deposition time (Table 3.2). Thus, 
the thermal spike model is not applicable to the dynamic smoothing at 350 kHz. Also, in 
comparison with the work by Casiraohi et. al., we have observed the dynamic smoothing 
effect in much thicker coatings (1.5 µm thickness versus < 100 nm), revealing a more 
general phenomenon of dynamic smoothing of growing surfaces induced by concurrent 
Ar+ ion impingement. Moreover, the dynamic smoothing is active in a coating system 
consisting of nanocrystalline phases with a size one order of magnitude larger than the 
roughness of the coatings. Recently, Moseler et. al.3 proposed an impact induced 
downhill flow model, where they attributed the intrinsic ultra-smoothness of DLC films 
to the impact of carbon ions which induce downhill currents of atoms in the top layer of 
the film. Their simulation suggested formation of sub-nanometer craters (surface locally 
becomes rough) in the vicinity of the impact sites can lead to surface fluctuations which 
further are efficiently dampened by erosion of the hills into neighboring valleys. Also, 
they concluded that amorphicity is another important prerequisite for achieving ultra-
smoothness. The underlying film must be disordered; the presence of crystallinity or 
ordered areas on a nanometer scale will lead to roughening of the film. The hypothesis of 
this model is consistent with the 350 kHz p-DC sputtered coatings since the surface 
became locally rough, as evidenced by decrease in α.  

 
Figure 3.11 This diagram shows a comparison of the local surface morphology for surfaces with 
similar values for the interface width w, but different values of α. A smaller value of α implies a 
rougher local surface.32. 

The roughness exponent α characterizes the short-range roughness, with larger 
values of α representing a smoother local surface profile. Surfaces with different values 
of α are depicted in Figure 3.11. Also, the top front layer of the 350 kHz p-DC sputtered 
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coatings was amorphous which is consistent with the requirement of the model. Thus, it 
is believed that the intensive and continuous impingement with high flux and high energy 
ions cause impact induced downhill flow of adatoms, in the presence of top amorphous 
front layer, as proposed by Moseler et al. This surface diffusion competes with the 
geometrical shadowing and noise induced roughening to evolve surface smoothing. 
However, during 100 kHz p-DC sputtering, the Ar+ ion and energy flux is quite low 
compared to the case of 350 kHz p-DC sputtering. Also the plasma does not cover the 
whole chamber. Under these growth conditions the surface diffusion does not provide 
enough lateral relaxation yielding dynamic roughening. Another contribution to the 
increase in roughness may be the strength of the shot noise, which is expected to increase 
with deposition rate.33 

  
Figure 3.12 Cross sectional SEM micrographs of TiC/a-C coatings deposited with p-DC 
sputtering graphite targets first at 100 kHz for 90 min and then at 350 kHz for 180 min: (a) 
100C0.35Ti-350C0.35Ti and (b) 100C0.55Ti-350C0.35Ti. Immediate transition of microstructure 
from columnar to column-free is observed at the switch of pulse frequency.  

Figure 3.12 shows the microstructural evolution of the coatings 100C0.35Ti-
350C0.35Ti and 100C0.55Ti-350C0.35Ti, respectively. During 100 kHz p-DC sputtering, 
the microstructure showed strong columns but evolved as dense and non columnar 
structure in the onset of 350 kHz p-DC sputtering. 
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Figure 3.13 Evolution of column diameter as a function of deposition time for 100 kHz p-DC 
sputtered TiC/a-C nanocomposite coatings. 
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The evolution of column diameter as a function of deposition time for p-DC 
100C0.35Ti layer is shown in Figure 3.13. Considering the roughness evolution with time 
for 100 kHz p-DC sputtering (Figure 3.9), it is evident that the rapid growth of columns 
(Figure 3.13) from approximately 56 nm at 30 min to 170 nm at 90 min is directly in 
accordance with the steep increase in surface RMS roughness from approximately 1.6 nm 
at 30 min to 5.9 nm at 90 min. Nevertheless, a smaller surface roughness corresponds to a 
weaker character of columnar microstructure in the 100C0.55Ti layer (see Figure 3.9 and 
Figure 3.12b). It is important to note that increasing the current to Ti target gives a weak 
columnar structure as shown in Figure 3.12b compared to Figure 3.12a during 100 kHz p-
DC sputtering. The formation of columns in these coatings can be restrained if the growth 
front can be smoothed. This is evident due to the microstructural evolution of the TiC/a-C 
nanocomposite coatings revealed in Figure 3.12, namely the transition from dynamic 
roughening to dynamic smoothing with increasing frequency of p-DC sputtering due to 
intensified concurrent ion impingement. Thus, the growth mechanisms essentially 
determine the growth front roughness evolution and hence the microstructure of these 
coatings. If shadowing effects dominate the growth, it magnifies the initial surface 
roughness yielding columns separated by void regions. And if surface diffusion 
dominates it effectively erases the initial rough surface structure to yield column-free 
microstructure. 

