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In depth profile analysis by radio-frequency glow discharge optical emission spectroscopy (rf-GDOES)
techniques, the depth resolution mainly depends on the roughening induced during the sputtering and the
resulting crater geometry. In this work we have tried to isolate the contributions of the different effects that
degrade the depth resolution in GDOES analysis of metal coatings deposited on silicon substrates. First, the
existence of an edge well around the crater (‘‘edge effect’’), deeper than the crater bottom, results in an initial
rise of the quantified profile of the bottom layer before reaching the interface. A second effect is the induced
roughening of the crater bottom, which produces a broadening of the interface width. Finally, we have
explained the long tails observed after crossing the interface in the metal profiles in terms of the sputtering of
material re-deposited at the crater wall. The importance of these effects was tested for the particular case of
multilayer stacks consisting of alternating chromium and titanium layers of different thicknesses. Reversing
the order of the layers showed the influence of different sputtering rates of the materials in the depth profile.
The profiles of materials with high sputtering rate (i.e., chromium in this study) become less affected than
material with low sputtering rate (titanium) due to lower mixing of the layers.

Introduction

In the last ten years, the importance of glow discharge optical
emission spectroscopy (GDOES) for elemental depth profiling
analysis of thin films and coatings has rapidly increased,1–10

and the number of related scientific publications per year has
multiplied by a factor of ten. Nowadays, GDOES competes
with more traditional and well-known analytical techniques,
such as AES, XPS or SIMS, having a depth resolution
comparable to them but without lateral resolution.11 Using a
radiofrequency (rf) source for sputtering extends the applica-
tion of GDOES to the study of insulator coatings.1,2,10,12

During GDOES experiments, the samples are sputtered by
Ar1 ions and accelerated neutral species of very low energies
(o50 eV). The sputtered atoms are then excited by the plasma
and de-excited by photon emission with a characteristic wave-
length, enabling element distinction. High sputtering rates, of
more than 1 mm min�1, are easily obtained, allowing fast
measurements, typically of the order of seconds or a few
minutes. Other advantages of GDOES include low matrix
effects, no ultra-high vacuum requirements, hydrogen detec-
tion and quantification if proper reference materials are used.12

Ideally, the crater produced by the sputtering process should
have a flat bottom with straight vertical sides that penetrate to
the same depth as the bottom. However, in practice this shape
is rarely obtained, showing, under certain experimental condi-
tions, a deep well around the edge of the crater.1 Furthermore,
the crater shape changes from one matrix to another, varying
during the depth profile of a multilayer coating. As was pointed
out by Hoffmann et al.,13 these GDOES-specific effects, namely
crater shape, high erosion rate, sample heating or rough
vacuum, severely disturb the depth resolution. In particular,
the shape of the sputtering crater is crucial as it is very difficult
to discriminate the associated edge effects. These edge effects
may lead to an increase in the mixing of the consecutive layers
in a multilayer system.14 In fact, good optimisation of the

crater shape is an absolute prerequisite for a good depth
resolution.15

In view of the importance of all these factors in the depth
resolution of metallic multilayers, typically used in mechanical,
electrical, optical and magnetic applications,16 we have studied
their contribution for the particular case of chromium and
titanium alternating multilayers. In this first paper, the crater
edge effects have been quantified, measuring the crater shape
with the sputtering time for different discharge conditions. The
results have been used to minimise the crater shape effects on
the depth resolution. Thereafter, other factors, such as rough-
ening of the crater bottom and re-deposition on the crater wall,
have been examined in detail. We have observed that the
difference in the sputtering rate of these two metals plays an
important role in the definition of the interface between them,
contributing also to the depth resolution. In addition, the
depth where the interface is buried also influences the interface
broadening.17,18 To our knowledge, such effects in multilayer
metal systems have not been described previously. In any case,
further work on other multilayer systems is still needed in order
to extend the representativeness of these results.
In the accompanying paper,19 all these effects are taken into

account in the analysis of different thinner multilayer systems
at the nanoscale level. The depth resolution of that system has
been evaluated in more detail by the deposition of delta
chromium markers (2.5 and 5 nm thick) at different depths in
a titanium matrix. These experiments allow the determination
of the depth resolution function using deconvolution methods.

