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Abstract The roughness induced during glow-discharge
optical-emission spectroscopy (GDOES) measurements has
been reported to cause a loss of resolution during GDOES
depth-profiling analysis. In this paper, we undertake for the
first time a study of the dynamics of the surface morphology
of chromium and titanium thin films (designed in mono and
multilayer structures) under the impinging of GDOES incom-
ing ions. We performed this study under the theoretical frame-
work of the dynamic scaling theory, by analysing surface
morphology changes, as measured ex-situ by AFM, with
irradiation time. For single metal layers it was found that, after
an initial surface smoothening, the surface undergoes a rapid
steep roughening for both systems, with quite similar quanti-
tative dynamics. Once this roughening ends a second temporal
scaling regime arises, operating for long length scales with
dynamics depending on the sputtering rate of the material. For
the chromium layer, with a very high sputtering rate of
5.5 μm min−1, this regime is consistent with the KPZ model,
whereas for the titanium layer an EW scaling regime is indi-
cated. These different scaling regimes are consistent with the
development of larger surface slopes for the Cr system. In the
multilayer systems, the initial roughness induced on the top Cr
layer by GDOES has similar dynamics to that for single-layer
Cr. However, a clear decrease in the roughness was observed
once the underlying Ti layer, with a lower sputtering rate, was

reached. This decrease in the induced roughness is maintained
while the Ti layer is eroded. Therefore, choice of appropriate
material (i.e. sputtering yield values) combinations and of
their depth of location can enable tuning of GDOES-induced
roughness and achieve substantial control over the depth
profiling process.
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Introduction

Glow-discharge optical-emission spectroscopy (GDOES) has
become a widely used technique [1, 2] that competes with
more traditional and well-known analytical techniques, in-
cluding AES, XPS, and SIMS [3–7]. During GDOES exper-
iments, samples are isotropically sputtered by Ar+ ions [8] and
accelerated neutral species with high current flux (approxi-
mately 100 mA cm−1) but very low energy (<50 eV). The
sputtered atoms are then excited by the plasma and de-excited
by photon emission with a characteristic wavelength, enabling
element distinction. High sputtering rates, of more than
1 μm min−1, are easily obtained, enabling fast measurements,
typically of the order of seconds or a few minutes. GDOES
has been used extensively in the study of depth profiling of
thin (10–100 nm) and ultrathin (<10 nm) films [9–13], al-
though a serious loss of resolution with depth during GDOES
analysis has been reported [14–18]. The major factors con-
tributing to this loss of resolution are related to the high
erosion rate, sample heating, changes to crater geometry dur-
ing the sputtering process, and ion-induced surface roughen-
ing. The latter becomes highly detrimental for multilayer
systems, because it results in the mixing of consecutive layers
when the individual layer thickness is at the nanometer scale.
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Increased surface roughening with GDOES
sputtering time is well documented in the literature.
Works by Harrison et al. [19, 20] in the 70s already
reported changes in the surface morphology of samples
after GDOES sputtering. Shimizu et al. [21, 22] and
Escobar Galindo et al. [23] revealed the effect of
GDOES-induced roughening on the depth profiling of
thin films. In the 90s Oswald et al. [24] and Präßler
et al. [25] used deconvolution procedures to improve
GDOES depth profiles by using information on crater
formation. More recently, Escobar Galindo and Albella
[26] proposed a simple model to interpret and predict
the depth profiles of periodic multilayer structures with
individual layer thickness in the range 10–100 nm, i.e.
within the order of magnitude of roughness induced
during depth profiling by GDOES. The model is based
on the assumption that the surface roughening pro-
duced by the ion bombardment gives rise to partial
mixing of the layers and their interfaces, leading to a
smoothing of the otherwise abrupt profiles. Fitting ex-
perimental profiles for a set of samples made of alter-
nating Ti and Cr layers of a wide range of thicknesses
enables the degradation constant b (pre-exponential
factor) for each material to be obtained. A novel aspect
of this work is that the layer mixing at the interface is
modulated by the sputtering rates of the adjacent
materials.

In this study we analyse the changed target surface
morphology induced by GDOES sputtering. Usually,
such analysis has been limited to imaging the sample
surface and evaluating the surface roughness. For ex-
ample, in the excellent work of Malherbe et al. [27], a
rigorous study of changes to the surface morphology of
monocrystalline silicon wafers and chromate conversion
coatings under the experimental GDOES conditions
(sputtering time, discharge gas pressure, and power)
was performed by atomic force microscopy (AFM)
and roughness measurements. Trigoulet et al. [28] re-
ported AFM and transmission electron microscopy
(TEM) changes to the surface topography of anodic
aluminium oxide films of different thickness under
GDOES. Here our objective is to take study of this
subject further, by characterizing the statistical proper-
ties of the irradiated surfaces from the AFM studies.
More specifically, we have focused on the dynamics of
the surface morphology under the impinging of the
incoming ions. We have taken a fundamental approach
by using dynamic scaling theory (DST) as the frame-
work of our analysis. This theory focuses on the char-
acterization of the surface roughness lateral correlations
(i.e. how the roughness changes with the length scale)
and time dynamics [29, 30]. When considering which
variables must be changed to study the relationship