 
Figure 3.14 Cross-sectional TEM micrograph of the TiC/a-C coating 100C0.55Ti-350C0.55Ti. 
The evolution of the multilayered structure clearly reveals that the increased roughness during 
100 kHz p-DC sputtering was smoothed out by the following 350 kHz p-DC sputtering. 

XTEM (cross-sectional Transmission Electron Microscopy) was also performed to 
reveal the internal structure evolution during growth of the coating along the thickness 
direction. As shown in Figure 3.14, both the 100 kHz layer and the 350 kHz layer 
exhibited multilayered structures. The column boundaries grown during 100 kHz p-DC 
sputtering are indicated by open triangles in Figure 3.14. In the early period of 100 kHz 
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p-DC deposition, the columns do not develop due to a low surface roughness. Rather, the 
columns gradually occur and rapidly grow when the coating grows to a thickness of 
approximately 200 nm, as shown by both the XSEM (cross-sectional Scanning Electron 
Microscopy) and XTEM micrographs in Figure 3.12 and Figure 3.14. Considering the 
roughness evolution with time for 100C0.35Ti coatings (Figure 3.9), it is evident that the 
rapid growth of columns is directly in accordance with the steep increase in surface RMS 
roughness from approximately 1.6 nm at 30 min to 4 nm at 60 min. The immediate 
suppression of the columnar structure was apparent and independent of surface roughness 
in both the cases of 350 kHz p-DC deposition, and the structure evolves as fully 
homogeneous within 100 nm thickness growth. Correspondingly, the roughness 
developed during 100 kHz deposition was smoothed out rapidly by the following 350 
kHz deposition as clearly revealed by the XTEM observation.  

3.3.3   Simulation:  

To understand the mechanisms of dynamic smoothing of the growing interface and 
to reveal the parameters and processes those control the evolution of interface roughness 
in these coatings, a phenomenological model is briefly discussed and the experimental 
data are analyzed accordingly. Several models of roughening kinetics and the scaling 
behavior of random surface structures during coating growth are reviewed in Refs. 1,34,35. 
In particular kinetic Monte-Carlo models are frequently used for the simulation of coating 
growth on an atom-by-atom basis using probabilistic rules to govern deposition, diffusion 
and other growth processes. The drawback of this approach is that it requires a detailed 
knowledge about all processes taking place on an atomic scale. A continuum approach 
that is based on a stochastic differential equation was considered.16 The continuum 
models proved to be useful for the understanding of roughening kinetics, despite the 
complexity of the growth process on atomic scale. Since the roughness of the coatings 
deposited in our experiments was very low, a “minimal” equation of interface motion 
(without nonlinear terms) was considered which contains the Edwards-Wilkinson term 

(...)2
2∇D 36 and the Mullins term ( )(...)22
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where 2D  and 4D  are the positive diffusivity parameters that control the atomic 
mobility along the interface, ),( th r  is the deviation of the interface profile 

FtthtZ += ),(),( rr  from the flat interface of the growing coating of mean thickness 

FttZ =),(r  and )(0 rh  is the initial (substrate) profile. The stochastic noise term ),( trη  
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is related to the fluctuations of deposition flux and is assumed to be Gaussian and 
uncorrelated with zero mean. The noise covariance is given by 

