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We have studied the growth dynamics of ultrasmooth hydrogenated amorphous carbon films deposited on
silicon substrates by electron cyclotron resonance chemical vapor deposition from argon/methane gas mixtures
applying a high negative external bias. The surface morphology of films deposited for different growth times
under the same experimental conditions was analyzed by atomic force microscopy. Our analysis leads to values
of the growth, roughness, and coarsening exponents of 0, 0.1, and 0.5, respectively. As it has been recently
proposed that the growth dynamics of amorphous films by ion-assisted methods should obey the Edwards-
Wilkinson �EW� growth mode, we have analyzed the compatibility of our data with this model. Our analysis
indicates that, although the scaling data could be interpreted in terms of the EW model, the relative large data
error bars and the film ultrasmoothness preclude the unambiguous assessment of the EW growth mode for our
film growth evolution. In our system, the interplay of shadowing, physical sputtering and enhanced surface
mobility ion-induced effects contribute likely to the leveling and final ultrasmoothness of the film surface.
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I. INTRODUCTION

The unique combination of properties of diamondlike car-
bon �DLC� films has stimulated great interest in the deposi-
tion and application of these films over the last decades.
Their high wear resistance, low friction coefficient, chemical
inertness, surface smoothness, and biocompatibility already
led to their use as protective coatings in numerous devices.
In particular, surface smoothness becomes a crucial property
for developing protective coatings for magnetic storage de-
vices and low friction coatings.1 Therefore, over the last
years special attention has been paid to the production of
ultrasmooth DLC films. Along with this applied effort, there
is an increasing interest in understanding the mechanisms
leading to such ultrasmooth films. This study implies the
morphological characterization of the growth dynamics un-
der the framework of the dynamic scaling theory.2–4 The
magnitude most commonly employed to characterize statis-
tically the surface morphology for a given growing system
with size L and observed at time t is the roughness, ��L , t�,
also known as the interface width. Representing the local
surface height at position r and time t by the function h�r , t�,
the interface width is defined as the mean square deviation of
the local height with respect to the mean height �h� �Ref. 2�

��L,t� = ��h�r,t� − �h��2�r
0.5, �1�

where the operator �¯�r represents the average over all r in
a system of size L. In the dynamic scaling theory the surface
roughness follows the Family-Vicsek dynamic scaling3

��L,t� = L�f�t/Lz� , �2�

where f�x� is a function that scales as x� for x�1 and is a
constant for x�1. The exponents �, �, and z are usually
known as the roughness, growth and dynamic exponents,
respectively. They are characteristic of the mechanism gov-
erning the system growth dynamics, and related between
them by the expression z=� /�. The roughness exponent de-
scribes the lateral correlations of the surface roughness while
the growth exponent describes the surface roughening pro-

cess in time through the powerlike behavior �� t�. Finally,
1 /z is known as the coarsening exponent describing the
coarsening process of the typical lateral correlation length of
the system, �.

In order to characterize the surface roughness correlations
different functions can be used.2,4 In this work, we have em-
ployed: �a� The structure factor or power spectral density
�PSD� defined as PSD�k , t�= �H�k , t�H�−k , t��, where H�k , t�
is the Fourier transform of the surface height in a system of
lateral size L, k being the spatial frequency in the reciprocal
space; �b� the height-height correlation function defined as
G2�r , t�= ���h�r+r� , t�−h�r� , t��2��0.5.2

We have focused our research on the study under this
framework of the growth dynamics of hydrogenated amor-
phous carbon �a-C:H� films, which have been produced by
electron cyclotron resonance chemical vapor deposition
�ECR-CVD� from a methane/argon gas mixture on silicon
substrates. This type of films is attractive, for instance, in
magnetic storage technology where a slightly hydrogen-rich
surface is desired because the lubricant work prefers a
slightly hydrogen-rich surface.1 In addition, the ECR-CVD
technique allows film deposition at low temperatures with
high growth rates due to the relative highly ionized plasma
beam and it does not intrinsically produce particles, such as
in filtered cathodic vacuum arc �FCVA�. Besides, the addi-
tion of argon to the methane ECR plasma results in increased
hydrocarbon ion concentrations at the depositing surface via
gas chemistry selection.5 Moreover, the film surface bom-
bardment by relatively heavy Ar+ ions leads to increased
dangling bond densities at the exposed growth surface.