between GDOES conditions and local (nanoscale) sur-
face morphology, there are several options: the system
pressure, power used, surface location on the irradiated
area, and target configuration are good candidates for
such study. However, to be able to analyze and prop-
erly interpret the data, the number of variables should
be minimized because otherwise many effects can op-
erate simultaneously, which impedes data analysis.
Therefore, we characterized the surface morphology of
different samples (see Experimental) for increasing
treatment times, keeping the pressure and power con-
stant. Also, we always studied the central spot of the
irradiated area to avoid any possible dependence of the
local surface morphology on the position within the
circular bombarded zone. It was easy to focus on this
spot because of the lateral screws and optical micro-
scope incorporated into the AFM system. We then
analyzed how the surface morphology depends on the
ion dose; that is, we studied the surface morphology
dynamics under GDOES. By changing the composition-
al configuration of the target and keeping the same
conditions, we also studied how these dynamics depend
on the target composition. It should be noted that to
properly study the interface dynamics, it is necessary to
sample relatively wide temporal windows. This be-
comes even more important when different dynamic
regimes are present, as in this case (see below). For
this reason, we produced quite thick films to enable us
to follow the interface dynamics.

Experimental and methods

Coating deposition

Metallic chromium and titanium, and multilayers of alternat-
ing titanium and chromium films of different thickness were
deposited on a three-inch silicon (100) substrate by DC mag-
netron sputtering in a high-purity (99.999 %) argon atmo-
sphere using two sputtering sources, placed 6.5 cm away from
the substrate holder. Details of the sputtering system have
been described elsewhere [31]. The base pressure was approx-
imately 2×10−4 Pa, and the working pressure was in the range
0.16–0.23 Pa. The cathode power was held at 100 W. No bias
voltage was applied to the substrate holder by a DC power
supply. The deposition rates of the specimens were
12.5 nmmin−1 for titanium, and 25.0 nmmin−1 for chromium.
Table 1 gives a summary of the coatings studied in this work.

Coating characterization

GDOES depth profile analysis of the coatings was performed
using a Horiba Jobin Yvon RF GD Profiler equipped with a
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4 mm diameter copper anode and operating in argon gas [1,
14]. In previous works [18, 23], Escobar Galindo et al. per-
formed a complete optimisation of the operating conditions
for analysis using this GDOES system. By using a radio
frequency discharge pressure of 650 Pa and a forward power
of 40 W, multilayers in the nanometre range could be
analysed. Therefore, in this study these operation settings
were used. Emission responses from the excited sputtered
elements were detected using a polychromator of focal length
500 mm. The optical path of the spectrometer was nitrogen
purged. The emission lines used were 288.158 nm for silicon,
365.35 nm for titanium, and 425.433 nm for chromium. The
quantified spectra of silicon, titanium, and chromium were
obtained using certified reference materials (A/8, CE650,
CZ2011, JK41-1 N, N50.01, NSC3S, RA18/8, RC32/11,
RC40/11, RH18/17, RH32/6, RNI15/14, RNI15/20, SS112,
SS113, SS114, VAWE-4/5). A stoichiometric TiN coating

(provided by the company Ceratizit) and a silicon (100) wafer
were also introduced in the calibration lines, to obtain high
contents of titanium and silicon, respectively. The chamber
was cleaned by sputtering a silicon (100) sample for 20 min
before the measurements. This procedure minimises surface
contamination of samples from the source and enables faster
stabilisation of the plasma and, therefore, a higher surface
resolution of the GDOES set-up [7]. No memory effects were
observed after this pre-sputtering procedure. GDOES dis-
charges were performed on a series of spots in the samples
for different sputtering times (see Table 1). The shape and
depth of the craters and the coating thickness were measured
by profilometry using a Dektak 3030 surface profilometer.

AFM measurements were performed on different areas at
the middle of the GDOES crater in ambient conditions, using
either a Nanoscope IIIa (Veeco, USA) or PicoPlus Agilent
5500 (Agilent, USA) in intermittent-contact operating

Table 1 Description of the thin films studied in this paper

Sample Element Thickness
(μm)

Sputtering yield
(μm min−1)

Sputtering
time (s)

Roughness
nm)

Cr monolayer Cr 3 5.0 0 3.6±0.4

1 2.4±0.2

3 17±2

5 30±3

7 32±3

10 33±3

20.5 39±4

Ti monolayer Ti 3 3.5 0 19±2

2 9±1

4 19±2

6 25±3

19 29±3

34 35±4

Cr–Ti–Cr trilayer Cr 0.5 5.0 0 3.4±0.3

4 10±1

Ti 0.5 3.5 9 5.8±0.6

12 8.0±0.8

15 6.6±0.7

Cr 0.5 5.0 17 14±1

19 12±1

21 11±1

Cr–Ti thick bilayer Cr 0.75 5.0 0 4.3±0.4

4 9±1

9 26±3

Ti 2.25 3.5 12 12±1

19 20±2

24 17±2

29 18±2

34 19±2
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conditions, using silicon cantilevers (Veeco, USA) with a
nominal radius of curvature of 8 nm. Images of different sizes,
from less than 1 μm up to 20 μm, were taken. Statistical
analysis of the images was performed using the software of
both sets of equipment and the Gwyddion Free Software [32].

Dynamic scaling theory

As explained in the Introduction, the main analysis of this
investigation was made within the framework of dynamic
scaling theory (DST). DST has been successfully used to
study the growth or etching of different surfaces [29, 33].
Here, we provide a brief explanation of the basic concepts
needed to follow our study. The first assumption is that the
growing surface, h, does not have overhangs, i.e., is a one-
valued function h(r,t), where r is a vector in the base plane, t is
the deposition time, and 〈h(t)〉 is the mean height. The rough-
ness or interface width (σ) is defined as the mean square
deviation of the local height, h, with respect to the mean height
〈h(t)〉:

σ tð Þ ¼ h r; tð Þ− h tð Þh i½ �2
D E0:5

ð1Þ

where 〈…〉 represents the average over all r within a given
area.

