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Depth analysis of metal-doped crystalline silicon by the X-ray photoelectron spectroscopy technique is pre-
sented in this work. The results from this technique are used to complement those from previous techniques. The
metals diffused into the silicon are gold, platinum, erbium, and niobium. In silicon, these metals induce defects
that are responsible for relaxation behaviour of the material. Relaxation material is radiation-hard since the effects
of radiation on devices fabricated on the material are suppressed. Considerable amounts of gold, platinum, and
niobium are found in the silicon bulk. The results of this work are in good agreement with those reported earlier
on the same samples using the Rutherford backscattering technique. The spectra of the natural contaminants,
carbon and oxygen, are also analysed in this work.
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1. Introduction

Crystalline silicon needs to be modified in the bulk
in order to improve the properties of devices fabricated
on the material. The properties have to be improved
since devices fabricated on the material fail to operate
efficiently as radiation detectors. The failure to operate
efficiently is due to damage that occurs in the material by
incident high energetic particles [1, 2]. As they become
incident onto the material, the particles penetrate the
material and collide with the semiconductor lattice. The
incident particles transfer sufficient energy to the silicon
to displace an atom within the lattice out of its normal
position such that interstitial atoms and vacancies are
generated in the bulk of the material [3]. The result is
that the lattice structure of the material changes and this
degrades the performance of the devices.

In order to improve the properties of the devices, the
silicon material can be doped with metals such as gold,
platinum, erbium, or niobium [4–11]. These metals are
responsible for a change in material behaviour from life-
time to relaxation [9–11]. In relaxation material, τD � τ0
while in lifetime material, τD � τ0 [12–15]. Here, τD is
the dielectric relaxation time and τ0 is the minority car-
rier recombination lifetime [12–15]. In relaxation mate-
rial the effects of radiation are suppressed [5, 9] such that
the damage is minimal. In this case the Fermi level of
the material is not affected by any incident radiation [16].
This is because the Fermi level in relaxation material be-
comes pinned at midgap [17].

Depending on their nature and their amount in silicon,
the metals can generate defects that have characteristics
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similar to those generated by radiation [11]. Thus, the
metals can render the material useless to fabricate devices
that can be used as radiation detectors. It is, therefore,
very important that the concentration of metal required
to cause relaxation behaviour in the material is known. It
is also essential that diffusion mechanisms of these metals
into silicon are investigated so that their undesired effects
are minimized while the desired effects are improved.

In studying the diffusion mechanisms of gold and
platinum into silicon, it has been found that the dif-
fused atoms occupy both substitutional and interstitial
sites [4, 6]. The interchange of atoms between the sites
during diffusion is controlled by the dissociative and the
kick-out mechanisms [4, 6]. In the former process the
diffusion involves silicon vacancies, while in the latter
one the diffusion involves self-interstitials. The diffusion
mechanisms of erbium and niobium into silicon need to
be studied as well, since they exhibit similar effects as
those of gold and platinum.

In this work, depth analysis by X-ray photoelectron
spectroscopy (XPS) was carried out on metal-coated p-
type silicon prior to, and after, metal diffusion. The spec-
trum peaks generated from the metal-coated samples are
found to be reduced and shifted towards higher sputter
depth regions which indicates that the metals are found
in the silicon bulk after the diffusion process. The spectra
peaks of the gold, platinum, and niobium-coated samples
are found to be higher than those of silicon after the dif-
fusion process. This indicates that the concentration of
the metals is higher than that of silicon at the depth of
20 nm and 10 nm in case of niobium. These results are in
agreement with those obtained earlier from the Ruther-
ford backscattering spectroscopy (RBS) technique [18].
However, in the work reported before based on RBS re-
sults, the diffusion was evaluated by noting a change in
spectra after the annealing process. These metals, dif-
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fused in the bulk, convert silicon from a lifetime to a
relaxation material [11].