The films have been deposited at different external bias
and their corresponding film morphology has been studied
by atomic force microscopy �AFM�. From these analyses we
have determined the best bias conditions to produce ultras-
mooth a-C:H films and we have addressed the investigation
on the smoothening mechanisms involved.

II. EXPERIMENTAL

The a-C:H films were grown by ECR-CVD �ASTEX,
mod. AX4500� in a two-zone vacuum chamber6 operating
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with a 2.45 GHz microwave plasma source at 208–210 W
input power. Gas mixtures of methane/argon �15 sccm/
35 sccm� were applied keeping the operating pressure at
1.1	10−2 Torr. P-type silicon �100� substrates �280

m thickness, double-side polished�, with a surface rough-
ness of 0.09–0.1 nm, were used. A dc bias varying from
−300 to +100 V was applied to the silicon substrates while
no intentional heating was employed. The growth rate was
close to 0.22 nm/s except for the samples grown at −75 to
−150 V, in which a slightly higher growth rate was ob-
served. It is important to mention that the temperature
reached at the end of the deposition process was always
lower than 115 °C as measured by a thermocouple attached
to the substrate holder. Under these conditions, all films were
amorphous as proved by micro-structural analysis.

The AFM characterization was performed with Nano-
scope IIIa �Veeco� equipment operating in tapping mode
with silicon cantilevers �nominal radius of 10 nm�. Due to
the extreme flatness of the studied surface, each a-C:H film
was measured with a new fresh tip, which was afterwards
used to measure the silicon substrate. Only those data ob-
tained with tips that gave reliable roughness values of the
substrate were used in the analysis. Regarding the roughness
scaling analysis, we measured at least three films for each
growth condition. For each sample, we measured by AFM at
four different locations. Thus, the error bars depicted in the
figures involving roughness data result from the deviations in
these measurements. The graphs displaying power spectral
density �PSD� and height-height correlation functions as well
as those depicting the dependence of roughness with the
length scale do not show error bars for sake of clarity but
they are the average of the different realizations. As the cor-
relation length was estimated from the PSD curves, its cor-
responding error bar was estimated from the sampling statis-
tics of the PSD data.

III. RESULTS AND DISCUSSION

A. Influence of substrate bias on film morphology

The surface roughness, �, obtained from AFM images,
versus the applied bias during deposition is displayed in Fig.
1. Indisputably, there are two main regimes separated by a
sharp transition at 	−80 V. It is worth commenting that this
bias crossover value is in the range of the threshold ion en-
ergy, in the 80–100 eV range, reported for the formation of
hard carbon films by various techniques.7,8 The first regime,
running from −80 V up to positive bias, is characterized by a
relatively large film roughness. For the second one, for high
negative bias, � is extremely low, in the 0.1–0.16 nm range.
In our case, the ultrasmooth films did prove to be hard
�	18 GPa� and wear resistant �	1	10−7 mm3/Nm� and
displayed a hydrogen content of about 30 at. % while the
films grown without bias had an hydrogen content of about
55 at. % The surface morphology of a film deposited at 0 V
for 1 h �Fig. 2�a�� is cauliflowerlike since large protuber-
ances, which contain also smaller granular structures, are ob-
served. This kind of morphology is obtained for all the films
belonging to the high roughness regime. In contrast, the films
obtained in the low roughness regime show a flat and fea-
tureless morphology �Fig. 2�b��. In this case, the film rough-
ness is less than 0.2 nm with maximum peak to valley height
values of 1.2 nm.

FIG. 1. Plot of �, obtained from 1	1 
m2 AFM images, of the
a-C:H films grown for 1 h as a function of the external applied bias
in which the two roughness regimes are observed. The vertical
dashed line indicates the threshold bias from which physical sput-
tering effects are expected.