Then, if standard Family–Vicsek dynamic scaling holds
[34], there are specific scaling relationships of the temporal
and spatial dependences ofσ; for example, that referring to the
evolution of the surface roughness with the bombardment
time (t): σ ∝ tβ. The growth exponent β can be determined
by following the change of σ, which is directly obtained from
large AFM images by the AFM software, with the irradiation
time.

Another commonly used scaling relationship comes from
the lateral correlations of the surface roughness obtained from
the power spectral density (PSD) of the surface morphology.
This function is defined as PSD(k,t)=〈H(k,t)H(−k,t)〉, where
H(k,t) is the two-dimensional Fourier transform of h(r,t)−
〈h(t)〉, and k is the spatial frequency in the reciprocal space
related to the lateral distance l (k=1/l). This radial averaging is
relevant to isotropic surface morphologies, including those
studied in this work. The PSD function also displays regions
with scaling relationships as PSD(k) ∝ k−2(α + 1), with a lower
kc cut-off that usually shifts to smaller k values as growth
proceeds [29]. For k<kc a region of constant PSD is found,
which corresponds to the absence of any surface correlation at
the corresponding lengths. To better explain these concepts,
Fig. S1 (see Electronic Supplementary Material) shows a
typical PSD curve, obtained from an AFM image of a Cr film
eroded by GDOES for 10 s. In this example, three main zones
can be distinguished:

1. A first regime in which α1=0.7, which ends at the cross-
over k value of kc1~0.0027 nm−1;

2. For smaller k values, there is a second regime where α2=
0.39, which extends down to kc2~0.00085 nm−1;

3. From this second crossover to smaller k values there is a
more or less horizontal part of the PSD, which corre-
sponds to the length scale (1/k) range for which there is
no correlation between the height of two sites that are 1/k
apart.

The roughness exponent α describes the horizontal
correlations of the surface roughness for a given length-
scale range. The existence of such correlation implies that
the heights of every two points at the surface within this
scale range are not independent (i.e. are correlated).
Hence, one can extract the value of α at the corresponding
length scales from a logarithmic plot of the PSD versus k
[33]. From the temporal change of the typical lateral-
surface correlation length, ξ=1/kc, a behaviour ξ ∝ t1/z

follows, where 1/z is the coarsening exponent describing
the lateral increase of the region in which the surface
heights are correlated. The PSD also provides valuable
information on the length scales at which roughening or
smoothening processes take place, as will be revealed for
our systems. The surface roughness (σ) is related to the
PSD function through the expression:

σ2 ¼ 2π∫k PSD kð Þ dk ð2Þ

When so-called kinetic roughening occurs, the three
exponents are related as 1/z=β/α [29]. Another indicator
of the presence of scaling properties is that, for increasing
growth (etching) times, the linear region defining the α
value in the logarithmic plot increases its extent—as
commented above—but all PSD curves overlap at those
parts already defined for shorter times. These exponents
are related to the operating mechanisms that determine the
statistical properties of the surface morphology. Thus, by
analysing the surface morphology through determining
the scaling exponent values, it may be possible to identify
the main growth mechanisms involved in GDOES erosion
of the target surfaces.

To identify the operating mechanisms leading to a given
set of scaling exponents, these values are usually compared
with those obtained from stochastic growth (etching) equa-
tions. For erosion systems, including ours, where an initial
morphological instability (characterized by a sharp rough-
ness increase) takes place, the most basic continuum equa-
tion describing the surface morphology dynamics is:

∂th r; tð Þ ¼ ν∇2h−k∇4hþ λ ∇hð Þ2 þ η ð3Þ
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where ∂th is the temporal derivative of h, and η is the stochas-
tic noise accounting for the random character of the Ar+ ions
impinging on the target surface (see [29] for a detailed expla-
nation). When ν is negative, the first term on the right side of
Eq. (3) is related to the dependence of the erosion rate on the
local surface curvature [35, 36]. In contrast, when ν is posi-
tive, this term is related to the so-called Edwards–Wilkinson
(EW) growth mode [37], which, in this context, would be
associated with the opposite effect, i.e., the preferential ero-
sion of surface protrusions. In fact, for GDOES, preferential
sputtering of surface ridges caused by the enhanced ion flux
has been proposed [11, 28]. The second term is related to
surface relaxation through thermal diffusion or ion-induced
surface relaxation processes [29]. These two terms define a
linear unstable equation that would lead to a continuous and
steep roughness increase. However, as the surface roughens
non-linear terms appear and begin to increase their relative
weight. The first to appear is the third term, known as the KPZ
term [38, 39], which in this context is related to lateral erosion
processes [35]. This term has a stabilizing effect because it
slows down the initial abrupt increase of roughness. The so-
called KPZ growth/erosion mode should, in principle, be the
most frequently observed [39]; however, this is not the case,
and the reason for this is the subject of much debate [39]. In
the context of ion erosion of surfaces, this type of scaling has
been proposed to appear for ion-beam incidence angles close
to the perpendicular to the target surface and at large length
and time scales [40]. However, also in the context of ion
sputtering, KPZ scaling is experimentally elusive.

