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1. Introduction

Oxide thin films, such as silicon oxide
(SiO2), aluminum oxide (Al2O3), or
hafnium oxide (HfO2), are of great impor-
tance for the integrated circuit industry, as
well as in many optoelectronic applications
due to their intrinsic properties. For
instance, they are often used as optical or
insulation layers in devices[1–4] and they
are capable of providing a high-quality
interface with neighboring materials
such as silicon. In electrical devices, a high-
quality interface possesses a low recombi-
nation rate, in other words, oxide films
can reduce the recombination probability
of charge carriers at the silicon surface,
which is often referred to as surface
passivation.[5–12]

Efficient surface passivation by oxide
films is based on two different mecha-
nisms. The first mechanism is to decrease
the interface defect density (Dit) at the
oxide–semiconductor interface, by reduc-
ing the amount of dangling bonds.[13] For

this, SiO2 is one of the most widely used oxide films in Si-based
devices.[14] The second one is the so-called field-effect mecha-
nism, which significantly reduces the electron or hole concentra-
tion at the oxide–semiconductor interface by means of a built-in
electric field.[15] This internal electric field can be obtained by the
presence of an increased electrical charge density (Q tot) at the
oxide–semiconductor interface. A well-known material for this
is Al2O3, which has a high negative fixed charge density.
Combining a high Q tot with a low Dit would be ideal, which
can be obtained with Al2O3=SiOx=Si interface.

[7] In this context,
it is important to point out that Al2O3 deposited by atomic layer
deposition (ALD), possesses negative fixed charges regardless of
whether the layer is deposited on H-terminated silicon or on sil-
icon covered with a very thin SiO2 layer.[15–17] Indeed, several
studies have shown that an interfacial SiO2 layer is formed
between the Al2O3 film and silicon, where the negative fixed
charges are located.[7–23]

In addition to dielectric layers, semiconductor devices typically
contain also metal layers, for example, to realize electric contacts.
One main challenge is to maintain the high quality of the oxide
and the oxide–semiconductor interface, even after metal layer
deposition. Different metallization methods, for example,
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Oxide–semiconductor interface quality has often a direct impact on the electrical
properties of devices and on their performance. Traditionally, the properties
are characterized through metal–oxide–semiconductor (MOS) structures by
depositing a metal layer and measuring the capacitance–voltage (C–V) charac-
teristics. However, metal deposition process itself may have an impact on the
oxide and the oxide–semiconductor interface. The impact of magnetron sput-
tering, e-beam evaporation, and thermal evaporation on an Al2O3=Si interface is
studied, where atomic layer deposited (ALD) Al2O3 is used, by MOS C–V and
corona oxide characterization of semiconductors (COCOS) measurements. The
latter allows characterization of the interface also in its original state before
metallization. The results show that sputtering induces significant damage at the
underlying Al2O3=Si interface as the measured interface defect density Dit

increases from 1011 to 1013 cm�2 eV. Interestingly, sputtering also generates a
high density of positive charges Qtot at the interface as the charge changes from
�2� 1012 to þ7� 1012 cm�2. Thermal evaporation is found to be a softer
method, with modest impact on Dit and Qtot. Finally, Alnealing heals the damage
but has also a significant impact on the charge of the film recovering the
characteristic negative charge of Al2O3 (��4� 1012 cm�2).
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physical vapor deposition (PVD) techniques, such as magnetron
sputtering, electron beam (e-beam) evaporation, and thermal
evaporation, introduce different types and quantity of damage.
For instance, during magnetron sputtering, the substrate is
bombarded by a variety of particles, such as low-energy argon
ions from the plasma, sputtered metal atoms, or high-energetic
electrons that generate electrically active damage in the underly-
ing layers.[24–27] In e-beam evaporation, low-energy X-rays from
the electrons evaporating the source material introduce defects in
the metal–dielectric–semiconductor stack.[28–30] In comparison,
thermal evaporation is considered as the softest PVD method
for depositing metal contacts on oxide–semiconductor struc-
tures. Based on the above, it is generally known that the damage
introduced by the described metallization methods is different;
however, investigations on their effect on Dit and Q tot are rather
limited, as deep-level transient spectroscopy (DLTS) and
electron-beam-induced current (EBIC) techniques are used to
determine the nature of the defects and their influence on
recombination.[24,26–31]