FIG. 2. �Color online� 1	1 
m2 tapping mode AFM images of
the a-C:H films grown for 1 h: �a� without external bias; �b� with
an external bias of −200 V. The vertical bar represents 80 nm.
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B. Scaling analysis of ultrasmooth films

In order to better characterize this smoothening process
we have analyzed the evolution of the film surface morphol-
ogy as a function of deposition time when an external bias of
−200 V is applied. In all these cases, the films present a
smooth morphology, similar to that depicted in Fig. 2�b�. For
deposition times spanning from just 5 min up to 1 h the film
roughness was always extremely low: in the 0.1–0.16 nm
range.

We have addressed the analysis of these data under the
framework of the dynamic scaling theory in order to obtain
the values of exponents �, �, and 1/z. In principle, a suitable
method to obtain the � exponent value is from the PSD
curves, that is, in the reciprocal space, in logarithmic scales.9

Accordingly, we show in Fig. 3�a� the PSD curves corre-
sponding to the silicon substrate and the a-C:H films for the

different growth times. The PSD curves present a linear be-
havior, in the logarithmic representation, which extends to
smaller k values �i.e., larger length scales� as the growth time
increases. The slope of the linear behavior of the PSD curves
is indicated by the dashed line, and equals −2.2, which im-
plies �
0.1. It should be noted that for the shorter growth
times and the smaller k values, the PSD curves tend to run
parallel to the PSD curve corresponding to the silicon sub-
strate. This behavior indicates that for large length scales the
film morphology is dominated by the substrate morphology.
Also, note that for the smallest k values �i.e., largest length
scales� all the PSD curves increase displaying a maximum.
This feature could also come from the substrate morphology
or/and could be influenced by the poorer data sampling sta-
tistics at the smallest k values.

The value of the slope �i.e., −2.2� of the linear regime of
the PSD curves displayed in logarithmic scales allows us to
discard different possible mechanisms as the cause of the
film surface ultrasmoothness. Thus, surface2 and bulk
diffusion10 predict a slope of the PSD of −4 and −3, respec-
tively. Additionally, surface or bulk viscous flow effects11

imply a slope of −4 and −1, respectively. As these values
differ largely from that obtained in our work, we can discard
all these phenomena as the origin of the observed ultra-
smoothness.

In order to further characterize the growth dynamics of
our system, we have determined the value of �. Thus, in Fig.
3�b� we display the evolution of the surface roughness with
the growth time. In all cases, the roughness values are in the
0.1–0.16 nm range. This behavior implies �
0.

We have also analyzed the dependence of the lateral cor-
relation length, �, with the growth time. The value of � for
each growth time was obtained from the corresponding PSD
curve as it corresponds to the inverse of the smallest k value
on the linear regime �in logarithmic representation�. The plot
of the change of this length with the growth time is shown in
Fig. 3�c�. The straight line corresponds to the best fit follow-
ing the � � t0.5 scaling behavior for t�5 min, which implies
1 /z
0.5. Within the experimental errors, this behavior is
consistent with the experimental data for t�5 min. Also, it is
worth noting that the value of � is 5–6 times larger than that
reported for tetrahedral amorphous carbon, ta-C, films grown
by FCVA and high current arc �HCA�.12 This difference
could be due to both the larger film thickness of the a-C:H
films, and the higher average ion energy in the ECR plasma
as at higher ion energies the extent of the lateral smoothening
induced by the ion impact is larger.13

The values obtained for the scaling exponents, �
0.1,
�
0, and 1/z
0.5 are indeed consistent with the observed
ultrasmoothness. Recently, Moseler et al. have proposed13

that the growth of amorphous films in which ion-assisted
processes are employed obeys the Edwards-Wilkinson �EW�
growth model.14 Since our films are produced by an ion-
assisted process �ECR-CVD� and they are amorphous, we
have contrasted our experimental data with the behavior ex-
pected for the EW model.