Finally, it is important to note that in equations like (3), the
value of the coefficients of the different terms is very impor-
tant. For example, depending on their relative weight, one
scaling region may start earlier and last longer. In the context
of ion erosion much effort has been made to determine their
dependence on experimental variables [35] including the ion
flux, sputtering rate, temperature, angle of ion incidence, and
the characteristics of the ion cascade, in particular the pene-
tration length and the lateral and longitudinal straggling
[41–43].

Results and discussion

Surface dynamics of monoelemental films under GDOES

As commented above, the first step in rigorously characteriz-
ing the effect of GDOES on the analysed surface and, in
particular, its roughness was studying the morphology of both
Cr and Ti thick films over increasing exposure times. Figure 1
presents the changes in surface roughness, obtained using
AFM imaging, with GDOES sputtering time. Despite quanti-
tative differences, the surface roughness has a similar trend for
both samples. There is an initial smoothening of the deposited

roughness during the first 2 s of sputtering, followed by a
sharp roughness increase for t<10 s. For longer sputtering
times the roughness continues increasing with time, but at a
much slower pace. A crucial property of the irradiated surface
in relation to the GDOES process is its sputtering yield, which
is substantially higher for Cr than for Ti (see Table 1) [23]. We
discuss the main results obtained for both systems below.

Figure 2 shows the characteristic AFM images of the
different temporal stages of GDOES irradiation of the Cr film.
The initial morphology corresponds to the as-grown film
(Fig. 2a), which is granular. Its roughness (σ=3.6 nm) is
defined mostly by the average grain size, because no relevant
height fluctuations are observed for length scales larger than
this. The grain size has a relatively wide distribution, with
values in the 70–120 nm range. However, just after 1 s of
GDOES sputtering (corresponding to a sputtering depth of
approximately 40 nm), the granular morphology has vanished
(Fig. 2b) and the surface has become smoother (σ=2.4 nm).
As GDOES continues, until 5 s of radiation the surface
roughens sharply (σ~30 nm), increasing its roughness by
one order of magnitude (Fig. 1) and developing a characteris-
tic morphology defined by small depressions or holes that
coarsen with irradiation time (Fig. 2c). From this stage on
(Fig. 2d–e) the surface roughness keeps increasing, but at an
appreciably slower paceσ ∝ t0.17 (Fig. 1). Finally, at the longer
irradiation stages (t>22 s), the Si surface is reached and the
morphology changes markedly, becoming quite inhomoge-
neous (these data are not shown because they will be studied
in an upcoming article).

Further information on the surface morphology dynamics
can be obtained from the evolution of the corresponding PSD
functions, displayed in the logarithmic scale of Fig. S2 (Elec-
tronic Supplementary Material). First, it is worth noting the
differences between the PSD of the initial Cr film surface and

Fig. 1 Temporal evolution of surface roughness during GDOES
sputtering of chromium and titanium single layers. The growth exponents
β2 were calculated for times>6 s
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that corresponding to 1 s of irradiation. Clearly, the latter lies
below the initial one, in agreement with the observed rough-
ness reduction. Moreover, the roughness is reduced at all
length scales (i.e., for the whole k range sampled), which
agrees with the vanishing of the marked initial granular mor-
phology. As noted before, the surface undergoes a sharp
change after 3 s of irradiation: the PSD shifts upwards for all
k, in agreement with the observed roughness increase. This
behaviour could correspond, in principle, to a different type of
scaling, known as intrinsic anomalous [44]. It has been sug-
gested that it is related to non-local effects during surface
dynamics [45]. However, after 5 s a clear regime appears in
which all PSD curves overlap, with a neat linear regime in
which α1=0.7; this starts to develop at t=3 s, and is well
defined for k values in the 0.006–0.002 nm−1 range (i.e. for
length scales in the 150–500 nm range). When t=10 s a
second scaling regime appears for smaller k values (length
scales larger than 500 nm), characterized by α2=0.39. This
regime is extended towards smaller k values (larger length
scales) as the irradiation time increases to t=20.5 s. We can
estimate the value of the coarsening exponent from the change
with time of the crossover kc value. This analysis yields a
relation 1/z2~0.4±0.1 but it should be noted that the error
involved is relatively large because the estimation is not direct.
Accordingly, the surface dynamics in the 5–20.5 s range have
the scaling exponentsβ2=0.17±0.06, 1/z2~0.4±0.2, andα2=
0.39, which obeys, within the error bars, the relationship
1/z=β/α [29], related to a kinetic roughening process.

There are problems associated with the PSD analysis of
systems, including that addressed in this work, which have

several scaling regions, each operating at different lengths
(i.e., different k windows) and temporal scales. In conse-
quence, both the temporal and length windows to define the
corresponding exponent values become rather short, which
impedes precise determination. In our case, another problem
affecting determination of the exponents is the speed of the
GDOES process: a 3 μm-thick layer can be etched in less than
1 min. These problems would mostly affect determination of
the β and 1/z exponents, because the sampling involved is
lower than that for determination of α from the PSD curves.