Experimental

The deposition of metal layers and multilayers, typically made
of alternating titanium and chromium films of different thick-
ness, was performed in a conventional balanced magnetron
sputtering system. Table 1 gives a summary of the coatings
studied in this work. The deposition of multilayers was made
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using two sputtering sources, placed 6.5 cm away from the
substrate holder.

The holder can be rotated to face the sample to each
sputtering source and is provided with an automatic position
controller in order to control the deposition time for each
layer. The deposition rates of the specimens were 125 Å min�1

for titanium, and 250 Å min�1 for chromium. Other details of
the deposition procedure can be found elsewhere.20 The coat-
ings were deposited onto silicon (100) substrates.

GDOES depth profile analysis of the coatings was com-
pleted using a Jobin–Yvon RF GD Profiler21 equipped with a 4
mm diameter anode and operating at a typical radiofrequency
discharge pressure of 650 Pa and a power of 40 W. Table 2
shows the sputtering rates (SR) of the elements used in the
study. The discharge settings (power and pressure) were chan-
ged during the experiments to investigate the influence of the
discharge parameters on the GDOES crater. Quantified pro-
files were obtained automatically using the standard Jobin–
Yvon QUANTUM Intelligent Quantification (IQ) software.
The setup was calibrated using standard materials of known
composition. The shape and depth of the crater and the coating
thickness were measured by profilometry utilizing a Dektak
3030 surface profilometer.

Scanning electron microscopy (SEM) micrographs were
obtained with a HITACHI S-2700 using an accelerating po-
tential of 15 kV. Atomic force microscopy observations of the
topography of the crater bottom surface were also carried out
using a Nascope IIIa model from Digital Instruments.

Results and discussion

Fig. 1 (upper panel) shows a quantified GDOES depth profile
of a multilayer coating, consisting of three 500 nm layers, two
of chromium and an intermediate layer of titanium, deposited
on a silicon (100) substrate. In the lower panel of Fig. 1 a cross-
sectional SEM micrograph is presented. The GDOES profile
has been overlapped in order to demonstrate the excellent
agreement of both techniques to extract the structure of the
multilayer system. As can be observed in the GDOES profile,
the concentration of chromium is constant along the first layer,
the thickness of the layer is well defined and the interface with
the titanium layer is very sharp. Nevertheless, as we penetrate
deeper in the coating the concentration profiles are less con-
stant and the interfaces become broader (see for instance the
tails of the chromium profile at both the Cr/Ti and Ti/Cr

interfaces). The interface width (calculated as the measured
sputtered depth over which the signal of an element decreases
from 84 to 16%22,23) in the Cr/Ti interface was measured to be
of 50 nm. It increased up to 55 nm and 230 nm at the Ti/Cr and
Cr/Si interfaces, respectively.
The loss in resolution of the GDOES profiles with depth has

been reported elsewhere17 and will be the subject of a detailed
analysis in nanometric multilayer systems in the accompanying
paper.19 In the present work, we mainly concentrate on the
depth resolution loss associated with the non-flat geometry of
the crater in thicker films. As will be shown later, under our
experimental conditions the well at the edge of the crater
penetrates deeper than the central part of the bottom. There-
fore, this rim is able to reach the interfaces earlier than the rest
of the crater (‘‘crater edge effect’’). Also a surface roughening
induced by GDOES during the experiment is expected.24,25 As
is discussed below, an additional effect affecting the resolution
of the depth profile is the sputtering of material re-deposited on
the wall of the crater. In the following sections we describe
different experiments performed with the aim of discussing
separately each of these effects.

(a) Crater edge effects

In order to quantify the crater shape effect, a single layer of
titanium (1.1 mm thickness) was deposited onto a silicon (100)
substrate. GDOES discharges were performed on a series of
spots in this sample for different sputtering times: (1) 10, (2) 20,
(3) 25, (4) 30 and (5) 90 s, corresponding to sputtering depths of
0.5, 1.1, 1.3, 1.6 and 5.2 mm, respectively. Fig. 2(a) shows the
quantified depth profile after the longest GDOES experiment
of 90 s. The sputtered depths corresponding to the different