The EW continuous growth equation for the local surface
evolution has the following expression:

FIG. 3. �a� PSD curves corresponding to the silicon surface
�solid line� and the films grown at −200 V for 5 �-� -�,
10 �-� -�, 15 �-� -�, 20 �-*-�, 40 �-� -�, and 60 �-� -� min. The
dashed line corresponds to a slope of −2.2. �b� Plot of � vs t for
films grown with an external bias of −200 V. The shadowed bottom
region corresponds to the range of roughness values measured on
the silicon substrate. �c� Plot of �, obtained from the PSD curves,
versus the growth time. The solid line corresponds to the best fitting
obeying the �� t0.5 relationship for t�5 min. �d� Plot of � vs
�log t�0.5 for the same films of �b�. The points, from left to right,
correspond to deposition times of 5, 10, 15, 20, 40, and 60 min. The
solid line is the best fit following the dependence �� �log t�0.5,
which is a straight line in this type of display. �e� Plot of � vs
�log l�0.5 for the thickest film grown at −200 V, i.e., deposited for
1 h. The dashed line indicates the range in which �� �log l�0.5.
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�h/�t = ��2h�r,t� + �r,t� , �3�

where, � is a positive constant and  represents the random
character of the arrival of the depositing particles to the in-
terface. This equation is related to evaporation/condensation
processes since those regions located at surface depressions
�i.e., �2h�0, local positive surface curvatures� grow faster
than those located at surface protrusions �i.e., �2h�0, local
negative surface curvatures�. In principle, these phenomena
are very unlikely under our current growth conditions. How-
ever, it has been reported that this kind of growth can result
from the interplay of different growth phenomena.13,15 Thus,
we have further analyzed the dependence of the surface
roughness in order to unambiguously determine whether the
EW model is consistent or not with the experimental behav-
ior. Edwards and Wilkinson showed14 that for a 2+1 system
as ours the EW equation implies that

� 	 �log�t��0.5 �4�

for short times, and

� 	 �log�l��0.5 �5�

for long times.
In order to check if our system follows these dependen-

cies, we have first plotted the � values versus �log t�0.5 in
Fig. 3�d�. We observe that for the 5–30 min growth time
range, before saturation, the experimental behavior is consis-
tent with the relationship �� �log t�0.5 as a linear regime is
clearly observed, which is consistent with an EW
scaling.2,14,16 However, we should note that the unambiguous
assessment of the �log t�0.5 dependence becomes difficult be-
cause of the extreme surface smoothness and, therefore, of
the relatively large error bars. In addition, it should be noted
that usually the experimental assessment of this dependence
becomes very difficult.17

Thus, we have also analyzed the dependence of the sur-
face roughness with the square root of the logarithm of the
length for the thickest film �i.e., longest deposition time�.
The result is shown in Fig. 3�e�. Clearly, in the representation
of � versus �log�l��0.5, a wide linear region is observed,
which is expected for the EW growth mode. However, the
roughness does not saturate at larger length scales beyond
this region, as it should be expected, but increases. This fea-
ture is associated with the corresponding increase in the PSD
curve �Fig. 3�a�� for small k values, which can be due to the
influence of the substrate morphology as discussed above.

In principle, these results indicate that the growth dynam-
ics of the a-C:H films deposited by ECR-CVD at a external
bias of −200 V could be interpreted in terms of the EW
growth model. However, the relative large error bars of the
roughness data �Fig. 3�d�� and the possible influence of the
substrate morphology at large length scales �Fig. 3�e��, which
become relevant for such ultrasmooth films, preclude the un-
ambiguous assessment of the EW growth model for our sys-
tem.

C. Experiment on ion-induced smoothening effects

In order to obtain further insight into the smoothening
mechanisms leading to the ultrasmooth films at high bias

values, we have designed the following experiment. We have
grown two polymeric a-C:H films without external bias for
30 min �film A� and 60 min �film B�, respectively. In addi-
tion, on a parallel film A we have continued the film growth
for 30 min more under the same conditions but at a negative
bias of −200 V �film C�. The corresponding surface mor-
phologies measured by AFM are displayed in Figs.
4�a�–4�c�, respectively. Also, typical surface profiles corre-
sponding to the dashed lines depicted in Figs. 4�a�–4�c� are
shown in Fig. 4�d�. From these data, it is evident that films A
and B have a characteristic cauliflowerlike rough surface
morphology. As the AFM images suggest and Fig. 4�d� con-
firms, both the surface roughness and the average feature
�i.e., cauliflower� size are larger for film B than for film A.
For biases more positive than −70 V, as it is the case of films
A and B, the polymeric film surface is rough due to the
random arrival of relatively low energetic depositing species.
It is known18 that non-normal incidence trajectories are in-
herent within CVD processes. Thus, the incoming particles
impinge more likely at the surface protrusions rather than at
the surface valleys or depressions leading to the development
of growth instabilities, which is consistent with a scenario in
which shadowing effects operate.19,20 In contrast, Fig. 4�c�
indicates that film C has a quite different surface morphol-
ogy, more compact and with a smaller average lateral size of
the surface features. This is confirmed in Fig. 4�d� that shows
the corresponding surface profile. This profile, compared
with those of films A and B, is leveled off in a great extent.
Additionally, the surface profile shows that the lateral size of
the characteristic surface features has been reduced. Thus,
the surface morphology has been clearly smoothed.