)()(),(),( ttDtt ′−′−=′′ δδηη rrrr      (3.3) 

where ...  stands for the ensemble average, )( rr ′−δ  is the two-dimensional delta-

function. The scaling behavior of Eq. (3.1) in various limiting cases has been studied in 
Ref. 38. The diffusion terms in Eq. (3.1) become comparable at the length scale  

2

4*

D
DL =         (3.4) 

Therefore the smoothing process is governed by the fourth derivative term on scales 
smaller than *L , the second order Edwards-Wilkinson term dominates on scales larger 
than *L . The formal solution to Eq. (3.1) can be written as 
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where 4
4

2
2)( qDqDqa += , q is the vector in 2D reciprocal space. ℑ  and 

-1ℑ  stand 
for the direct and inverse Fourier transforms, respectively. Note that the first term 
decreases with time, i.e. the contribution from the initial profile diminishes with 
deposition time or coating thickness.  

3.3.3.1   Deposition noise strength 

An exact calculation of the deposition noise strength is hardly possible. However it 
can be estimated using simple arguments. The growth rate of the coating consists of two 
contributions: (i) deposition of C-atoms and (ii) coating sputtering by Ar-ions 

( )Ω−=−= −+
−+ CCC jjFFF α , where Ω  is the mean volume per atom in the coating, and 

Cj
+
 and Cj

−
 represent the flux of carbon atoms to the substrate and re-sputtered from the 

substrate, respectively.  

The sticking coefficient Cα <1 (the fraction of collisions which result in the capture 

of carbon atoms by the thin coating).39 The maximum deviation of the growth rate from 
the average value is about the growth rate itself +~F)max(η , therefore in the relation 

)()(),(),( ttDtt ′−′−=′′ δδηη rrrr  the term in the left hand side is about 2
+F . In the 

right hand side the combination )()( tt ′−′− δδ rr  was estimated as 
1

0
3/2~)()( −−Ω′−′− τδδ ttrr , where 3/2Ω  is the minimal “atomic area” and 13/1

0 ~ −
+Ω Fτ  
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is the average time interval between arrivals of atoms to that minimal area occupied by a 
single atom. Hence the strength of the deposition noise is proportional to the thin coating 
growth rate  

Ω= +FD         (3.6) 

Re-sputtering of a growing thin coating due to concurrent ion impingement is 
statistically independent of deposition. Re-sputtering is equivalent to the arrival of atoms 
of “antimatter”, therefore re-sputtering contributes additively to the growth noise 

( ) 2Ω+=Ω+Ω= −+
−+ CCC jjFFD α       (3.7) 

This expression shows that the optimum parameters of the p-DC power supply 
should be selected in order to avoid re-sputtering of the thin coating and, at the same 
time, to ensure sufficient mobility of surface atoms due to the impingement of Ar+ ions. 

3.3.3.2   Estimation of diffusion coefficient 2D  

As with any deposition method, the growth of a coating is driven by a random 
arrival of atom/ions onto the substrate. If the adatoms have no or only limited possibility 
to migrate along the surface, the deposition noise inevitably causes a rapid increase of the 
interface roughness as a function of coating thickness.1,35 The smoothing of initially 
rough interface during deposition of ta-C has been explained in Ref. 4 by local melting in 
the region of impact-induced thermal spikes that result in a reduction of local surface 
curvature. However, in Ref. 3 on the basis of MD simulations39 it was noticed that the 
size and duration of a thermal spike in amorphous carbon seem too small for the 
establishment of a liquid-like behavior. Instead, the smoothness of DLC thin coatings 
deposited with carbon ion beam has been explained by ballistic effects resulting in 
downhill diffusion along the inclined surface.3 This mechanism is likely relevant to our 
case of p-DC magnetron sputtering deposition. From MD simulations the authors of Ref. 
3 concluded that Edwards-Wilkinson diffusion flux along the interface is given by  

hDhEJ C ∇−=∇Ω−= 22 )(νj         (3.8) 

where CJ  is the carbon-ion flux, )(Eν  is the smoothing strength that is proportional 

to the sum of lateral atomic displacements in the vicinity of an energetic particle 
impinged on the thin coating. According to Ref. 3, )(Eν  increases linearly with the 

energy of incoming carbon ions up to the value of about 2 nm at ≈*E  120 eV, then it 
saturates because for higher energies ions penetrate into the subsurface layer and release 
a part of the impact energy in the bulk.  