2. Experimental technique

XPS measurements were carried out on the metal-
coated p-type silicon samples prior to, and after, the dif-
fusion process. The measurements were done using the
Physical Electronics Quantum (PEQ) 2000 instrument at
the Council for Scientific and Industrial Research (CSIR)
in South Africa. The samples were annealed at 900 ◦C for
18 h to allow diffusion of the metals into the silicon bulk.
An AlKα X-ray source with energy of 1486.6 eV was used
to excite electrons from the surface of the sample to an
entrance slit of hemisphere analyser. The diameter of the
X-ray beam was 100 µm. The mean analysing energy of
the analyser was 58.7 eV. This meant that only electrons
of this kinetic energy will be detected. The detection an-
gle was set at 45◦ from a surface that is normal to the
sample. For depth profiling measurements, the sample
surfaces were sputtered with 2.0 keV argon ions while the
binding energy regions of the specific element were being
monitored. The measurements were performed from the
top surface to the bulk of the sample and were carried
out at room temperature and at vacuum pressures below
10−9 mbar. A detailed description of the samples and
their preparations has been outlined elsewhere [19].

3. Results and discussion

The XPS spectra of silicon, gold, platinum, erbium and
niobium are presented here. Carbon and oxygen are the
main contaminants of the samples and their spectra are
also presented but not thoroughly discussed as they are
not for our concern. The spectra are presented in the
following sections with the relative atomic concentration
as a function of the sputter depth.

3.1. Gold-deposited samples
Figure 1 shows the XPS spectra for gold-deposited

samples (a) prior to and (b) after the diffusion process.
In Fig. 1a the spectra show that carbon with 22% atomic
concentration and oxygen with 75% atomic concentration
dominate on the surface of the silicon (depth of 0 nm).
A sudden decrease in concentration is observed for both
elements and they disappear completely at a depth of
4 nm. Since the two elements are found only at the sur-
face, they do not have an effect in the bulk and this is
why they are not for our concern for this sample.

Gold is not observed on the surface (at a depth of
0 nm). This means that a layer of carbon and oxygen cov-
ered the gold surface after deposition. Gold with atomic
concentration of 100% is observed at a depth of 5 nm.
The concentration of gold decreases until it becomes zero
at 18 nm. The atomic concentration of silicon increases
sharply to 98% and becomes almost constant up to a
depth of 30 nm. An increase in silicon concentration cor-
responds to a decrease in gold concentration. This shows
that there is no interface layer formed between gold and
silicon [19]. It is evident from these results that at depths
greater than 18 nm only silicon atoms dominate.

Fig. 1. XPS depth profile for gold-deposited samples
prior to (a) and after (b) the diffusion process.

In Fig. 1b the spectra show carbon with 40% atomic
concentration and oxygen with 28% atomic concentration
on the surface. The amount of these contaminants de-
creases significantly with depth and disappears at 10 nm
and 23 nm, respectively. These results show that carbon
and oxygen do not diffuse into the bulk. Gold is also
found on the surface with a 10% atomic concentration
and this shows that not all the gold deposited is diffused
into the silicon. Gold is seen deep into the bulk at depths
of over 80 nm.

Silicon is also observed with 26% atomic concentration
on the surface of the samples after the diffusion process.
The concentration decreases slightly before a depth of
7 nm and then increases sharply to 90% at 25 nm. After a
depth of 26 nm the spectrum shows a tendency to almost
saturate. This sharp decrease of gold concentration that
corresponds to a sharp increase of silicon concentration
indicates that there is no interface layer formed between
gold and silicon after the diffusion process. The presence
of silicon on the surface of the sample shows that silicon
was exposed when gold was diffusing into the bulk. There
is indication of a good mix of gold and silicon up to depths
of 80 nm.

The gold peak has been reduced from 100% to 60% and
shifted from 5 nm to 18 nm after diffusion. The reduction
of the peak indicates that the concentration of gold has
been reduced on the surface while the shift of the peak
to a higher sputter depth indicates that gold has diffused
into the bulk of the silicon.

3.2. Platinum-deposited samples

Figure 2 shows the XPS spectra for the platinum-
deposited samples (a) prior to and (b) after the diffu-
sion process. The spectra presented in Fig. 2a show that
carbon with 55% atomic concentration and oxygen with
14% atomic concentration dominates on the surface of
the silicon. A decrease in the concentration of carbon to
47% is observed after a depth of 1 nm and then it almost
remains constant up to a depth of 8.5 nm. At a depth
of 9 nm the concentration decreases and becomes 0% af-
ter the sputter depth of 15 nm. Since the concentration
is not decreasing sharply at a depth lower than 10 nm
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as observed in Fig. 1a for gold-deposited samples, these
results show that there is a thick layer of carbon on the
surface of the silicon.