Despite the possible damage to the underlying layers, metal
layers can also be used to improve interface quality. A known
and widely used method to reduce the defect density at the
oxide–silicon interface, when using aluminum (Al) as metal
contact, is to perform a postdeposition anneal after the Al
deposition.[5,32–34] This method was named Alneal by B. Deal
as a combination of Aluminum and anneal, when first investi-
gated in 1969.[34] The effect of Alnealing was further investigated,
for example, by Kerr and Cuevas through photoconductance[14]

and by W. Eades through DLTS.[35] Furthermore, Collett et al.
studied that the effect can be enhanced by adding different ions
at the Si–SiO2 interface.

[32] Setälä et al. observed that Alnealing
can have an influence on the passivation performance of
Al2O3.

[36] Although it is known that Alnealing can efficiently
reduce dangling bonds at the oxide–Si interface in some config-
urations, it has remained unresolved, if the Al deposition method
influences the efficiency of Alnealing.

The electrical quality of the oxide–semiconductor interface is
typically evaluated by capacitance–voltage (C–V ) measurements,
in which the semiconductor/oxide structure is integrated in a
metal–oxide–semiconductor (MOS) capacitor by adding a pat-
terned metal layer on top.[37] However, this C–V technique
has also some drawbacks: it is necessary to prepare separate sam-
ples that require metal contacts, the contact area needs to be accu-
rately geometrically defined, as this influences the fitting of the
data, and to get quantitative results either both true low- and
high-frequency data is needed or when using Terman method
true high-frequency and theoretical C–V curves are needed.[38]

Moreover, as the metal deposition is suspected to have an influ-
ence on the properties of the oxide–semiconductor interface, as
stated earlier, the fabrication of MOS capacitors for the C–V
measurements may influence the results and the measurement
data does not necessarily represent the original interface. These
limitations can be overcome using the corona oxide characteriza-
tion of semiconductors (COCOS) method that is based on
measuring the surface contact potential via Kelvin probe.[39,40]

COCOS provides a great advantage, since it is a noninvasive con-
tactless technique, it allows to characterizes the interface without
the need of a metal electrode, and it is independent of the sample

geometry. Thus, COCOS represents an ideal tool to determine the
nature of the oxide–semiconductor interface prior to metal depo-
sition and throughout different device fabrication steps.[39,41]

In this article, we investigate the Al2O3=Si interface properties
and how they are affected by different metallization methods.
We present a quantitative comparison of the influence of mag-
netron sputtering, e-beam evaporation, and thermal evaporation.
Aluminum is chosen as metal due to its common use in silicon-
based device fabrication. We investigate Q tot and Dit by
transforming the Al2O3=Si stack into MOS capacitors for C–V
measurements and by measuring it directly with the COCOS
method. By comparing the results obtained by these two meth-
ods, we determine the influence the aluminum deposition
method has on the electrical properties of the interface.
Furthermore, we assess the advantages and disadvantages
of the two measuring methods for the characterization of the
oxide–Si interface quality. In addition, we investigate with
COCOS what impact the Alneal process in comparison to anneal-
ing without Al on top has on Dit and Q tot and whether the used
metallization method has any impact on the efficiency of
Alnealing.

2. Experimental Section

The experiments were performed on single-side polished p-type
float-zone silicon wafers with 3.00� 2.00Ω cm resistivity. The
wafer thickness was 280� 15 μm. The main process (blue)
and characterization steps (green and yellow) are schematically
presented in Figure 1.

The wafers were first cleaned using the SC1 and SC2 cleaning
(SC1 standard clean: NH4OH∶H2O2∶H2O (1:1:5) at 80 °C for
10min. SC2 standard clean: HCl∶H2O2∶H2O (1:1:5) at 80 °C
for 15min) with an intermediate HF dip (HF:DIW 1:50).
Then, �22 nm-thick Al2O3 films were deposited by ALD in a
Beneq TFS-500 system, at a temperature of 200 °C, using trime-
thylaluminium (TMA) and water (H2O) as precursors.
Subsequently, the samples were annealed in a Centrotherm