A similar analysis can be performed for the irradiated
titanium films. Typical AFM images of the induced morphol-
ogies are displayed in Fig. 3. The initial morphology is also
granular (Fig. 3a), but now the grain structure alone does not
determine the surface roughness because there are clear height
fluctuations for length scales larger than the grain size, which
is related to a specific grain aggregation that leads to the
formation of surface protrusions and depressions. This initial
surface is substantially rougher (σ~19 nm) than that of the Cr
system, for which σ<4 nm. The grain size has a relatively
wide distribution, with values in the 120–200 nm range: larger
values than those for the pure Cr system. In the early stages of
the GDOES process (t=2 s) the surface is smoothed to a large
extent with respect to the Cr system, with σ<9 nm. The
granular morphology is mostly erased and, at the same time,
the morphology characterized by surface depressions or holes,
already obtained on the Cr system, is developing (Fig. 3b). As
the process proceeds (t=4 s) this morphology becomes more
marked (Fig. 3c) and the roughness increases abruptly
(Fig. 1), as for the Cr system, attaining a value close to the

Fig. 2 AFM images obtained for the Cr initial surface (a), and after GDOES irradiation for 1 s (b), 5 s (c), 10 s (d), and 20.5 s (e). The scale bars
correspond to 1.1 μm (a) and 2 μm (b–e)
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initial one (σ=19 nm). At t=6 s, σ=25 nm and the hole
morphology is homogeneously found on the surface, together
with some texturing of the surface probably related to Ti
polycrystallinity (Fig. 3d). From this stage on, the σ increase
is much slower, and σ ∝ t0.19. The morphology evolves in such
a way that while the surface depressions coarsen with time
they become more blurred and less marked (Fig. 3e). At the
same time, clear height fluctuations encompassing several of
these depressions start to develop, becoming more marked
and larger in lateral size with time. However, the initial rough-
ness evolution is very similar to that observed for Cr, despite
the different initial film roughness and sputtering yields.

The corresponding PSD evolution of titanium surfaces is
shown in Fig. S3 (Electronic Supplementary Material). The
PSD of the initial surface lies above those measured for the
irradiated surfaces for k>0.0013 nm−1 (i.e., length scales
smaller than 750 nm). This means that the ion irradiation
smoothes the surface at short length scales and roughens it at
long scales. As the irradiation proceeds, a clear linear regime
develops, again with α1=0.7, the same value obtained for the
Cr system. For long irradiation times, a new linear region
appears for very small k values (lengths longer than
1.8 μm). Because of its shortness it is difficult to accurately
determine the slope, but it seems consistent with α2~0. Ac-
cordingly, the determination of the coarsening of this late
regime is quite ambiguous (see inset of Fig. 3), being 1/z2=
0.6±0.2. Thus, the scaling exponents are β2=0.19±0.09,
1/z2=0.6±0.2 and α2~0.

From these results it is evident that the surface morphology
evolution of Ti and Cr films under GDOES has some common

features. The first is the initial smoothening of the surface
within the very first moments of irradiation, which erases the
granular film surface structure and produces a rather feature-
less morphology. This roughness reduction is more marked
for Ti (from 19 nm to 9 nm) than Cr (from 3.6 nm to 2.4 nm)
and is substantial, being in the range 33–55%.A similar initial
surface smoothening has been observed for aluminium oxide
films under similar GDOES conditions [28]. Only after this
initial smoothening does the surface undergo a rapid rough-
ening; this occurs in both systems, with quite similar quanti-
tative dynamics (i.e., both with α1=0.7). This steep roughen-
ing is explained by the dominance of the linear terms in the
corresponding surface erosion continuum equation, which
leads to a continuous surface roughening. Despite the different
initial surface roughness, both systems behave similarly up to
this stage. This likeness suggests that these trends are charac-
teristic of the GDOES process.

Regarding depth profiling studies, it has been proposed that
the ion-induced surface roughness depends on the relative
value of the grain or column (if the film has a columnar growth
morphology) size and the sputtered depth [46]. Thus, for a
sputtered depth smaller or larger than the grain size, relation-
ships ofσ~t orσ~t0.5 are expected, respectively [47, 48]. This
behaviour is predicted on the basis of the roughening caused
by the differences in sputtering rates obtained on differently
oriented crystallographic surfaces, and it has been observed
for metallic multilayers under AES depth profiling [49]. In our
GDOES system, we have obtained a behaviour that is partially
similar to these predictions. Thus, after the initial GDOES-
induced smoothening, there is indeed a regime in which the

Fig. 3 AFM images obtained for the Ti initial surface (a), and after GDOES irradiation for 2 s (b), 4 s (c), 6 s (d), and 34 s (e). The scale bars correspond
to 1.1 μm (a) and 2 μm (b–e)
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roughness increases steeply, compatible with a linear depen-
dence on the erosion time, for both Cr and Ti films. However,
for Ti this regime lasts until an etched depth of approximately
350 nm, i.e., close to the Ti surface grain size, whereas for Cr it
is extended to even greater depths of ~400 nm, a value clearly
higher than the Cr surface grain size. Finally, the second
roughening regimes observed for both systems have a quite
similar dependence of σ~t0.18, which is quite different from
that expected. There are two reasons why the observed be-
haviour is not quantitatively equal to the expected behaviour.
First, the grain and column size usually increase with growth
time for different deposition techniques [29, 50, 51]. This
implies that the spatial distribution of the local sites with
different sputtering rates should change with sampled depth,
which was not considered in the model. Second, the ion
incoming geometry in GDOES depth profiling is more isotro-
pic than in standard AES depth profiling, in which the ion
impinging incidence is relatively directional [8]. However, the
observed behaviour in our system is qualitatively consistent
with the expected sequence of steep and slower roughening
predicted by this model.