From the comparison of the respective PSD curves,
shown in Fig. 4�e�, we observe the overlapping of the three
PSD curves in a linear region, which is indicated by the
dashed line in the logarithmic plot, for large k values �i.e.,
short length scales�. As commented above, the smallest k
value of the linear regime �in the logarithm plot� of each
PSD corresponds to the typical lateral correlation length of
the film, �g. In the case of samples A and B this distance
corresponds to the average size of the cauliflowerlike struc-
tures while for sample C it is related to the average film grain
size. Thus, the crossover k values of films A, B, and C cor-
respond to �g values of 
38, 
59, and 
25 nm, respec-
tively. In addition, for the PSD curves of samples A and B
the respective KA and KB values are close to the horizontal
part of the curves at small k values for which the surface is
uncorrelated. This fact implies that the film roughness is
mainly determined by the contribution of the cauliflowerlike
structures. In contrast, for sample C there is still a clear
correlated regime for k�KC, which indicates that the film
roughness has contributions from the grain morphology as
well as from the height fluctuations between grains �i.e., for
lengths larger than the �g�. It is worth noting that the PSD of
film C is below those of films A and B just for k�KC, which
implies that the reduction in surface roughness takes place
for l��g. Thus, the ion-induced smoothening process takes
place through the reduction of �g and the leveling of the
surface for l��g. In the inset of Fig. 4�e� we show the
height-height correlation function of the AFM images corre-
sponding to the same films of Fig. 4�e�. Basically, the same
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behavior is observed since the three functions run parallel for
small length scales and that one corresponding to film C is
below those of films A and B for large length scales. This
figure shows a new feature, namely that the G2�r , t� function
is shifted upwards for the cauliflower growth conditions as
the deposition time increases as can be seen by comparing
the curves of samples A and B. This vertical shift is a clear
indication that the growth under these conditions is unstable
and that the local surface slopes increase.21 This behavior
agrees with that observed in Fig. 4�f�, in which the surface
slope distributions of films A, B, and C are displayed.
Clearly, the comparison of the distributions of films A and B
implies that the growth without bias causes an increment of
the higher slopes, in detriment of the low ones, as the growth
proceeds. This trend is reversed when a higher bias is applied
�film C� since the high slope contribution is drastically re-
duced and the relative weight of the low slopes is even
higher than that found initially for film A. This behavior is a
consequence of the smoothening processes operating when
the growth is assisted by relatively high-energy ions.

IV. DISCUSSION

In order to better understand the physical mechanisms op-
erating during the growth of our ultrasmooth a-C:H films, it

is worth comparing our results with the scarce growth scal-
ing analysis on similar systems as well as to analyze the most
relevant growth processes that take place in our system.

Regarding previous studies on growth dynamics under the
dynamic scaling theory framework of ultrasmooth amor-
phous carbon films, the main system studied has been ultr-
asmooth ta-C films grown by FCVA �Refs. 12 and 13� and
HCA.12 For the HCA films, which were grown on ultras-
mooth silicon substrates �rms roughness 	0.1 nm�, the sur-
face film roughness was 	0.12 nm for all the deposition
times. This behavior is quite similar to ours and implies �

0. In the case of the FCVA ta-C films, which were grown
on a slightly rougher Si�100� substrate �rms roughness
	0.2 nm�, as the deposition time increased the surface
roughness initially decreased until a constant value
	0.11 nm was reached. In this constant regime, �
0 was
obtained. In a first study of both systems,12 based on the
analysis of the height-height correlation function, the scaling
analysis led to scaling exponents, �
0.39 and �
0, that
were not explained by any of the existing models.12 In that
case the ultrasmoothness was explained as the consequence
of short thermal spikes by ion impact accompanied by a
reduction of the local interface curvature.12 In a second study
of the FCVA system, based on the fitting by the EW model of
the PSD in a linear representation, the growth dynamics was