Figure 1. Schematic of the processing steps, as well as the corresponding
characterization steps. The yellow and green boxes indicate the COCOS
and conventional C–V samples compared in this study.
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furnace at 400 °C for 30min in N2 atmosphere (labeled “Al2O3

anneal” in Figure 1) to activate the surface passivation.
Afterward, an aluminum layer was deposited on the Al2O3

film at room temperature by three different deposition methods:
magnetron sputtering, e-beam evaporation, or thermal evapora-
tion. The sputtered films were deposited at a base pressure of
2.3� 10�7 mbar from a pure Al target driven at 2 kW DC power
and with an argon (Ar) gas flow of 22 sccm. For e-beam evapora-
tion, the base pressure was 5� 10�7 mbar, the acceleration voltage
10 kV, and the beam current 20mA. Thermal evaporation was
performed at a base pressure of 1.2� 10�6 mbar. The overall
thickness of the Al films was around 200 nm for all deposition
methods.

Following the Al deposition, most of the wafers were annealed
at 400 °C for 30min in N2 atmosphere (“post-Al deposition
anneal” in Figure 1). In other words, these wafers experienced
the annealing step, which is commonly known as Alneal.[34]

As a reference, in some of the samples, the Al layer was removed
prior to exposing them to the same post-Al deposition anneal
(dashed path in Figure 1). In these wafers, Al was removed using
phosphoric acid-based Al etch mixture and the etching time was
chosen in such a way that only aluminum and not the underlying
Al2O3 was removed.

Two methods were used to characterize the interface proper-
ties: conventional contact C–Vmeasurements for MOS capacitor
samples (green squares in Figure 1) and COCOS measurements
for parallel produced samples, where the Al was removed before
measuring (yellow squares). For the MOS capacitors, Al was
deposited through a shadow mask with varying contact sizes
from 0.008 to 7.1 mm2. The backside contact was realized by
applying silver paste on the rear side of the wafer. C–V curves
of the MOS capacitors were measured with a probe station[37]

at 100 kHz and the obtained results for a single contact size were
compared.

The COCOS method was based on external corona charge
deposition on top of the oxide layer.[39,40] Therefore, it was nec-
essary to remove the Al films prior to the COCOSmeasurements
using the same Al etch as described earlier. The corona charge

was applied in small increments, from inversion to accumula-
tion, and after each step the resulting contact potential difference
was measured both in complete darkness and under strong illu-
mination.[39] From these measurements, electrical parameters of
the oxide–semiconductor stack such as flatband voltage (VFB),
Q tot, and Dit were calculated. Every sample was measured in
three different locations, and the range of variation is presented
in each figure as error bars.

Conventional C–V measurements and COCOS were carried
out on two sample types for comparison purposes: right after
Al deposition (dotted path in Figure 1) and after the following
post-Al anneal (solid path). As mentioned above, for the
COCOS samples, the Al layer was removed prior to the measure-
ments. The oxide charge (Qox) in MOS capacitors, which is
assumed to be located at the oxide–semiconductor interface,
was determined by measuring the C–V curves from inversion
to accumulation for p-type substrates. COCOS measurements
were also performed from inversion to accumulation. The deter-
mined Q tot was the total charge needed to achieve flatband con-
dition starting from the initial state of the oxide–semiconductor
system.

Additionally, COCOS allows characterization of the oxide–
silicon interface right after Al2O3 deposition (i.e., prior to the
Al deposition) as well as of another sample type, where the Al
layer was etched away before the sample obtained the post-Al
deposition anneal (dashed line). These measurements were
not possible with conventional MOS capacitors due to the
absence of the metal layer.

3. Results and Discussion

3.1. Impact of Metal Deposition Method

The impact of the different metallization methods on the
Al2O3=Si interface was investigated by measuring the C–V char-
acteristics fromMOS capacitor samples, as well as by quantifying
Q tot and Dit from the corresponding COCOS samples. Figure 2a
presents the C–V curves for MOS capacitors metallized by
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Figure 2. Influence of different metallization methods for Al without postmetallization anneal on a) the C–V characteristics (CV non-anneal) of MOS
capacitors, and b) the total charge Qtot and c) the interface defect density Dit at midgap by COCOS measurements (COCOS non-anneal).
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sputter deposition, e-beam, and thermal evaporation directly after
the Al deposition (CV non-anneal). The curves were normalized
to the largest value of each curve at accumulation.