 In the case of p-DC magnetron sputtering deposition, the Edwards-Wilkinson 
diffusion coefficient can be written in terms of Ar+ flux to the growing thin coating 
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where b  is a constant independent of the energy of impinging ions. The first term in 
the RHS of Eq. (3.9) is proportional to the total energy delivered by the low energy Ar+ 
ions to the subsurface layer of the thin coating. The second term shows that only a 
fraction of energy of the energetic ions is available to induce diffusion along the surface, 
the rest of the energy is released in the bulk of the thin coating.  

3.3.3.3   Estimation of diffusion coefficient 4D   

Following Mullins37, the kinetic coefficient 4D  is usually attributed to the interface 
diffusion of adatoms driven by the gradient of the chemical potential along the interface, 
which is associated with the gradient of the local curvature. Under near-equilibrium 
conditions the Mullins expression for the coefficient 4D  is given by  

Tk
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D
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2

4
Ω

=
γ

       (3.11) 

where sD  is the coefficient of interface diffusion, γ  is the interface energy and n  is the 

number of interface atoms per unit area. In the case of non-equilibrium process of crystal 
growth (molecular beam epitaxy) the number of interface atoms is determined by the 
balance between the arrival rate of incoming atoms and the rate of their absorption by 
steps; the step density is determined self-consistently by kinetics of nucleation and 
attachments of adatoms to step edges. For amorphous thin coatings it is not clear how to 
define the number of interface atoms or the number of interface defects that absorbs 
arriving atoms.  

3.3.3.4   Comparison with the experimental data  

To compare the simulated result with the experimental data of surface roughness 
evolution of 350 kHz p-DC sputtered coatings in section 3.3.1, the deposition noise was 
fixed at the value D = 6.5x10-4 nm4/s that corresponds to the mean atomic volume Ω  = 
6.5×10-3 nm3. The parameters 2D  and 4D  were adjusted to obtain a good fit to 
experimental data. The fitting procedure is detailed in Ref. 16.  
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Figure 3.15 Time dependence of the RMS roughness at various values of the parameter (a) D ; 
(b) 2D  and (c) 4D . 

A good agreement with experimental data was obtained at D = 6.5×10-4nm4/s, 2D  = 

8×10-3 nm2/s and 4D = 0.06 nm4/s. The dependence of the RMS roughness on the model 
parameters for the cases of 100 hours of deposition time along with the experimentally 
measured roughness values is shown in Figure 3.15. At a given “smoothing efficiency” 
D2 and D4, the interface roughness decrease significantly with the deposition time but 
may also increase upon time once the deposition flux is beyond a threshold (Figure 
3.15a). Therefore the deposition flux comes into play mainly at high growth rates where 
dynamic roughening is observed. Figure 3.15b shows the influence of the diffusivity 
parameter 2D  on the time dependence of interface roughness. It is noteworthy that 

variation of 2D  can affect considerably the dynamic behavior of interface 
roughening/smoothing. The gradient of chemical potential along the interface and the 
local temperature increase due to the energy delivered to the growth front by impinging 
Ar+ ions may also lead to smoothing by means of surface diffusion through the 
coefficient D4 (Figure 3.15c), which has only a minor effect as compared to that of the 
parameter 2D . This means that the Edwards-Wilkinson relaxation term dominates in the 
process. That is to say, the smoothing process is governed by the second order Edwards-
Wilkinson term on length scales larger than the critical length scale 24