FIG. 4. 1	1 
m2 tapping mode AFM images of the a-C:H films: �a� A, �b� B, and �c� C. In all cases the horizontal bar indicates
200 nm. The dashed lines correspond to the surface profiles displayed in �d�. �d� Typical surface profiles of the films A �bottom profile�, B
�middle profile�, and C �top profile�. The vertical bar indicates 10 nm. �e� PSD curves corresponding to films A �-� -�, B �-� -�, and C �solid
line�. KA, KB, and KC indicate the crossover points associated with the corresponding film grain or cauliflowerlike structure sizes. The dashed
line indicates the linear region in the logarithmic plot. Inset: Height-height correlation functions corresponding to the same films A, B, and
C of �e�. �f� Surface slope normalized distribution for films A �-� -�, B �-� -�, and C �solid line�.

GROWTH DYNAMICS OF ULTRASMOOTH HYDROGENATED… PHYSICAL REVIEW B 74, 155417 �2006�

155417-5



considered to be consistent with it.13 There, it was proposed,
from molecular dynamics simulations, that the existence of
an ion-induced downhill current of material leads to a local
growth rate dependence on the local surface curvature, which
is associated to the EW growth mode. Moreover, this mecha-
nism is also predicted13 to govern the film growth for other
amorphous systems, in which ion-assisted processes are em-
ployed, such as our system and the HCA ta-C one. In this
sense, we can comment that our PSD curves were similarly
well fitted in a linear representation �not shown� by the EW
model.

As we have already explained, we cannot identify our
growth dynamics as EW. However, our results qualitatively
agree with some of the behaviors predicted in the work of
Moseler et al.13 Thus, the observed dependence �Fig. 1� of
the surface roughness on the ion energy agrees qualitatively
with that predicted in this model, and is observed for ta-C
FCVA films. In that study, for increasing ion energies up to
100 eV the surface roughness decreases while for ion ener-
gies equal or larger than 100 eV, it saturates at the minimum
attained value. This behavior was explained by the increase
of ion induced surface currents with the ion energy until
subplantation effects at deeper lengths start to operate at ion
energies of 
100 eV. In our case, for biases more negative
than −70 V the surface roughness decreases continuously
until for ion energies equal or larger than 150 eV the surface
roughness is saturated and it is not further reduced for higher
ion energies.

At this point, it is convenient to discuss the main pro-
cesses involved in the a-C:H growth by ECR-CVD that can
lead to the observed film ultrasmoothness. The a-C:H film
deposition by ECR-CVD from a methane/Ar plasma is a
complex system.22 In fact, the deposition process is the result
of several factors such as plasma chemistry, gas-surface in-
teraction, surface chemistry, and etching and bombarding ef-
fects. In our system, the key role of the external bias value
and, therefore, of the ion energy on the film morphology is
evidenced in Figs. 1 and 2. In our case, the magnitude of the
bias defines the energy of the ions, 70% argon and 30%
hydrocarbon species, impinging on the growing film surface.
While the former do not contribute to the film growth, the
latter indeed are finally incorporated into the growing film.
Thus, we focus on the different effects induced on the grow-
ing film by the impinging of the energetic ions. �i� First, the
protruding regions of the growing film surface will receive
more depositing species18 and incoming ions than those lo-
cated at depressions or lower heights. �ii� The ion bombard-
ment of the film surface increases the sticking coefficient of
the impinging radical growth precursors through the creation
of dangling bonds on the surface.23 The energy required for
these processes being relatively low since it is close to
2 eV.24 �iii� For the growth of ultrasmooth hydrogenated
amorphous silicon, a-Si:H, films deposited by plasma as-
sisted CVD, which is quite similar to ours, it has been re-
ported that ion bombardment induces an enhanced mobility
of the precursor species weakly bound to the film surface.20

Thus, we can expect that a similar process takes place in our
system. �iv� For the bias condition for which ultrasmooth
films are obtained, the impinging ions have energies higher
than the threshold value required for physical sputtering,
which is in the range of 80 eV.24