Table 1 Description of the coating systems studied

Coating Substrate Thickness

Cr/Ti/Cr Silicon 500 nm Cr/500 nm Ti/500 nm Cr

750 nm Cr/2.25 mm Ti/2.5 mm Cr

Ti/Cr/Ti Silicon 700 nm Ti/700 nm Cr/700 nm Ti

Ti Silicon 250 nm

1.1 mm
3.4 mm

Cr Silicon 250 nm

1.0 mm
3.2 mm

Table 2 GDOES sputtering; rates of the studied elements

Element Sputtering rate/mm min�1

Chromium 5.3

Titanium 3.5

Silicon (substrate) 3.4

Fig. 1 (Upper panel) Quantified GDOES depth profile of a multilayer
Cr/Ti/Cr coating (500 nm thick each layer) deposited on silicon.
(Lower panel) Cross-sectional SEM micrograph of the multilayer
coating with the GDOES profile overlapped.
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discharge experiments are marked with numbered vertical
dashed lines (1–5).

Until a sputtered depth of approximately 800 nm (marked
by vertical broken line (1)), the titanium profile is kept constant
at 100% content. Afterwards (sputtered depth (2)), there is a
smooth decrease in the titanium content with depth corre-
sponding to the initial detection of silicon (see arrow in Fig.
2(a)). This behaviour, similar to that observed at the different
interfaces in Fig. 1, remains until the titanium–silicon interface
is properly detected at 1.1 mm by a very sharp increase of the
substrate profile (3). However, the titanium signal does not
disappear immediately (4) and only when a depth of several
microns is reached, is the 100% silicon content found (5).

Fig. 3 shows the crater shape of the GDOES experiment
performed for 20 s. This experiment corresponds to the vertical
broken line number 2 in Fig. 2(a). As can be observed, the edge
of the crater (approximately 1% of the total volume) reaches the
silicon substrate up to a depth of 1.3 mm while the rest of the
sputtered crater remains inside the titanium layer at a depth of
1.0 mm. This difference in height (d in Fig. 3) represents a
difference of 30% in the sputtering rate. The presence of a
crater shoulder, right after the edge, also alters the flatness of the
central part of the crater and also affects the depth resolution, as
discussed below. In addition, the sputtered material, accumu-
lated on the periphery, produces a higher crater wall.

Fig. 4(a) presents the evolution of the crater shape with the
sputtering time. The different crater profiles correspond to the

sputtering depths numbered 1–5 in Fig. 2(a). After 10 s (crater
1), the bottom of the crater remains inside the metal layer,
resulting in the 100% content of titanium shown in the depth
profile of Fig. 2(a). As was mentioned above, after 20 s (crater
2) the well at the edge of the crater reaches the silicon substrate,
producing an initial rise of the silicon content in Fig. 2(a). If we
increase the sputtering time to 25 s (crater 3), both the edge and
the centre of the crater are inside the silicon substrate. How-
ever, a small amount of titanium (approximately 3%) is still
present in the depth profile of Fig. 2(a). This Ti contribution
may be due to the shoulder that follows the crater edge
observed in crater profile 3 of Fig. 4(a). This shoulder is still
eroding the titanium layer, while the edge and the centre of the
crater already reach the substrate. After 30 s of sputtering
(crater 4), there is still approximately 1.6% of titanium de-
tected in the depth profile of Fig. 2(a). Nevertheless, we can see
in Fig. 4(a) that the whole crater 4 (shoulder included) is well
inside the silicon substrate; so no titanium signal should be
expected. A plausible explanation could be the sputtering of
titanium atoms previously re-deposited on the wall of the
substrate. It should be noticed that the material accumulated
on top of the outer crater edge increases with sputtering time.
Finally, after 90 s of sputtering (crater 5), the titanium signal

Fig. 2 Quantified GDOES depth profiles of a single layer of 1.1 mm
titanium deposited on silicon. The experimental conditions were (a) 650
Pa and 40 W, and (b) 800 Pa and 35 W. The broken vertical lines
indicate the sputtered depth corresponding to different GDOES ex-
periments. The arrows indicate the initial upraise of the silicon signal
due to the crater edge effect.

Fig. 3 Crater shape after a GDOES experiment performed for 20 s on
a single layer of 1.1 mm titanium deposited on silicon. This crater
corresponds to the vertical broken line number 2 in Fig. 2(a). The
height d represents the difference between the depth of the crater edge
and the centre of the crater bottom.