The oxygen spectrum, on the other hand, disappears
completely after a depth of 2 nm to show that oxygen is
very thin on the surface of the silicon. The 22% atomic
concentration of platinum is also found on the surface
of the silicon indicating that platinum is not completely
covered by carbon and oxygen layers. Platinum concen-
tration increases sharply to 55% at a depth of 1.5 nm and
then becomes almost constant up to a depth of 8.5 nm.
After a depth of 9 nm the platinum spectrum follows the
one of carbon and showing a sharp decrease in concen-
tration to 4% at 16 nm. Carbon and platinum might be
bonded to each other since their spectra reach the satu-
ration and show a sharp decrease in concentration at the
same depth.

These results explain the small peak that was ob-
served in the RBS results for the platinum-deposited
sample [18]. This sample was contaminated by carbon
during sample preparation since the peak was also ob-
served [18] in the RBS result that were obtained imme-
diately after the deposition. The spectrum in Fig. 2a
shows silicon with 9% atomic concentration on the sur-
face which decreases rapidly until it becomes 0% at a
depth of 6 nm. After 7.5 nm the silicon concentration
increases sharply to 92% at 17.5 nm and then becomes
constant up to 30 nm. The sharp increase of silicon con-
centration corresponds to the sharp decrease of carbon
and platinum concentrations to show that there is no in-
terface layer formed between platinum and silicon. Even
though they are bonded, carbon and platinum are not
found in the silicon bulk. This is shown in Fig. 2a where
silicon atoms dominate after 18 nm.

Fig. 2. XPS depth profile for platinum-deposited sam-
ples prior to (a) and after the (b) diffusion process.

In Fig. 2b spectra show carbon with 41% atomic con-
centration on the surface and it remains almost constant
up to a depth of 30 nm. After a depth of 31 nm, the
carbon concentration decreases with depth. Comparing
Fig. 2a and 2b, it can be noted that in Fig. 2b the carbon
concentration has decreased at low depth. This is an in-
dication that carbon concentration has decreased on the
surface and diffused into the silicon. As it was observed in

RBS results [18], the shifting of small peak towards the
lower energy indicates that carbon atoms diffused into
the silicon. The oxygen spectrum, on the other hand,
shows 22% atomic concentration on the surface. Since
the layer is very thin on the surface, the concentration
decreases and becomes 0% at low depth.

Platinum is found on the surface with 2% atomic con-
centration. The concentration increases to 35% at 20 nm.
After 21 nm the concentration decreases rapidly to 0%
at 70 nm. Silicon is also observed with 35% atomic con-
centration on the surface. The silicon concentration de-
creases slightly as the depth increases to 30 nm and then
increases sharply to 92% at 40 nm. After 41 nm the con-
centration remains almost constant at 98% up to 160 nm.
As it was explained earlier, a sharp decrease of carbon
and platinum concentrations that corresponds to a sharp
increase of silicon indicates that there is no interface layer
formed between platinum and silicon. A presence of sili-
con on the surface shows that it was exposed when plat-
inum was diffusing into the bulk.

The platinum peak has been reduced from 55% to 35%
and shifted to 20 nm after diffusion. This reduction of the
peak indicates that the platinum concentration of plat-
inum has been reduced on the surface while the shifting
to higher sputter depth shows that platinum has diffused
into the bulk of the silicon.

3.3. Erbium-deposited samples

Figure 3 shows the XPS spectra for erbium-deposited
samples (a) prior to and (a) after the diffusion process.
In Fig. 3a the spectra show that carbon with 47% atomic
concentration and oxygen with 40% atomic concentration
dominate on the surface of the silicon. The carbon con-
centration decreases sharply to 6% at the sputter depth
lower than 2 nm to show that it is very thin on the sur-
face. After 2.5 nm, the spectrum shows an oscillation
between 0 and 5% carbon concentration until it disap-
pears completely at 20 nm. This oscillation could be due
to fluctuation in the XPS system. Unlike in the case
of gold-deposited and platinum- deposited samples, the
oxygen concentration in this case decreases to 25% and
then remains almost constant up to the sputter depth
of 12.5 nm. After 13 nm the concentration decreases to
5% at 15.5 nm and then to 0%. This behaviour sug-
gests that there is a thick layer of oxygen on the surface.
Even though the XPS results show the high relative con-
centration of oxygen on the surface, it has to be noted
that the sample was contaminated after the deposition
since the oxygen peak was not observed in the RBS mea-
surements [18]. These results show that erbium reacts
vigorously with oxygen.