* / DDL =  (a 
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couple of nanometer for the simulated cases in Figure 3.15), and the fourth derivative 
term becomes dominant only on scales smaller than L*. Roughness can be controlled 
effectively by increasing the mobility of adatoms with concurrent ion impingement. 
Figure 3.15b shows the influence of the diffusivity parameter 2D  on the time dependence 
of RMS roughness. However the fourth-order term is necessary in order to reproduce the 
shape of the PSD and the RMS slope observed experimentally.16  
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Figure 3.16 Numerically simulated interface profiles versus deposition time (t), with the 
interfaces width (w) indicated: (a) profiles simulated with the basic set of parameters to fit the 
experimental result plotted in Fig. 3.15; (b) with high deposition noise; (c) with no 2D  diffusion; 
(d) with high value of 2D  diffusivity; (e) with no 4D  diffusion and (f) with high value of 4D  
diffusivity. For clarity, each profile is shifted along z-axis by 2 nm. 

To visualize the effect of the diffusivity parameters and the noise strength on the 
interface evolution, the growth front profiles of the coating were simulated by numerical 
evaluation of the Eq. 3.5 on a 512×512 lattice (i.e. 2000×2000 nm² area). The deposition 
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noise αα ξη nmnm txD )( 2∆∆=  has been generated at the lattice points ),( mn yx  ( x∆  is the 

spacing between points) at all time moments αtt ≤  with a time increment t∆ . The 

random numbers αξ nm  are taken from the Gaussian distribution with mean zero and unit 

variance. The “discrete” deposition noise αηnm  has the same variance as the spatial 

average of the continuous noise ),( trη  on the square area 2x∆  around ),( mn yx  

integrated over the time interval t∆ . The initial interface )(0 rh  has been extracted from 

the AFM micrograph in Figure 3.2a, and then Eq. 3.5 was integrated numerically. The 
results are presented in Figure 3.16, where each figure demonstrating the sensitivity of 
the interface profile and roughness to a variation of the parameters D , 2D  and 4D , 
respectively. The results of the numerical simulation clearly confirm that both dynamic 
roughening and smoothing are observed and dominated by the noise strength D (Figure 
3.16a and b). At a fixed deposition rate or noise strength D , the coefficient 2D  of the 
second order Edwards-Wilkinson term controls the smoothing process of the low-
frequency or large-scale interface undulations (Figure 3.16a, c, and d), whereas the 
coefficient D4 of the Mullins term is responsible for the high-frequency or small-scale 
undulations (see Figure 3.16a, e, and f ). 

The time dependence of RMS roughness of coatings deposited at 100 kHz p-DC is 
essentially linear with 1~β , where β  is the growth exponent. In local models of random 

deposition the largest growth exponent 21=β  is attained at zero mobility of atoms 
along the surface.40 This implies that some other roughening mechanism besides noise is 
present during deposition with p-DC magnetron sputtering. The fast growth of roughness 
can be attributed to geometrical shadowing, the process in which some parts of the 
surface are shadowed from the incoming flux by other parts of the growing surface.41-49 

Initially, the smooth surface roughens due to the noise. If the depositing particles strike 
the substrate from a broad range of angles, the shadowing effect sooner or later becomes 
important. Peaks of the surface undulation are exposed to incoming particles from all 
directions, and thus grow faster than the average growth rate. At the same time, valleys of 
the surface undulation receive fewer particles since they are screened by peaks; therefore, 
their growth lags behind. This leads to instability of the planar surface and results in the 
development of a mountain landscape or columnar structure, i.e. the coating becomes 
extremely rough if the surface mobility of atoms is too low.  

To understand the rapid increase in roughness of the coatings deposited at 100 kHz 
p-DC sputtering, the shadowing effects in three spatial dimensions and the angular 
distribution of depositing flux were included in the model described in the previous 
section. The important role of angular distribution of depositing flux, which is inevitably 
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connected to the motion of substrates passing by one magnetron to another, is 
highlighted. Furthermore, the influence of diffusion parameters on the evolution of 
surface morphology was investigated. 

The necessary prerequisite of the shadowing effect is the angular distribution of the 
incident particle flux.1 In the magnetron sputtering system, the shadowing effect must be 
essential, because the flux of depositing particles has an angular distribution due to the 
structure of the magnetron installation (finite size of sputtering targets, rotation of sample 
holder in a cylindrical configuration or linear motion in a planar arrangement of 
magnetrons, etc). As an example we simulate the coating growth with a realistic angular 
distribution of depositing particles, which has been constructed by taking into account the 
cylindrical configuration of magnetrons. Simulation results are in good agreement with 
the experimental data on 100 kHz and 350 kHz p-DC deposition described in section 
3.3.2.  