The differences between the systems appear once the initial
roughening ends and the final scaling regime begins, i.e., for
relatively long length scales. For Ti, the surface roughens less
than for Cr, for which the sputtering yield is larger and the
erosion proceeds at a faster pace. In fact, as can be observed
from the corresponding PSDs (Fig. S3, Electronic Supple-
mentary Material), the second regime practically appears for
the two last sampled data, i.e. for length scales larger than
1.8 μm (very small k values). The corresponding scaling
exponents (α2~0, β2~0.19, and 1/z2~2/3) are not compatible
with any known model. However, as noted previously, the
most reliable determination could be that of the α exponent,
whose value could suggest an EW scaling behaviour [37] that
predicts α2~0, β2~0, and 1/z2~0.5. It should be noted that in
this case the roughness scales logarithmically with both time
and length, leading to the zero values of α and β. However,
the poor sampling of this regime should be stressed.

Despite this problem, it is clear from comparison of the
surface dynamics that they are indeed different, particularly at
longer lengths and always above the 500 nm range, which is
well above the initial surface grain size. In the Cr system, a
long length regime characterized by α2=0.39, β2~0.17, and
1/z2~0.42 is observed. Taking into account the error bars, the
data sampling, and the greater reliability of the α determina-
tion, these values are very close to those of the KPZ model in
2+1 dimensions [38]. It is interesting that this regime is
attained for the system (Cr) that is farther from equilibrium,
because the sputtering rate is higher and the roughening is
steeper, leading to earlier formation of higher slopes on the
surface and thus enhancing the appearance of the non-linear
regimes (the KPZ term being the first one). In a recent publi-
cation, Nicoli et al. [52] proposed that the relative weight of

the KPZ term is proportional to the ratio λ2/ν3 under similar
experimental conditions as in our case. For lower values of
this ratio an EW scaling is predicted, whereas for high values
KPZ scaling is expected. As commented in the introduction,
both λ and ν are material-dependent coefficients. In particular,
they depend on the sputtering rate and penetration length and
on the lateral and longitudinal straggling of the ion impacts. It
is therefore not surprising that the surface dynamics for the
systems are different, because the values of λ and ν will be
different. Finally, the results obtained in these experiments
regarding the asymptotic KPZ regime may help in planning
future experiments studying dynamic scaling in ion-sputtered
surfaces. So far, KPZ scaling has been elusive in ion-beam
sputtering experiments in which an ion beam impinges on the
target surface. These beams, although they can be relatively
wide, retain a more-or-less defined angle of incidence. In
contrast, in GDOES the ions probably impinge with a very
wide-angle distribution [8]. Accordingly, to find the predicted
KPZ scaling it could be informative to design set-ups with a
wide incidence-angle distribution and to irradiate target mate-
rials with a high sputtering yield, as for Cr.

As noted before, the KPZ term is a high-order one in
Eq. (3) and, therefore, becomes important when the local
slopes are greater. It is therefore interesting to study whether
the Cr eroded films (for which strong signatures of the KPZ
scaling regime appear) effectively present higher slopes than
the Ti ones (for which KPZ regime has not appeared in the
temporal window sampled). We thus obtained, by means of
the AFM software, the slope distribution of these surfaces
after prolonged GDOES erosion (i.e. 20.5 s for Cr and 34 s
for Ti). These distributions are displayed in Fig. 4. The slope
distribution of Ti is clearly narrower than that of Cr, in which

Fig. 4 Normalized slope distributions, obtained from the corresponding
AFM images, for the pure Cr and Ti surfaces after 20.5 s and 34 s,
respectively; i.e., after the GDOES-induced first steep surface roughening
regime. Note the wider slope distribution for the Cr system, indicating
that larger surface slopes develop
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larger slopes are developed. This result is consistent with the
scaling analysis described above, despite the limitations al-
ready mentioned.

Surface dynamics of multilayer Cr–Ti films under GDOES
irradiation

Once we had studied the surface dynamics of monoelemental
chromium and titanium films under GDOES, we could ad-
dress a similar analysis of multilayer Cr–Ti systems.

First, we irradiated a 1.5 μm multilayer Cr–Ti–Cr film
formed of three 0.5 μm layers, two of chromium and an

intermediate of titanium, deposited on a silicon (100) sub-
strate. Figure 5 shows the quantified GDOES depth profile of
the multilayer [23]. The GDOES profile has been overlapped
with the roughness changes with depth, as measured by AFM.
Figure 6 shows the AFM images corresponding to the most
representative stages of the surface evolution. In each case it is
indicated which material, Cr or Ti, is mainly being sputtered
away. Before irradiation (see Fig. 6a) the Cr top-layer surface
has the characteristic granular morphology already observed
for the pure Cr films (σ=3.4 nm in Fig. 5). After 4 s of
irradiation, and before the Cr top layer has been completely
etched, the porous and rough morphology observed for the
pure Cr system is again observed (Fig. 6b), with a substantial
roughness increment of up to σ=10 nm (see Fig. 5). After a
further 5 s sputtering the top Cr layer has been sputtered away
and the ions impinge on the intermediate Ti layer. This change
of material leads to a change in the surface morphology
(Fig. 6c), which becomes smoother (σ=5.8 nm in Fig. 5). In
addition, the porous features of the morphology are now
blurred or less clear, which agrees with the results obtained
for the pure Ti system. Similar morphologies and surface
roughness values, in the 5.8–8 nm range, hold throughout
the etching of the Ti layer until, at 17 s, the second Cr layer
is reached. This second change of material causes an abrupt
roughness increment up to σ=14 nm (Fig. 5) and the reap-
pearance of clearer hole features on the surface (Fig. 6d). The
corresponding PSD functions are displayed in Fig. S4 (Elec-
tronic SupplementaryMaterial). After 4 s, when the Cr layer is
being etched, the PSD lies above that corresponding to the
initial surface for k<0.01 nm−1, that is, for length scales larger
than 100 nm. In addition, a linear region is again observed,