Fig. 4 Evolution of the crater shape with the GDOES sputtering time
for a single layer of 1.1 mm titanium deposited on silicon. In (a) the
experimental conditions were 650 Pa and 40 W, with the numbers
beside each profile corresponding to the sputtering times of Fig. 2(a):
(1) 10, (2) 20, (3) 25, (4) 30 and (5) 90 s. In (b) the experimental
conditions were 800 Pa and 35 W and the numbers correspond to
the sputtering times of Fig. 2(b): (1) 12, (2) 22, (3) 24, (4) 29, (5) 35 and
(6) 90 s.
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has already vanished and only the silicon signal is detected.
Note that, apart from the edge and shoulder already discussed,
all the crater profiles of Fig. 4(a) are very flat (between 25 and
30 nm).

(b) Optimisation of the crater shape

It is well known that by changing the discharge parameters,
namely pressure and power, the geometry of the GDOES
crater can be modified.26 The aim of these changes is improving
the crater flatness, avoiding either concave or convex geome-
tries of the bottom. In our study, we have varied the pressure
and power of the rf-GDOES discharge to minimise the crater
edge height d, as defined in Fig. 3. To this end, GDOES
experiments were performed on a silicon wafer (100) oriented,
varying the discharge pressure in a range from 450 to 850 Pa
and the power from 30 to 50 W until reaching a sputtered
depth of 7 mm. Fig. 5 summarises the results where the
diameter of the circles scales to the crater edge depth, d. As
an example, the depth of the edge measured at 40 W and 650
Pa was of 1.2 mm (dark circle in Fig. 5). As can be appreciated,
there is a clear trend on the crater edge depth, increasing with
the discharge power for powers higher than 35 W. The crater
edge depth also increases while decreasing the pressure, as long
as we perform the experiment at pressures below 800 Pa. The
minimum crater edge depth was obtained at those limits (35 W
and 800 Pa) and was found to be 250 nm (circle marked with an
arrow in Fig. 5).

In order to estimate the effect of the crater edge on the depth
profiles, we performed GDOES analysis on a 1.1 mm titanium
layer on silicon at 800 Pa and 35 W (minimum crater edge
depth). GDOES discharges were performed during six different
times on different areas of the sample: (1) 12, (2) 22, (3) 24, (4)
29, (5) 35 and (6) 90 s, corresponding to sputtering depths of
0.5, 0.8, 1.0, 1.2, 1.6 and 4.9 mm, respectively. In Fig. 2(b) the
quantified depth profile is shown after the longest GDOES
experiments of 90 s. As in Fig. 2(a), the sputtered depths
corresponding to the different discharge experiments are
marked in Fig. 2(b) with numbered vertical dashed lines
(1–6). In Fig. 4(b) the evolution of the crater shape at these
new discharge conditions is followed with the sputtering time.
The different crater profiles correspond to the sputtering
depths numbered (1–6) in Fig. 2(b).

The first clear observation is that, up to the interface
(sputtered depths marked with lines 1–3), the titanium depth
profile in Fig. 2(b) is more squared than the corresponding one
in Fig. 2(a). There is a constant 100% content of titanium in
the whole coating, with no sign of the silicon substrate (see
arrow in Fig. 2(b)) until an abrupt change in the composition is
detected at the interface. This result confirms the proposed
hypothesis suggesting the change in the slope of the titanium
profile is due to the crater edge eroding the substrate. As can be
observed in Fig. 4(b) crater 3, the depth d of the well at the edge
is approximately of 100 nm. Such a small depth does not result
in a significant detection of the silicon substrate before reach-
ing the interface.

On the other hand, it can be observed that, after crossing the
interface, the titanium contribution that remains is higher than
in Fig. 2(a). At 1.2 mm (sputtered depth 4) there is still 18% of
titanium detected by GDOES, while for the experiments
performed at 650 Pa and 40 W the remaining titanium at the
same depth was only 3%. This seems to confirm the role of the
shoulder in the depth profiles, as explained above. In Fig. 4(b),
the shoulder following the edge of crater 4 is clearly still
eroding the titanium layer. But the contribution of the
shoulder, even higher than in Fig. 4(a), is not enough to justify
such a high titanium signal. As can be observed, the central
part of crater 4 is not as flat as in Fig. 4(a), so it seems plausible
to conclude that it also contributes to increasing the content of
titanium detected during the sputtering process. As in the

previous case, the re-deposition of titanium on the crater walls
is the reason for detecting approximately 2% of titanium at
1.6 mm (sputtered depth 5), when the crater is well below the
interface (see Fig. 4(b)). This will be discussed in the following
section (d). Deeper in the substrate (sputtered depth 6) there is
only a silicon signal.
The magnitude of the crater edge effect is clearly dependent