A three-dimensional continuum model was considered with the additional term, 
which takes into account the angular distribution of depositing particles  

( ) ( ) ),(),(),(}{,),( 22
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2
2 tthDthDhF

t
th rrrrr η+∇∇−∇+=

∂
∂  (3.12) 
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0

sin),(}{,
ϕθπ
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where ),( ϕθf  is the angular distribution of depositing particles, integration is carried out 

over the exposure solid angle ⎟
⎠
⎞⎜

⎝
⎛Ω }{, hr  at a point r  (Figure 3.17). The exposure solid 

angle depends on the surface profile around the point r  and is as follows:  

{ }( ) ∫∫ ′′=Ω
)(

0

2

0

sin,
ϕθπ

θθϕ ddhr        (3.14) 

where θ  is the polar angle and ϕ  is the azimuthal angle in the local spherical coordinates 
with the origin at the surface point r . )(ϕθ  defines the maximum angle of a line of sight 
access to the surface point r .  

2D  and 4D  are the positive diffusivity parameters, as discussed before. The 
important feature of the growth equation (3.12) is that shadowing, noise and relaxation 
are assumed to contribute additively to the roughness evolution. In a real situation other 
effects can be present. For example the diffusion coefficient 2D  may depend on position 
on the coating surface because of possible influence on the ion flux of a higher electrical 
field in the vicinity of the surface protrusions with a high curvature.  
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Figure 3.17 System geometry used in modeling the flux of atoms onto a planar substrate. Real 
discrete targets in the magnetron installation are replaced with the continuous cylindrical surface 
that emits atoms. Label S  denotes the area that is seen from a given position on the growing 
coating, i.e. which lies within the solid angle Ω . 

It should be noted that there exists a non-local smoothing mechanism in addition to 
diffusion along the surface. Depending on deposition conditions, particles can either stick 
to or bounce off from their impact points depending on a sticking coefficient. 
Nonsticking particles are reflected diffusely (or re-emitted) and can arrive at other surface 
points including shadowed valleys.49 At sticking coefficients close to unity, the 
shadowing effect becomes the dominant process and columnar rough morphologies start 
to form.50 To avoid computational difficulties in Eq. (3.13) the reflection of depositing 
flux from the coating surface is neglected. 

To analyze the growth equation dimensionless variables were considered where the 
length scale 0l  and time scale 0τ  were defined as:  

GDl 20 = , Gl00 =τ                                                           (3.15) 
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Figure 3.18. Influence of the angular distribution of depositing flux on the development of 
shadowing instability considering the angular distribution of deposition flux )(cos),( θϕθ nf ∝ . 
The solid line correspond to 0=n , the dashed and dotted lines correspond to n  = 1 and 3, 
respectively (corresponding distributions are shown in the insert). 
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In Figure 3.18 we compare the time dependence of the RMS roughness of a coating 
obtained with the angular distribution )(cos),( θϕθ nf ∝ , where 3,1,0=n . It is seen that 

for the )(cos3 θ  distribution the RMS roughness evolve very slow. For this type of 

distribution the fraction of particles with polar angles close to o90=θ  is small compared 
to the uniform distribution. In practice, a collimation of the sputtered particles is an 
efficient way to reduce the fraction of particles depositing at oblique angles and to 
suppress the surface roughness.51 However collimation can not be used for deposition on 
a substrate of a complicated shape.  