Fig. 5 Evolution of roughness with sputtering depth for the Cr–Ti–Cr
trilayer system. The quantified GDOES composition depth profile has
been overlapped with the roughness profile to correlate the observed
changes

Fig. 6 AFM images obtained for
the Cr–Ti–Cr trilayer initial
surface (a), and after GDOES
irradiation for 4 s (b), 9 s (c), and
17 s (d). The scale bars
correspond to 2 μm
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with α1=0.7 for 0.003<k<0.008 nm−1, which is consistent
with that observed for the Cr system. This behaviour implies
that irradiation induces roughening at larger scales. In con-
trast, when the ions have etched the top Cr layer and are
impinging on the Ti atoms (t=9 s), the roughness decreases
abruptly, shifting the PSD downwards with respect to that
obtained at 4 s. In fact, the new PSD lies below the former
one for the whole k range sampled, indicating that this
smoothening takes place at all sampled length scales. The
linear regime with α1=0.7 has been appreciably shortened,
and a new linear region with α2~0 for 0.0015<k<0.066 nm

−1

can be identified. Finally, after 17 s, when the ions have

reached the bottom Cr layer, the roughness increases again
and the corresponding PSD practically overlaps that obtained
after 4 s for k>0.003 nm−1. For 0.001<k<0.003 nm−1 a new
regime can be clearly discerned with α2=0.39, as was obtain-
ed for the pure Cr system.

We then studied a 3.0 μm Cr–Ti bilayer film, formed of a
0.75 μm Cr top layer and a thicker 2.25 μm Ti film deposited
on a silicon (100) substrate. Figure 7 shows the quantified
GDOES depth profile of the Cr–Ti bilayer [23]. The GDOES
profile has been overlapped with the roughness changes with
depth, as measured by AFM. The representative AFM images
of the etching process are shown in Fig. 8. From the initial
granular morphology of the Cr top-layer (see Fig. 8a), with
σ=4.3 nm, the first 9 s of GDOES sputtering, during which
this layer is being etched, leads to the development of a rough
morphology with σ=26 nm (Fig. 7). This morphology is
characterized by a layer of clear pore and/or depressions
features (see Fig. 8b), as was detected when irradiating the
pure Cr film. From this stage on, the Ti middle layer begins to
be etched. In this range, the surfaces are smoother and are
characterized by morphologies akin to those obtained for the
pure Ti system (see Fig. 8c–d). Thus, at the Cr–Ti interface the
surface roughness drops to a value of 12 nm, with a slow
increase as the sputtering of the Ti layer proceeds, up to a
saturation value in the 17–20 nm range (Fig. 7). The PSD
evolution (Fig. S5, Electronic Supplementary Material) is
somewhat different from that observed for the thin Cr–Ti–Cr
trilayer. Because of the marked roughening induced by the
ions during the first 9 s of sputtering, the corresponding PSD
is substantially shifted upwards with respect to that of the

Fig. 7 Evolution of roughness with sputtering depth for the Cr–Ti thick
bilayer system. The quantified GDOES composition depth profile has
been overlapped with the roughness profile to correlate the observed
changes

Fig. 8 AFM images obtained for
the thick Cr–Ti initial surface (a),
and after GDOES irradiation for
9 s (b), 12 s (c), and 34 s (d). The
scale bars correspond to 2 μm
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initial surface, for the whole k window. A short linear regime,
with α2=0.39, has already appeared around k~0.001 nm−1.
Once the Ti layer is reached (after 12 s) the roughness de-
creases abruptly, and the PSD clearly lies below that obtained
for the top Cr layer (9 s). In addition, a clear and extended
linear regime (α1=0.7) for 0.001<k<0.01 nm−1 has devel-
oped. As the sputtering proceeds in the same thick Ti layer, the
PSD evolves as it did for the pure Ti system, with subsequent
PSD mostly overlapping with the previous ones and with the
linear regime extending further, towards smaller k values.

The most striking result obtained for the Cr–Ti bilayer and
the Cr–Ti–Cr trilayer is the induced surface roughness de-
crease, caused by the inclusion of a buried Ti layer at the
interface below the top Cr film (Figs. 5 and 7). Both config-
urations lead to roughness values smaller than those of the
pure Cr and Ti systems. In particular, when the initial Cr layer
is thicker (Cr–Ti bilayer) the final roughness decreases by a
factor higher than two, from σ=26 nm at 9 s to σ=12 nm at
12 s (Fig. 7). This is caused by the steep roughness increase
occurring during the first stages of the irradiation (from 4.3 up
to 26 nm), already observed for the pure systems: when the
underneath Ti layer was finally reached the previous erosion
of the thick top Cr layer had already led to an important
surface roughening. This trend is confirmed for the trilayer
system, for which the middle Ti layer is reached before 9 s of
irradiation. At this stage, σ drops from a value of 10 nm,
attained after 4 s when the Cr top layer was being etched, to
just 5.8 nm. Therefore, the highest roughness achieved when
irradiating the first Cr layer is smaller than that obtained for
the bilayer, because the Cr layer was thinner. These data reveal
that the inclusion of a buried Ti layer under the top Cr layer
significantly reduces the surface roughness at the interface.
Furthermore, the data obtained for the trilayer also reveal that
when the intermediate Ti layer is etched away and the bottom
Cr layer is reached, the roughness increases again substantial-
ly (from σ=6.6 nm at 15 s to 14 nm at 17 s) at this second
interface. These results indicate that, by appropriate placing of
a buried layer of a material with a lower sputtering yield, a
substantial decrease of GDOES-induced roughness can be
achieved. Furthermore, Figs. 5 and 7 prove that the depth
location of this layer is a crucial variable in further decreasing
this roughness. Therefore, appropriate choice of material (i.e.
sputtering yield values) combination and their depth of loca-
tion can substantially control the surface roughness induced
by GDOES.