on the sputtering depth, as can be demonstrated in the GDOES
profiles of Fig. 6(a) for three titanium layers with thicknesses of
0.25, 1.1 and 3.4 mm deposited on silicon. The profiles were
performed at 650 Pa and 40 W. We can clearly observe in Fig. 6
how the area A below the silicon curve (ascribed to the crater
edge effect), before the interface, increases in a linear way with
the coating thickness by a factor 2.87 with a standard deviation
of 0.07 (2.87 � 0.07). Also, the contribution of titanium
detected after the interface (area B in Fig. 6(a)) increases
linearly with depth by a factor 3.08 � 0.11. The increase of
the area B is attributed both to the growth of the crater
shoulder and the sputtering of material re-deposited on the
crater walls (see section (c)). Together with these effects
associated with the titanium tails, there is an interface broad-
ening due to the roughening of the crater bottom (see section
(d)). This produces of loss of resolution with depth. The
interface widths of Fig. 6(a) were measured, observing a linear
increase from a value of 20 nm for the 250 nm coating up to 70
and 250 nm for the 1.1 and 3.4 mm coatings, respectively.
Summarizing this section, we can state that the crater edge

and shoulder associated with the sputtered areas in GDOES
discharges strongly influence the depth profile resolution at the
interface. The edge starts eroding the substrate earlier than the
central part of the crater, causing an increase of the signal of
the substrate in the vicinity of the interface. This increase
depends linearly on the thickness of the coating. By optimising
the experimental conditions to minimize the edge height, it is
possible to improve the interface resolution but at the expenses
of a loss in the flatness of the crater and increasing the
redeposition from the crater walls. This loss of flatness may
worsen the depth profiles of multilayer coatings.

(c) Re-deposition on the crater wall

As was indicated above (sections (a) and (b)) the profiles
analysed in Figs. 1 and 2 show that, once the crater bottom
reaches the Si surface, there is a long tail in the profile of the
adjacent metal (Ti or Cr in either case). In fact, the same
behaviour is observed at the interfaces between the individual

Fig. 5 GDOES discharge pressure versus power map for silicon (100)
sputtered at 7 mm. The size of the circles scales to the crater edge depth,
d. The black circle indicates the experiments at 650 Pa and 40 W.
The arrow points out the conditions where the minimum d was found
(800 Pa and 35 W).
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metal layers of Fig. 1, though masked by the effects described
in the previous sections. In the case of metal/Si interfaces, we
attributed these long tails to the sputtering of the metal atoms
re-deposited on the crater walls. Actually, the crater shapes of
Figs. 3 and 4 indicate that large amounts of the sputtered
material are accumulated on the crater rim. Therefore, it is
expected that the last metal, sputtered before the silicon, is still
contaminating the whole crater walls, thus appearing long after
the crater bottom has surpassed the metal/Si interface. This
effect should be also modulated by the sputtering rate of the
metal, resulting in larger tails for those metals with higher
sputtering rates (i.e., chromium compared with titanium), in
agreement with the observed profiles for Ti and Cr in Fig. 1.

In order to confirm this working hypothesis, we have
deposited three chromium layers with thicknesses of 0.25, 1.0
and 3.2 mm on silicon. The profiles, performed at 650 Pa and
40 W, are shown in Fig. 6(b). The first observation is the very
small area under the silicon curve before the interface, ascribed
in the previous section to the crater edge effect. This area is
approximately three times smaller than the area observed in the
different titanium coatings in Fig. 6(a) with the same thickness.
In fact, to obtain a similar edge effect in chromium coatings
compared with titanium layers, approximately four times
thicker coatings must be deposited. For example, 250 nm
titanium and l mm chromium layers have the same area A.
Although smaller, the area also increases linearly with depth,
as in the case with the titanium coatings but with a higher

factor of 3.65 � 0.07. This behaviour can be explained as the
crater shapes developed on the Cr layers are similar to the ones
shown in Fig. 4(b) for the experiments performed on the
titanium layer at 800 Pa and 35 W. Thus, the difference
between the depth of the edge well and the centre of the crater
is much smaller than for the titanium layers but the shoulders
are larger and the crater less flat. On the other hand, as we
hypothesized, the metal contribution after the interface is
considerably larger (approximately 2.4 times) for the chro-
mium layers than for the titanium at the same coating thick-
ness. This contribution, related to the sputtering of material re-
deposited on the crater wall, increases linearly with the thick-
ness of the coatings with a factor 3.18 � 0.04.
As was mentioned above, despite the different experimental