β 

Target  

Substrate 

Racetrack 

)(βY

r

 
Figure 3.19 Angular emission distribution of sputtered atoms. The target with the racetrack is 
shown schematically. Experimentally a deep racetrack is observed on the target. Therefore it is 
assumed that atoms are mostly emitted from the racetrack with the “over-cosine” sputtering yield 

ββ nY cos)( ∝ , 1>n   

In a real installation, the flux of depositing particles exhibit an angular dependence, 
which is determined by the geometry of the sputtering chamber, collision and scattering 
of particles in the plasma depending on the working pressure, rotation/motion of 
targets/substrates, etc. The working gas tends to randomize directions from which 
particles approach the substrate. The angular distribution )(βY  of atoms emitted from 
the surface of the target due to normally incident ions is usually assumed to follow a 
cosine-like distribution ββ nY cos)( ∝ , where β  is the ejection angle (Figure 3.19) of 
the sputtered atoms with respect to the surface normal52,54. Because of a special magnetic 
field configuration in the magnetron installation the deep racetracks form on targets. 
Therefore the sputtering yield can be strongly “over-cosine” ββ nY cos)( ∝  with 1>n .  

Schematically, the deposition installation consisted of several targets emitting atoms 
that are depositing onto the substrates mounted on a rotating carousel (Figure 3.20). To 
find the angular dependence of the atomic flux to the substrate we use the following 
simplifications (Figure 3.20): 1. The frame of reference is fixed to the substrate, then the 
targets rotates around the substrate; 2. The rotating targets are approximated by a 
cylindrical surface emitting particles. 
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Figure 3.20 Configuration of the used magnetron sputtering system. The substrate receives 
sputtered atoms from the region labeled as “deposition”. 

 Particles emitted from the cylindrical surface are assumed to follow a linear path to 
the substrate. The flux of particles depositing to the point ),( 00 yx  on the substrate is the 

sum of contributions of all surface elements dxdRdS α2= . 

( )( )
∫=

00 ,
2200 ),(
)),((),(

yxS

dxd
xr

xYRyxF α
α
αβ        (3.16) 

where 2R  is the radius of cylindrical chamber on which the targets are installed (see 
Figure 3.20), α  and x  are the coordinates on the cylindrical surface, ),( xr α  is the 
distance from the source point to the point on the substrate, )(βY  is the angular emission 
distribution of sputtered particles, ),( xαβ  is the angle between the local normal and 
direction to the target (see Figure 3.19). Note that the flux decreases as the square of the 
distance away from the source  

A simple cosine-like emission distribution was considered that agrees with the 
Sigmund approximation of linear cascade sputtering52,53 and experimental data on 
sputtering of various polycrystalline targets 54,55 

ββ nAY cos)( =       n≤1                                                       (3.17) 

The normalization constant A  is related to the mean growth rate G  of a smooth 
coating by the relation  

dxd
r

RAG
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αβα

∫ ∫
−

=
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22
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where the integration is carried out over the whole area that emits particles.  

It was shown that the angular distribution of depositing particles that corresponds to 
Figure 3.17 is given by 17 
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where )(φθmax  defines the “perimeter” of the cylindrical source of particles and 

( ) ( ) φθθφθβ 222
21

2 sinsin1cos),(cos RR−+=  . 

0 30 60 90
0.0

0.2

0.4

0.6

0.8

1.0

 φ = 0
 φ = 45o

 φ = 90o

D
is

tri
bu

tio
n 

fu
nc

tio
n 

(a
.u

.)

Polar angle, θ (°)  
Figure 3.21 The dependence of distribution on polar angle plotted for several values of azimuthal 
angle. The sputtering yield ββ 3cos)( ∝Y . Geometrical parameters are listed in Table 3.3. 

0=φ  corresponds to the cross-section y = 0 (see Figure 3.17). 

Figure 3.21 shows the dependence of particle distribution on polar angle plotted for 
several values of azimuthal angle. The particle distribution is anisotropic in respect to the 
azimuthal angle. In principle, if the relaxation mechanisms are not strong enough this 
may result in an anisotropic surface structure.  
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Figure 3.22 Evolution of the coating surface profile. The sections x =const are taken from the 
central part of the simulation area (a) and the experimental AFM data (b). Profiles are shifted 
along the vertical axis by arbitrary values to make the roughness evolution clear. Labels have the 
following meaning: 0 denotes the initial profiles; 1 and 2 refer to deposition at 100 kHz for 0.5 
and 1.5 hr; 3 and 4 refer to deposition at 350 kHz for additional 0.5 hr and 1.5 hr, respectively.  
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The model predictions are compared with the experimental data. Eqs. (3.13) and 
(3.18) are used to find the flux in each point of the surface. The initial surface profile is 
taken from an AFM scan of TiCr interlayer (Figure 3.2a). To avoid contribution of deep 
narrow holes to RMS roughness the AFM measurements are simulated with a parabolic 
tip (r ~ 10 nm). The input parameters for deposition simulation are listed in Table 3.3. 
The configuration of the deposition system and the coating growth rate correspond to the 
experiments.  