The fast decrease of the capacitance in the C–V characteristics
corresponds to the so-called flatband voltage (VFB), at which the
energy bands of the substrate are becoming flat at the Al2O3=Si
interface. The difference of VFB shows that the deposition
method has a large impact on the amount and type of charge
at the interface. The negative flatband voltage that is observed
for the sputtered sample (blue, open squares) indicates that
after Al sputtering, there are positive charges at the oxide–
semiconductor interface. After metallization by e-beam evapora-
tion (green, open triangles), VFB reaches near-zero voltage. This
reveals that there is only little-to-no charge at the interface.
However, after thermal evaporation (red, open circles), negative
charge is found at the interface, which is expected due to the
negatively charged Al2O3. From the flatband voltage shift, the
oxide charge Qox at the oxide–semiconductor interface can be
determined through

Qox ¼ �CoxΔVFB (1)

where Cox is the capacitance of the oxide in accumulation and
ΔVFB the flatband voltage shift from neutrality (0 V) due to
total oxide and interface charges.[42] For the investigated contacts,
the derived Qox is for the sputtered contacts (blue)
ðþ10.9� 5.9Þ � 1012 cm�2, whereas ð�0.2� 0.3Þ � 1012 cm�2

for the e-beam evaporated (green) and ð�2.1� 2.0Þ � 1012 cm�2

for thermal evaporated (red).
In Figure 2a it is also visible that the slope of the normalized

C–V curves (i.e., the interface defect density) for the three met-
allization methods is different. The curves indicate that sputter-
ing generates the highest Dit (lowest slope), while thermal
evaporation seems to be the least damaging leading to the lowest
Dit (steepest slope).

COCOS measurements were performed on sister samples to
determine Q tot and Dit. Q tot is defined as

Q tot ¼ QFB
it þ Qsurf þQox (2)

where QFB
it is the interface-trapped charge at flatband condition,

Qsurf is any initial charge on the surface of the oxide, and Qox is
the oxide charge. The results for Q tot and Dit are given in
Figure 2b,c, respectively. For the sputtered contact (blue), the
total charge Q tot is ðþ6.5� 0.5Þ � 1012 cm�2, whereas it is
ð�1.0� 0.1Þ � 1012 cm�2 for e-beam (green) and ð�3.4� 0.2Þ �
1012 cm�2 for thermally (red) evaporated aluminum. These val-
ues show the same trends as the above-described qualitative
MOS andQox results. They confirm that there are a large number
of positive charges at the oxide–semiconductor interface for the
sputtered and of negative charges for the thermal evaporated
samples. While Dit was more difficult to interpret from the
C–V MOS results, Figure 2c indicates significant difference in
the Dit at the Al2O3=Si interface for the three metallization
methods. For the sputtered contact (blue), the defect
density (ð3.3� 2.2Þ � 1013 cm�2 eV) is more than two orders
of magnitude higher than for the evaporated contacts: e-beam
(green) ð2.9� 0.4Þ � 1011 cm�2 eV and thermal (red)
ð1.7� 0.5Þ ⋅ 1011cm�2eV.

Taking into account the definition of Q tot given in
Equation (2), the differences in the determined values for Q tot
and Qox can be explained. The values for Q tot are always larger,
as they also include the interface-trapped charge (QFB

it ) and the
initial surface charges (Qsurf ). Qsurf should be equal for all
samples, as the preparation was identical. On the other hand,
QFB

it should strongly depend on the deposition method, as
the above determined Dit strongly varies for the different depo-
sition methods. This is in line with the obtained values for Q tot
and Qox, as the difference between the two and the correspond-
ing Dit is larger for the sputtered, than for the evaporated
samples.

The obtained differences for the different metal deposition
methods were expected to some extent, as it is known that,
for example, during sputtering, the sample is bombarded with
a variety of particles that can cause damage,[24–26] but the quan-
tified amount is new. As reported by B. Deal, ionizing radiation
of the plasma during sputter deposition generates electron–hole
pairs in the oxide, which result in induced positive charge due to
trapped holes.[34] However, it is still remarkable that sputtering
generates Dit above 1� 1013cm�2eV, as such high defect densi-
ties are not tolerable in devices.[43] This explains, why, curing
steps such as annealing are in general introduced in fabrication
processes.