The erbium concentration increases sharply from 11%
on the surface to 65% at the sputter depth less than
2 nm. After the depth of 2.5 nm the spectrum shows an
oscillation between 74 and 65% erbium concentration up
to the depth of 12 nm. After 12.5 nm the concentration
decreases sharply to 5% at 20 nm and then becomes 0%
after 21 nm.
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Fig. 3. XPS depth profile for erbium-deposited silicon
samples prior to (a) and after (b) the diffusion process.

Figure 3a shows the 0% atomic concentration of sili-
con on the surface. This indicates that silicon has not
been exposed to the surface. At the depth of less than
11.5 nm the spectrum shows an oscillation of silicon con-
centration between 0 and 3%. This oscillation as it was
said before could be due to fluctuation in the XPS sys-
tem. At the depth higher than 12 nm the sharp increase
of silicon concentration corresponds to the sharp decrease
of erbium concentration to show that there is no interface
layer formed between erbium and silicon.

In Fig. 3b the spectra show carbon with 15% atomic
concentration and oxygen with 53% atomic concentra-
tion on the surface. The carbon concentration decreases
steadily to 3% at 25 nm. After 30 nm the concentration
increases to 11% at 40 nm and then decreases steadily
until it becomes 0% at 70 nm. At the depth less than
7 nm the oxygen concentration decreases to 4.5% and
then increases to 20% at 20 nm. After 21 nm the spec-
trum shows an oscillation between 15% and 18% of oxy-
gen concentration up to 48 nm and then decreases to 4%
at 78 nm until it becomes 0% at 80 nm. Spectra show
that carbon and oxygen concentration becomes zero after
the longer sputter depth. This indicates that carbon and
oxygen are thick on the surface of the sample.

Erbium is found on the surface with the concentration
of 3.5%. The erbium concentration increases to 37% at
the depth of less than 7 nm and then decreases to 28%
at the depth of 18 nm where it remains almost constant
up to 33 nm. After 34 nm the concentration decreases
rapidly to 2.5% at the depth of 80 nm and then becomes
zero. The silicon spectrum, on the other hand, shows
30% atomic concentration on the surface indicating that
silicon was exposed when erbium was diffusing into the
bulk. At the depth less than 7 nm the concentration in-
creases to 49% and then oscillates between 50% and 45%
up to 40 nm. After 41 nm the concentration increases
sharply to 95% and then saturates. The sharp increase
of silicon concentration corresponds to the sharp decrease
of erbium concentration to show that there is no interface
layer formed between them.

The highest peak of erbium has been reduced from
66% to 31% and shifted to a higher sputter depth after

diffusion. This reduction of the peak indicates that er-
bium has been reduced on the surface while the shifting
shows that platinum has diffused into the bulk of silicon.
Unlike in the case of gold and platinum, the spectrum
of erbium is lower than that of silicon indicating that
the concentration of erbium diffused is low in all sputter
depths.

3.4. Niobium-deposited samples
Figure 4 shows the XPS spectra for niobium-deposited

samples (a) prior to and (b) after the diffusion process. In
Fig. 4a the spectra show carbon with 71% atomic con-
centration and oxygen with 25% atomic concentration
dominating on the surface. The carbon concentration de-
creases sharply to 5% at the depth lower than 2.5 nm to
show that it is very thin on the surface. After 2.5 nm, the
concentration increases to 8% and then it remains almost
constant up to 10 nm until it becomes 0% at higher sput-
ter depth. The oxygen concentration increases to 55% at
the depth lower than 2.5 nm. At the depth higher than
2.5 nm the concentration decreases to 2% until it becomes
0% at the depth higher than 8 nm. These results show
that oxygen and carbon are thick on the surface.

A very low relative atomic concentration of niobium is
observed on the surface. The concentration increases to
51% at the depth lower than 7 nm and then decreases
to 3% at the depth of 13 nm. After 13 nm the concen-
tration remains constant up to 30 nm. It can be noted
in Fig. 4a that there is a very low atomic concentration
of silicon on the surface. After 2.5 nm the silicon con-
centration increases to 5.5% and then remains constant
up to 6 nm. At the depth higher than 6 nm the con-
centration increases sharply to 86% at 13 nm and then
increases gently to 93% at 17.5 nm. The rapid increase
of silicon concentration corresponds to the sharp decrease
of niobium concentration to show that there is no inter-
face layer formed between them. After 17.5 nm the sili-
con concentration remains almost constant at 95% up to
30 nm. A decrease in carbon concentration is not rapid
after 7.5 nm indicating that is found in the bulk.