conditions applied to the analysis of the 1 mm Cr/Si in Fig.
6(b)2 (GDOES performed at 650 Pa and 40 W) and the 1.1 mm
Ti/Si of Fig. 2(b) (800 Pa and 30 W), the crater shapes resulting
from both experiments are very similar. Nevertheless, some
important differences can be observed. The areas before and
after the interface are 1.48 and 1.3 times larger for the Cr/Si
system, respectively. These values are in the same order of
magnitude as the ratio between the sputtering rates of chro-
mium and titanium (SRCr/SRTi ¼ 1.5). Therefore, it is not only
the shape of the crater but also the sputtering rate of the
material which determines the crater edge and re-deposition
effects observed in the GDOES depth profiles.
The Cr/Si interfaces are also wider than the Ti/Si ones,

increasing linearly from 60 nm for the 250 nm coating up to
140 and 410 nm for the 1.0 and 3.2 mm coatings, respectively.
In the following section a more detailed study of the interface
broadening is given.

(d) Roughening of the crater bottom

In the previous sections we have shown that changing the
experimental conditions or the metal coating to reduce the
crater edge depth results in a loss of the flatness of the crater
bottom. This loss produces a broadening of the coating/sub-
strate interface. Together with the crater edge and re-deposi-
tion effects, it has been reported in the literature that GDOES
experiments induce surface roughening24,25 in the nanometre
scale on initially rough surfaces.
In Fig. 7 two AFM graphs showing the surface of a 3.4 mm

titanium coating on silicon (see Fig. 6(a)3) are presented. On
the left, we can observe the surface of the as-deposited sample.
The surface has a root-mean-square (RMS) roughness of
19 nm. On the right is the surface of the centre of the crater
after a GDOES experiment of 7 s at 650 Pa and 40 W.
This time corresponds to a sputtering depth of approxi-

mately 300 nm. The appearance of small holes on the surface of
the coating can clearly be observed. These holes have a typical
diameter of 800 nm and a depth of 70 nm. The RMS roughness
of the surface increases up to 28.5 nm.
That the roughening of the surface increases with the

sputtering time is well documented in the literature and,
obviously, it contributes to the mixing of the coating and the
substrate at the interface between them, thus broadening the
interface width.24,25 As a consequence of this mechanism, the
concentration profiles become less abrupt at the interface,
leading to a loss of resolution. Moreover, the widening of the
interface should be larger for deeper interfaces, i.e., when
thicker layers are deposited on top of a flat substrate (polished
Si wafers in this work). In a multilayer system this effect
produces broader interfaces as one penetrates across successive
multilayers. A further analysis of the problem following the
roughness of the samples at different sputtering times using
AFM experiments is under progress.27

A novel aspect of this work lies in the fact that the layer
mixing at the interface is modulated by the sputtering rates of
the adjacent materials. Metal coatings with higher sputtering

Fig. 6 Comparison of GDOES depth profiles of (a) titanium and (b)
chromium single layers with different thicknesses. The areas under the
initial silicon upraise and the metal tails, respectively, before and after
the interface, are indicated. These areas are normalised to the values of
the 250 nm titanium coating areas (A and B). Note the depth scale
differences of the graphs. The experiments were performed at 40 W and
650 Pa.
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rates (i.e., Cr, in the multilayer system of Fig. 1) are supposed
to contribute with a larger concentration at the interface than
metals with lower sputtering rate (i.e., Ti). In other words, Ti
profiles should be sharper than Cr profiles, under the same
experimental conditions, as has been observed in the profiles
shown in Fig. 1. This is clearly demonstrated for the deposited
metal monolayers of Fig. 6(a) and 6(b). For a similar coating
thickness the Cr/Si interface was always wider than the Ti/Si
interface. As an example, the interface width at 3.2 mm depth of
the Cr/Si coating was 410 nm, while that of the Ti/Si at 3.4 mm
was only 250 nm.