3.2. Impact of Alneal

In SiO2=Si-based device fabrication, it is common to inten-
tionally cover the oxide–semiconductor surfaces with aluminum
and perform a post-Al anneal (Alneal) to improve the quality of
the SiO2=Si interface.[14,32,34] To investigate the effect of the
Alneal on the Al2O3=Si interface, we compared in Figure 3a
the C–V results of Alnealed samples (CV Alneal: filled symbols)
to the above-described as-deposited samples (CV non-anneal:
open symbols).

Upon Alneal, all C–V curves shifted toward similar
flatband voltages; therefore, the major differences for the
different deposition methods discussed earlier have been
reduced. In particular, we observed that 1) positive charges
induced by Al sputter deposition are cancelled out and
actually become negative and 2) the (negative) charge density
of the e-beam evaporated sample is further increased. In addi-
tion, differences in the slopes have been reduced, indicating
that the Alneal process is effective in recovering most of the
damage (possibly all) induced by metal deposition and in
reducing any intrinsic difference derived by the metal
deposition method. These changes in the C–V curves also
reflect in the values of Qox determined from them, leading
to same values within the measurement accuracy of the
method. In numerical numbers, the total charge after
Alnealing for Al deposited by sputtering, e-beam, or thermal
evaporation is ð�4.0� 3.1Þ � 1012, ð�1.8� 2.0Þ � 1012, and
ð�3.1� 2.6Þ � 1012 cm�2, respectively.

The changes observed with the C–V curves are also
reflected in the values of Q tot and Dit measured with COCOS.
By comparing the filled (COCOS Alneal) with the ruled
(COCOS non-anneal) bars in Figure 3b, one can see that
Q tot at the oxide–silicon interface after Alnealing is about
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(�3.3� 0.3Þ � 1012 cm�2 for all samples, independently of the
prior metallization method. Upon Alneal, also the Dit values
are all within the same order of magnitude, independently of
the deposition method, as shown in Figure 3c. This is in agree-
ment with the changes in the slopes observed in the C–V curves
in Figure 3a and the derived values given earlier. We note a
non-negligible increase of the interface defect density after
Alneal treatment for the thermally evaporated samples
measured by COCOS; this unexpected change is currently under
investigation.

Our experimental results demonstrate that even a large dam-
age induced by metallization (as in the case of sputtering) can be
cured by postmetallization annealing (Alneal) of the samples.
According to B. Deal, the reduction of the positive charge due
to trapped holes, induced by the plasma during sputtering,
can be annealed out at 350 °C or higher.[34] The curing effect
for Dit by Alnealing was also expected to a certain extent, as
reductions for Al=SiO2=Si-based structures are reported in ear-
lier works.[5,15,19,34,43] Furthermore, a similar reduction in Dit of
Al/Al2O3=Si MOS structures with sputtered Al films was recently
reported by Khosla et al.[44] The improvement could be explained
by hydrogen species, which diffuse to the oxide–semiconductor
interface and terminate the dangling bonds at the interface, as
done for SiO2=Si interfaces.

[5,32,34,43,45] Those hydrogen species
form, when water, introduced to the system as traces of moisture,
reacts with the Al during annealing. Water traces are introduced
at different points throughout the process and can therefore be at
the Al–oxide interface, in the Al or on the Al surface.[5,32,34,43,45]

The beneficial impact of Alnealing has also been observed, when
using SiO2=TiO2 as oxide in metal–oxide–semiconductor thin-
film stacks,[32,33] which supports the assumption that the same
theory could also be applied for our Al2O3=Si interface. In
summary, the above-discussed experiments have shown that
Alnealing not only reduces the Dit at the oxide–semiconductor
interface, but also significantly changes the charge density
Q tot.