Fig. 4. XPS depth profile for niobium-deposited sam-
ples prior to (a) and after (b) the diffusion process.

In Fig. 4b the spectra show carbon with 40% atomic
concentration and oxygen with 41% atomic concentra-
tion on the surface. The carbon concentration decreases
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rapidly to 5% at 9 nm and oscillates between 5 and 10%
up to 32 nm. After 32 nm the concentration becomes
0%. At a depth of less than 10 nm the oxygen concentra-
tion increases sharply to 70% and then decreases to 64%
at 22.5 nm. After 23 nm the concentration decreases
sharply to 3% at 50 nm and then becomes 0%. The con-
centration of oxygen has increased from 53 to 70% and
shifted from 7 nm to 18 nm after diffusion process. This
may suggest that niobium reacts vigorously with oxygen.

Niobium is found on the surface with the relative con-
centration of 5%. The niobium concentration increases
to 24% at the depth less than 10 nm and then remains
almost constant up to 18 nm. After 19 nm the concentra-
tion decreases gently to 8% at 40 nm and then it remains
constant. The silicon spectrum, on the other hand, shows
14% atomic concentration on the surface to show that it
was exposed when niobium was diffusing into the bulk.
At the depth less than 6 nm the silicon concentration
decreases sharply to 0% and then increases gently up to
15% at 18 nm. After 20 nm the concentration increases
sharply to 92% at 50 nm and then remains constant.
The sharp increase of silicon spectrum corresponds to the
sharp decrease of oxygen and niobium spectra to show
that there is no interface layer formed between niobium
and silicon.

It can be noted that niobium peak has been reduced
from 51% to 25% and shifted to a higher sputter depth
of 10 nm after diffusion process. This reduction of the
peak indicates that niobium has reduced on the surface
while the shift to higher sputters depth shows that it has
diffused into the bulk.

4. Overall discussions

XPS measurements were carried out on metal-
deposited samples prior to and after the diffusion pro-
cess. This work adds on that presented on RBS results
presented earlier [10, 18] since the diffusion of metals was
speculated. The results presented here are thus used to
explain features that could not be explained by the RBS
data and also confirm that metals diffuse in silicon at
900 ◦C for 18 h of annealing. The highest peaks of gold,
platinum and niobium are found to be higher than that
of silicon indicating that the metals are found with con-
siderable atomic concentration at the sputter depth of
20 nm in silicon. The results indicate that gold, platinum
and niobium diffuse with more considerable amount into
silicon at an annealing temperature of 900 ◦C if the pro-
cess is done over 18 h. At this annealing temperature and
over this time the diffusion profile of gold and platinum in
silicon is U-shaped and is dominated by the kick-out [20–
22]. It has to be noted that the diffusion mechanisms of
niobium are currently not known.

The erbium spectrum, on the other hand, is lower than
that of silicon in the whole sputter depth. This indicates
that the amount of diffused erbium is low. This is due to a
very low diffusion coefficient that the metal has in silicon
at 900 ◦C [23]. The diffusion profile of erbium in silicon is
currently not well understood. It has been reported that

at the annealing temperature of 900 ◦C for 30 min, erbium
likely diffuses interstitially in silicon [24]. Contrary, it
was also reported that most of erbium atoms in silicon
occupy substitutional sites [25]. These contradictory
studies indicate that there is no definite answer about
the diffusion mechanisms of erbium in silicon.

5. Conclusion

The results from the XPS measurements show that
there is no interfacial layer formed between silicon and
the deposited metal layer. The results also show that
the spectrum peak of metal-doped samples gets reduced
and shifted towards higher depths after the diffusion pro-
cess. This reduction of the peak heights indicates that the
amount of metals on the silicon surface has been reduced.
The shift of the peak indicates a presence of metal in the
silicon bulk. Both results show that the metal from the
surface of the silicon has diffused into the bulk. These
diffused metals have been shown to render the silicon
material relaxation-like. The XPS technique can thus be
used to complement the RBS technique in depth profiling
of our defect-engineered silicon.
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