To prove this assertion in multilayer systems, we have
deposited a similar but reversed stacking system to that of
Fig. 1, made of three 700 nm thick layers, Ti/Cr/Ti, on top of a
silicon substrate. The GDOES concentration profiles are de-
picted in Fig. 8.

As can be clearly observed, the Ti profile before the Ti/Cr
interface is less abrupt than the corresponding first Cr profile of
Fig. 1. The crater edge effect described in the previous sections
(i.e., the initial rise of the Cr signal) is enhanced at the Ti/Cr
interface by the difference in SR between Ti and Cr. This is
because the crater edges reaching the Cr erode more material,
and thus the Cr signal is increased dramatically. The same
effect is observed in the Ti/Cr interface of Fig. 1. This
behaviour can be compared with the Cr/Ti and Ti/Si interfaces
of Fig. 8 when the crater edge effect is very much reduced even
at higher depths.

Despite this crater edge effect the width of the Ti/Cr interface
in Fig. 8 is 60 nm, that is, only 10 nm higher than the Cr/Ti
interface of Fig. 1, but 200 nm deeper. On the other hand the
Cr/Ti interface of Fig. 8 is 203 nm, much wider than the 55 nm
measured for the Ti/Cr interface of Fig. 1. Finally, the Ti/Si
interface is much narrower that the Cr/Si one. Although
located 2.1 mm deeper, the Ti/Si interface was measured to be
of 150 nm instead of the 250 nm obtained for the Cr/Si

interface at 1.5 mm. As a conclusion, for similar depths, the
interfaces separating elements with higher and lower sputtering
rates are much wider when the high sputtering element is
sputtered first. The influence of the interface depth on the
depth resolution is shown in Fig. 9, where all the different
interface widths of the different coating systems studied (from
Figs. 1, 6(a), 6(b), and 8) are plotted versus the interface depth.
It is noticeable that all interface widths increase linearly with

depth. The same observation was reported by Shimizu et al. for
the case of atomically flat alumina/aluminium interfaces17 and
by Beck et al.18 for Ti/Al multilayers. In this last work a
comparison is made between the interface width increase
observed during GDOES and AES experiments. However, in
our work, we have observed that this increase is determined by
the elements present at the interfaces (see Table 3). The inter-
face widening is more pronounced with depth when the
material before the interface has a higher sputtering rate (i.e.,
Cr) than the material after it (i.e., Ti or Si). The reason why all
the Cr/Ti and Cr/Si interfaces (closed squares in Fig. 9) lie
together on the same linear fit is the practically identical SR of
both Ti and Si (see Table 2). This fact stresses the strong
relationship between the SR of the material and the interface
width. The width of these interfaces increases 154 � 46 nm for
each micron by which the interface is buried. On the other
hand, crossing the interface from a material with a lower SR
(i.e., Ti) to a material with a higher one (i.e., Cr), the widening
of the interface increases much less with the interface depth.
For example a Ti/Cr interface located at 3 mm has a much
smaller width (78 nm) than a Cr/Si at 3.2 mm (410 nm). The fit
of the Ti/Cr interface widths is worse than that of Cr/Ti but
nevertheless gives a lower value of 56 � 30 nm per mm. Finally,
the fit of the Ti/Si interface (both elements with almost equal
SR) widths results in an intermediate value of 72 � 7 nm per
mm. Shimizu et. al.26 reported that, for atomically flat inter-
faces, the degradation of depth resolution is due to variations
of 6% in the sputtering rate across the crater. In our work we
are looking at SR differences across the interfaces. The differ-
ences we obtained were up to 35%, confirming the great
importance of the SR in the proper determination of the depth
resolution in GDOES experiments.
It is important to note that the tendency of the width of the

interfaces in Fig. 9 is similar for all the interfaces of each
studied type (high SR - low SR, same SR or low SR - high
SR). The width only depends on the interface depth, regardless
of whether the interfaces belong to a mono- or a multilayer
coating. This implies that, in multilayer stacks, previously

Fig. 7 AFM graphs showing the surface topography of a 3.4 mm
titanium coating on silicon, (left) as deposited and (right) after a
GDOES experiment for 7 s at 650 Pa and 40 W.

Fig. 8 Quantified GDOES depth profile of a multilayer Ti/Cr/Ti
coating (700 nm thick each layer) deposited on silicon.