The first effect will cause that shadowing effects for both
the deposition of incoming species and the ion bombardment
may arise. This was indeed the case for the low bias growth
conditions where rough cauliflowerlike surface film mor-
phologies �i.e., unstable growth mode� were obtained. At
higher bias values, these shadowing effects together with the
ion-induced increase of the sticking probability should lead
to an even enhanced unstable growth because the particles
that reach mainly the protruding regions should incorporate
with high probability to the film. The observed behavior im-
plies that the interplay of just these two effects does not
govern the film growth. The third effect, the ion-induced
enhanced mobility of precursor species on the film surface,
can contribute to the ultrasmoothness of the growing film
through the suppression of surface growth instabilities, as it
has been demonstrated for the growth of a-Si:H films by
plasma assisted CVD.20 This enhanced precursor surface mo-
bility implies a homogeneous distribution on the growing
interface of the species that contribute to the film growth. For
such system �
0 was found. Moreover, it has been shown
that for DLC films produced by the deposition of carbon
clusters the mobility of surface atoms increases with the
cluster incident energy.25 In particular, for energies in the
60 eV range, this enhanced mobility contributes to the pro-
duction of smooth DLC films. Finally, if we consider the
fourth effect, the physical sputtering of the film by the ener-
getic ions, the growth scenario can change due to the shad-
owing effects. Under these conditions, the impinging atoms
will erode easier the surface protrusions inducing a leveling
of the growing surface. Thus, when etching processes occur
within a shadowing geometry or for diffusion �i.e., transport�
limited processes, the surface morphology tends to be
smoothed.26–28 The experiment of Fig. 4 is consistent with
this explanation since it is clear that the smoothening of the
rough cauliflower film at high bias suppresses the larger pro-
trusions and surface slopes leading to an evident leveling of
the surface, which agrees with a preferential sputtering of the
higher surface regions. Moreover, Fig. 1 shows clearly that
the sharp transition from the rough unstable growth mode, at
low bias values, to the ultrasmooth one takes place at bias
values slightly higher than the threshold value of 80 eV for
physical sputtering. It is worth noting that there are also
chemical sputtering effects in the ion-assisted growth of a
-C:H films.29 However, these processes usually take place
already at ion energies of 20–30 eV or even lower values.
This energy range is quite lower than the bias values for
which ultrasmooth film growth is observed �Fig. 1�. Accord-
ingly, we can assume that physical sputtering effects are
more relevant for the film surface morphology. Under this
growth scenario, the simultaneous operation of shadowing
effects, physical sputtering and the enhanced precursor sur-
face mobility can lead to the observed ultrasmoothness of
our a-C:H films.

V. CONCLUSIONS

Our results clearly show that the ion energy plays a fun-
damental role in the production of ultrasmooth a-C:H films
by ECR-CVD by smoothening the surface morphology in the
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nanometer range and by suppressing the local high surface
slopes. In addition, the a-C:H film ultrasmoothness is asso-
ciated with a high film hardness and wear resistance. This
correlation suggests that at energies higher than 80 eV the
ion bombardment affects simultaneously the surface mor-
phology and the internal bonding structure. Our analysis
shows that the film growth under relatively high bias condi-
tions leads to ultrasmooth surfaces with �
0.1, �
0, and
1/z
0.5. We have checked the possible agreement of our
experimental data with the EW growth model. In particular,
we have attempted to assess if the square root of the surface
roughness scales logarithmically with both growth time and
length scale. Although our data could be compatible with this
model, the relative large error bars in the film roughness
values and the film ultrasmoothness do not allow us to un-
ambiguously identify the growth dynamics of our system as
EW. In our case, the film growth dynamics results from the
interplay of different growth processes. Thus, as the bias
applied is above the physical sputtering threshold and shad-
owing effects are present, the ions can erode preferably the

protruding regions in the growing film surface leading to a
surface leveling. In addition, the ion bombardment causes an
enhanced surface mobility of the precursor species weakly
bound to the film surface. The interplay of these effects
would cause a net downhill current of material that tends to
smooth the surface profile leading to the observed surface
ultrasmoothness.
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