A possible explanation for this behaviour may be related to
the combination of layers of elements with a significant dif-
ference in sputtering yields, as for Cr and Ti. During the
irradiation of the top Cr layer (the one with the higher
sputtering yield) the roughness initially increases steeply,
similarly to that seen during irradiation of the single Cr layer.
However, as explained above, the inclusion of an underlying
Ti layer with a lower sputtering yield reduces the surface

roughness of both the thick bilayer and thin trilayer systems.
Thus, when the ions are irradiating the Cr layer and the buried
Ti atoms begin to be sputtered at the minima of the surface, the
progress of the roughening is somehow frozen at the deepest
locations of the Ti atoms with respect to those parts still lying
in the Cr layer. As a consequence, the interface roughness
decreases. Interestingly, the slope distribution of the eroded
surface for each layer, either Cr or Ti, corresponds to that
obtained for the respective pure homogeneous film. Figure 9
displays the normalized slope distributions from 14 μm-wide
AFM images for the bilayer system irradiated during 9 s (top
Cr layer) and 12 s (underlying Ti layer). The distribution of the
12 s sample is clearly narrower, in agreement with the

Fig. 9 Normalized slope distributions, obtained from the AFM images,
for the Cr–Ti thick bilayer system after 9 s (Cr) and 12 s (Ti) of sputtering.
The arrow indicates the change of material during the sputtering. Note
how the slope distribution depends on the nature of the sputtered metal

Fig. 10 Normalized slope distributions, obtained from the AFM images,
for the Cr–Ti–Cr trilayer system after 4 s (Cr), 9 s and 15 s (Ti), and 17 s
(Cr). The arrows indicate the change of material during the sputtering.
Note how the slope distribution depends on the nature of the sputtered
metal

Dynamics of GDOES-induced surface roughening in metal interfaces



roughness decrease. The same behaviour is obtained for the
slope distribution in the thin trilayer system (Fig. 10). Initially,
when the Cr top-layer is being sputtered (4 s), the slope
distribution is relatively wide. However, once the middle Ti
layer is reached (9 s) the slope distribution becomes narrower.
While the Ti layer is being eroded, up to 15 s, the same narrow
slope distribution holds. Finally, when the second Cr layer is
reached (after 17 s), the distribution becomes wider, being
quite similar to that observed when the top Cr layer was
eroded. In this case, when the ions start to sputter the under-
lying Cr atoms, the roughening at these places advances faster,
leading to increased roughness and to the development of
higher slopes.

The data obtained for these systems (Figs S4 and S5,
Electronic Supplementary Material) also reveal that the PSD
curves obtained for each layer correspond to those obtained
for the respective pure systems. This is better observed when a
Cr layer is being sputtered: in these cases, a short but clear
KPZ scaling region is observed for large length scales, in
agreement with the results obtained for the Cr film. The same
behaviour is harder to detect for the Ti layers, because the
scaling regime at these long scales was already difficult to
observe on the Ti film. However, these results confirm that the
scaling properties observed for each pure system are truly
characteristic of each material. Therefore, the GDOES-
induced surface morphology has important contributions from
the target material properties.

Conclusions

We studied GDOES-induced surface roughening of single
metal (Cr, Ti) layers and Cr–Ti and Cr–Ti–Cr multilayers.
This study was performed by analysing, by use of AFM, the
surface morphology of the centre of the main crater produced,
at different process times. Data relating to the temporal and
spatial roughness correlation were analysed under the frame-
work of the dynamic scaling theory. From the experiments
performed on the single layers, we can conclude that a similar
temporal dynamic is observed for both materials. Thus, after
initial surface smoothening, there is a regime in which the
roughness increases sharply to reach a final regime where
σ~t 0.18 for both systems. However, the crossover between the
regimes is different for eachmaterial. Amore detailed analysis
of the scaling properties of the final temporal regime proves
that a particular scaling appears for each system at large length
scales. For Cr the surface-etching scaling follows the KPZ
model, whereas for Ti an EW scaling regime is suggested. The
former is related to lateral erosion processes (i.e. erosion along
the locale normal to the surface), whereas the second one is
related to preferential erosion of surface protrusions. These
different scaling properties are consistent with the develop-
ment of higher surface slopes for the Cr system. Finally, for

the multilayer systems, a clear decrease in the induced rough-
ness is achieved when the underlying Ti layer is reached. This
lower roughness value persists throughout the erosion of the
Ti layer. Therefore, for practical GDOES analysis, the results
of this work reveal how GDOES-induced surface roughness
can be tuned by choosing materials with the appropriate
combination of properties, in particular their sputtering yields,
and by the appropriate depth location of the material with the
lower sputtering yield. Moreover, these results could be useful
for designing and interpreting GDOES experiments on multi-
layer targets in the sub-micrometric range.
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