Fig. 9 Relationship between the width and depth of the different
interfaces studied in this work. The three solid lines represent linear fits
of the data grouped according to the different types of interfaces: Cr/Ti
or Cr/Si (closed squares), Ti/Si (grey circles) and Ti/Cr (open triangles).
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sputtered layers do not influence the following interface resolu-
tions at least for coatings in the thickness range studied here
(above 250 nm). A possible explanation could be as follows. It
is obvious that after each interface there is a continuous change
in the crater shape.14 For example, in the Ti/Cr/Ti system of
Fig. 8, before the first interface there is a crater-edge dominant
shape (similar to the ones of Fig. 4(a)). After crossing the
interface this shape tends to one more similar to those of Fig.
4(b) (less flat, fewer edges, more shoulders). If the layers are
thick enough, the change in shape is complete and, therefore,
when the crater reaches the next Cr/Ti interface it has the same
shape as a Cr monolayer. Thus, for such thick multilayers,
GDOES interface profiles retain no memory of the previous
sputtered layers.

(e) Final remarks: overall influence of the layer thickness on the

depth resolution

In order to emphasise the influence of the coating thickness on
the depth resolution, we deposited a Cr/Ti/Cr multilayer coat-
ing, consisting on two chromium layers of 750 nm and 2.5 mm,
with a titanium layer of 2.25 mm in between. The GDOES
depth profile of this system shown in Fig. 10 is practically a
scale up of the one in Fig. 1. Note that the shape of the Cr, Ti
and Si profiles are practically the same, though all the effects
discussed in the previous sections are magnified in Fig. 10.

Therefore, the crater edge effect is obviously much more
severe (approximately 6 times larger) before the Ti/Cr interface
of Fig. 10 (A0) than the one in Fig. 1. The enlargement of the
crater edge effect for the Cr/Ti (A) and Cr/Si (A00) interfaces is
less evident due to the shape of the crater inside the chromium
layer, as explained above. Furthermore, the different interfaces
of Fig. 10 (B, B0 and B00) are wider than the ones of Fig. 1. This
increase of the interface width with the coating layer thickness

is in agreement with the analysis of Fig. 9. Finally, the
sputtering of re-deposited material in the crater walls is evi-
dently higher for chromium in Fig. 10 (C and C00) than in Fig. 1
(2 and 4 times, respectively). This result is in conformity with
the observations shown before in Fig. 6(b) for the chromium
monolayers.

Conclusions

From the above results it follows that three different effects,
related to layer mixing during sputtering, contribute to a
greater or lesser extent to the interface broadening in multi-
layer systems, thus affecting the depth resolution in GDOES
experiments. All these effects arise from the particular shape of
the sputtering crater and can be can be summarised as follows.
(a) Edge effects, especially those associated to the deep well

at the crater rim, which degrade the depth resolution of the
profile before the interface. They contribute to a broadening of
the profiles, producing an initial rise of the quantified profile of
the subsequent layer before reaching the interface (or a less
steep decrease of the profile of the top metal). This contribu-
tion was found to be more apparent in the interfaces where the
first metal (e.g., Ti) has a lower sputtering rate than the second
metal (e.g., Cr), and is more visible for deeper interfaces. The
extent of the rise area gives a measure of the depth of the edge
well. In the case of Ti, the edge effects are diminished by
reducing the power and increasing the pressure of the dis-
charge, but at the expense of a loss in the flatness of the crater.
(b) Re-deposition and sputtering from the crater wall. During

the glow discharge process, some layer material sputtered from
the bottom is thought to be re-deposited onto the crater wall,
where it is sputtered again. As the depth of the crater increases,
the deposition on the wall should be higher and also the
contamination or mixing with the material being analysed.
The effect is supposed to cause the observed long tail of the
profile curve after passing the interface. The tail is more
apparent in deep interfaces, and for the case when the first
metal or the deposited layer (e.g., Cr) has a higher sputtering
rate than the second metal or substrate (e.g., Ti or Si).
(c) Roughening of the crater bottom, due to the continuous

sputtering of the analysed layer. It increases with the sputtering
time (or depth) and produces a broadening of the step profiles
of metal multilayers at the interface. The broadening is wider in
interfaces where the top metal (e.g., Cr) has a higher sputtering
rate than the underneath metal or substrate (e.g., Ti or Si). For
a given interface, its width increases linearly with depth
regardless of the detailed structure of the whole system (mono-
lithic or multilayered).
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