3.3. Initial Properties of the Al2O3=Si Interface

We further used COCOS characterization to study the initial
stage (before metallization) of the studied Al2O3=Si interface
right after activating the surface passivation (Al2O3 anneal).
The measured values for Q tot (ð�2.4� 0.2Þ � 1012 cm�2) and
Dit (ð4.6� 2.1Þ � 1011 cm�2 eV) (COCOS initial) are presented
in Figure 4, and are consistent with literature.[15,20–22,46]

When comparing with the corresponding Q tot after metal
deposition (Figure 2), it becomes clear that the initial value is
intermediate between the values after e-beam and thermal evap-
oration. On the other hand, if we compare the initial Dit to Dit of
thermal and e-beam evaporated samples, it seems that deposition
of Al by evaporation actually improves the Al2O3=Si interface.
When comparing the obtained initial values in Figure 4 to the
values given in Figure 3 for the Alnealed samples, it becomes
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Figure 3. Influence of post-Al deposition anneal (Alneal) on the oxide–semiconductor structure on a) the C–V characteristics for different metallization
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Figure 4. Initial values for total chargeQtot and interface defect density Dit

at midgap for 22 nm-thick Al2O3 measured directly after oxide deposition
and Al2O3 anneal (COCOS initial).
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visible that by Alnealing of the oxide–semiconductor interface,
the characteristic negative charge of Al2O3 can be increased
by ΔQ tot ¼� 1� 1012 cm�2 and that Dit changes back to the
value of the initial stage. A similar increase of Q tot was also
observed by Setälä et al. for n-type Si-wafers, and they also
observe a decrease for Dit after Alnealing.

[36]

3.4. Impact of Presence of Al Layer During Alneal

In the sections above, we have demonstrated that Alnealing is
effective for healing damage induced by metal deposition.
However, it remains unclear if this effect is a direct consequence
of the annealing process itself or possibly related to the physical
presence of the Al layer during annealing. COCOS allows us to
gain a deeper insight in this subject. Samples which have under-
gone the same anneal process (as Alnealed samples) after the
aluminum layer was removed (COCOS anneal) were prepared
and characterized. Figure 5 shows the effect of the annealing pro-
cess with and without Al layer, filled and dotted bars, respectively.
Our results suggest that the value of Q tot depends on the pres-
ence of the Al film during the thermal treatment, independently
of the deposition method, the absolute value of Q tot is consis-
tently smaller after annealing (COCOS anneal – dotted) than
after Alnealing (COCOS Alneal – filled). In addition, when com-
paring Q tot after annealing with the initial values (Figure 4), it is
clear that the values after annealing without Al (COCOS anneal)
are closer to the initial value than after Alnealing. Therefore, we
can conclude that the annealing process by itself (at 400 °C in
pure N2 atmosphere) has a positive effect, as it reduces the posi-
tive charges induced by Al deposition. This is consistent with
work reported by B. Deal, as he has reported earlier that
plasma-induced positive charge can be cured by annealing at
temperatures higher than 350 °C.[34] Furthermore, the investiga-
tion of Q tot shows that it is enough to anneal after metal deposi-
tion to regain the original strength of field-effect passivation.
On the other hand, for further improvement in field-effect

passivation, it is desirable to increase negative charges at the
interface; thus, Alnealing is in this case the preferred choice.

Regarding the interface defect density, the effect is quite sur-
prisingly overall less clear (Figure 5b) even though Alnealing was
introduced to improve the oxide–semiconductor interface. The
results indicate negligible differences between Alnealing and
annealing for the sputter-deposited (blue) or e-beam-evaporated
(green) samples. In the case of thermally evaporated films (red), a
more pronounced difference in Dit is observed. This behavior is
currently investigated further. We also note that independently of
the annealing process (i.e., with or without Al on the surface), Dit

values are smaller than the measured initial value (Figure 4),
except for the thermally evaporated Alnealed sample (red filled).
This could indicate that in the case of ALD-deposited Al2O3, the
dissociation of water by Al during the Alnealing is less important,
as the Al2O3 layer already contains a remarkable amount of
hydrogen that can heal dangling bonds at the interface.[6]

3.5. Discussion and Summary

The systematic investigation presented here demonstrates that
the metallization method influences the characteristics of
oxide–semiconductor interfaces. Table 1 summarizes the
obtained values forQ tot andDit for the different deposition meth-
ods and the various processes measured with the COCOS
method.