Table 3.3 Parameters used for simulation during 100 kHz and 350 kHz p-DC sputtering. 

Pulse frequency 100 kHz 350 kHz 
Growth rate, G , nm/s 0.13 0.05 
Deposition noise, D, nm4/s 1×10-3 4×10-4 
Diffusion coefficients, 2D , nm2/s 0.05 2 
Diffusion coefficients, 4D , nm4/s 0.5 1 
System geometry, mm L = 70,     R1 = 105,   R2 = 185 
Sample size, nm (512×512 points) 2000 
Sputtering yield ββ 3cos)( ∝Y  

The results of the calculations with the found angular distribution of “cylindrical 
magnetron” are shown in Figure 3.9 and Figure 3.22. Depositions with 100 kHz p-DC 
sputtering were simulated (labeled as 100 kHz in the figures) up to 1.5 hours and then the 
simulations were continued by increasing the diffusion coefficients 2D  and 4D  to 
describe the higher flux of Ar+ ions drawn to the substrate during 350 kHz p-DC 
sputtering. Figure 3.22 shows that the shadowing effect leads to amplification of initial 
large scale roughness during 100 kHz p-DC sputtering with a high deposition rate. At the 
same time small scale features disappear due to the diffusion along the coating surface. 
With increasing the diffusion coefficients 2D  and 4D  the surface becomes smoother; and 
only large scale hills remain, the size of which is comparable with the dimension of the 
simulation area. At the chosen diffusion parameters the anisotropy of the angular 
distribution (Figure 3.19) did not result in noticeable anisotropy of the coating surface. In 
Figure 3.9, the simulation results are compared with the RMS roughness measured 
experimentally. The numerical calculations presented in this section clearly reveal the 
influence of the deposition conditions and the diffusion parameters on the transition to 
shadowing growth.  
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3.4   Conclusions 

With increasing intensity of concurrent ion impingement by raising the frequency of 
pulsed DC sputtering, a transition in predominant growth mechanisms occurs during 
growth of TiC/a-C nanocomposite coatings, i.e. a mechanism dominated by geometric 
shadowing at a p-DC frequency of 100 kHz evolving to a surface diffusion mechanism 
driven by impact-induced atomistic downhill flow process by Ar+ ions at a p-DC 
frequency of 350 kHz. This leads to a transition from dynamic roughening to dynamic 
smoothing in the growth behavior of TiC/a-C nanocomposite coatings, in correspondence 
with a transition of the coating microstructure from columnar to columnar-free. As a solid 
proof of the impact-induced downhill flow model and subplantation model, an 
amorphous front layer of 2 nm thickness is observed to always cover the bulk 
nanocomposite during 350 kHz p-DC sputtering. The formation of such an amorphous 
front layer excludes any influence of nanocrystallites on the dynamic growth behavior 
and roughness evolution of the nanocomposite coatings. The predicted evolution of 
surface roughness based on a linear equation of surface growth which contains two 

gradient terms (...)2
2∇D  and ( )(...)22

4 ∇∇D  is in good agreement with the atomic force 
microscopy measurements of roughness evolution for 350 kHz p-DC sputtered coatings. 
The angular distribution of depositing particles strongly influences the intensity of 
shadowing growth effects. Particles depositing at oblique angles (with polar angles close 
to o90=θ ) initiate the shadowing growth which dominates the growth and leads to 
dynamic roughening for 100 kHz p-DC sputtered coatings. By selecting the angular 
distribution function of depositing particles the shadowing instability can be effectively 
suppressed. 
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