By preparing identical samples, where only the Al deposition
method was varied, we confirmed that sputtering indeed induces
a high amount of damage at the interface, which can be seen in
the high Dit value. Furthermore, thermal evaporation can be con-
sidered as the least damaging method among the three PVD
deposition techniques investigated. On the other hand, when
comparing the non-anneal values for Q tot with the initial values
obtained for the pure Al2O3/Si interface (before any Al
deposition), it becomes clear that the total negative charge at
the oxide–semiconductor interface, which is needed for the
field-effect passivation, is reduced during the Al deposition by
sputtering or e-beam evaporation, whereas it is increased during
thermal evaporation.

The exact generation of the damage at the interface was not
investigated in this article, if it is only the bombardment by dif-
ferent species during metal deposition, as suggested in
literature,[24–26,28–30] or if it is the induced temperature during
the metal deposition. Nevertheless, the just described factors
should have an influence on the absolute values, especially if
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1/
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2 ]
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Figure 5. Effect of postmetal deposition anneal on samples with and with-
out the aluminum layer. a) Qtot and b) Dit after postmetal annealing with
aluminum (filled: COCOS Alneal) or without aluminum (dotted: COCOS
anneal) on the oxide measured by the COCOS method.

Table 1. Summary of total charge Qtot and interface defect density Dit for
Al2O3-passivated samples after Al deposition via different methods and
anneal processes, as investigated by COCOS method. (* This
unexpected value is currently under investigation).

Qtot [1012 cm�2] Dit [1011 eV�1 cm�2]

Sputtering e-beam Thermal Sputtering e-beam Thermal

Initial (before Al) �2.4 4.6

Non-anneal 6.5 �1.0 �3.4 325.0 2.9 1.7

Alneal �3.6 �3.0 �3.5 3.2 3.2 6:2�

Anneal without Al �2.0 �2.7 �2.2 3.2 2.8 1.9
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different metal contacts are used, as they should depend on the
deposition parameters needed, such as power or pressure. This is
further supported by the findings of Cho et al., who investigated
the influence of process parameters when depositing a thin film
by PECVD on top of Al2O3.

[47] Furthermore, we have seen that
for thin (12 nm) Al2O3 the changes to Q tot are more pronounced,
although the tendencies are similar to those of the discussed
thicker (22 nm) Al2O3 films (results not presented in this article).
Therefore, we think that we can assume that the observed
phenomena could also be valid for other oxide–semiconductor
interfaces, independent of the used materials.

Furthermore, the changes in Q tot and Dit in comparison to
their initial values can be influenced by annealing without metal
or by Alnealing the oxide–Si interface. When only Dit is consid-
ered, there is no clear preference for annealing or Alnealing, as
the differences are in the range of measurement fluctuations. On
the contrary, if a high field effect, that is, a high Q tot, is needed,
which is even higher than the initial values, it is necessary to
perform an Alneal.

Finally, the investigated influence of different metal deposi-
tion methods and the different annealing steps on the oxide–
semiconductor interface show that the COCOS characterization
possesses several benefits in comparison to using the second har-
monic generation (SHG) method[48] or the traditional investiga-
tion by measuring C–V curves of MOS capacitors. First, there is
no requirement to precisely know the sample geometry (SHG
and MOS). Second, there is no need for electrical contacts
(MOS). Instead, COCOS opens the possibility to assess the initial
stage and therefore the influence of the contact deposition, as
well as the impact of metal-free annealing in comparison to
Alnealing of the oxide–semiconductor interface. Furthermore,
reducing the number of process steps required has the advantage
of limiting possible contamination.

4. Conclusion

In this article, we systematically investigated the influence of dif-
ferent metallization methods on the characteristics of oxide–
semiconductor interfaces by two different methods: on the device
level by measuring C–V curves of MOS capacitors and on film
level through the COCOSmethod. By measuringQ tot andDit, we
have shown that magnetron sputtering introduces significant
damage, whereas thermal evaporation is the softest method.
Furthermore, we have demonstrated that Alnealing heals the
damage as expected but rather surprisingly it has also a signifi-
cant impact on the charge of the film recovering the characteris-
tic high negative charge of Al2O3. However, if the anneal is
performed without the presence of aluminum, Q tot is not fully
recovered whereas Dit returns to the original level. In summary,
when characterizing interfaces and/or designing devices, one
should keep in mind that metallization methods as well as
annealing processes can affect the interface quality.
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