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Spurious phenomena occurring during current measurement on ultra-thin
dielectric layers: From electro-thermal effects to surface damage

A. Grandfond, B. Gautier, L. Militaru, D. Albertini, and A. Descamps-Mandine
Institut des Nanotechnologies de Lyon (INL), UMR CNRS 5270, INSA de Lyon, 7 Avenue Jean Capelle,

69621 Villeurbanne CEDEX, France

(Received 17 September 2013; accepted 3 March 2014; published online 7 April 2014)

In this paper, the conduction properties of dielectric ultra-thin layers are studied using atomic force
microscopy. Especially, the conductive-atomic force microscope allows to measure the leakage current
at the nanoscale and to study the degradation mechanisms locally. Nonetheless, the dielectric layer
seems to be damaged by a technique’s specific phenomenon: hillocks appear when a positive tip bias
is applied on different dielectrics. In this paper, the formation of these hillocks is studied. Contrary to
what is observed during the dielectric breakdown, the conductivity is reduced after hillocks formation
which occurs after the dielectric breakdown. Moreover, we have observed the formation of cavities in
the silicon substrate linked to the formation of hillocks, which is not compatible with a swelling
process (as dielectric breakdown induced epitaxy). We propose that these results may be explained by
an electro-thermal effect due to the large dissipated energy, maybe combined with the oxidation of the
substrate. Finally, the interdependence of measurements is demonstrated during serial acquisition.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4869182]

. INTRODUCTION

Thin dielectric layers are essential components in
microelectronic devices and the study of the mechanisms
which govern dielectric breakdown provides crucial infor-
mation about their reliability and life-time. The continuous
progression of the devices integration requires to replace
SiO, layers by new materials with larger dielectric con-
stant, so called “high-k” materials. Classically, the leakage
current and the oxide degradation (and breakdown) are
studied at the device scale. However, it as been shown'™
that these phenomena take place at the nanometer scale.
Therefore, more and more investigations are carried out
with a nanometric resolution with techniques derived from
the atomic force microscope (AFM) like Conductive-AFM
(C-AFM). It is possible to perform Intensity-Voltage (I-V)
measurements locally and make maps of localized leakage
current. Leakage current mapping allows a comparison of
the current level with topographic maps obtained simulta-
neously. For example, some studies have shown that in cer-
tain cases the leakage current appears at the grain
boundaries.' Time dependent dielectric breakdown studies
(TDDB) with the C-AFM tip used as nanoscale electrode
can also be performed.* Using AFM allows to simplify the
experimental set-up and to highlight different breakdown
modes when the dielectric layer is not homogeneous (thick-
ness, defect density and distribution, stoichiometry.).

A lot of results available in the literature were obtained
in ambient atmosphere. In this case, a water layer exists on
the sample surface and a meniscus appears at the tip-sample
contact.” These experimental conditions are different from a
macroscopic experimentation where the oxide layer is pro-
tected by the large size electrode. In the case of AFM meas-
urements, on the one hand, the water meniscus determines
the effective electrical contact area. On the other hand, this
water layer can also be at the origin of electrochemical
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effects: dissociation of water molecules by the electric field
and injection of ions in the sample.

When a negative bias is applied to the AFM tip rela-
tively to the substrate, some OH™ ions may be injected
through the oxide layer, inducing silicon substrate oxidation.
Then an hillock appears on the stressed area.®

When the bias applied to the tip is positive (or the bias
applied to the backside of the sample is negative), OH™ ions
cannot to be injected through the oxide layer, so the substrate
oxidation must be impossible. Nonetheless, a hillock is
observed too.’

The first proposed explanation is that the observation of
a sample surface inflation is only due to injection of electric
charges in the dielectric which influences the topographical
mapping.’” The second theory supposes a phenomenon simi-
lar to dielectric breakdown induced epitaxy (DBIE) where
the substrate atoms migrate in the charge carriers direction
under the action of heating.® It has been proven that, the first
theory is not sufficient to fully explain observation of the
hillock.”

In this paper, we propose a theory that allows a better
understanding of mechanisms that induce the apparition of
hillocks under positive AFM bias relatively to the substrate.

Il. EXPERIMENTS

Experiments were performed using a Dimension 3100
AFM from Veeco (now Bruker) with TUNA 2 module which
allows to measure currents from a few tens of fA up to 1 uA
through four ranges. A NT-MDT Ntegra AFM was used too.
All experiments have been performed in air and at room
temperature.

In this study, the sample is a thermal SiO, grown on a
n-type (10'® cm™?) substrate. The dielectric layer thickness
is 4.2nm. We have chosen to work on such a very simple
system in order to take advantage of its well controlled

© 2014 AIP Publishing LLC
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growth conditions, so that we dispose of a homogeneous
layer with certified properties, and with minimal amount of
defects. Nonetheless, note that abnormal hillocks have been
already observed on different dielectrics.'*!!

The electrical stress is obtained by applying a bias ramp
on the backside of the sample, which is defined by the volt-
age range, the number of measurement points, and the volt-
age sweep rate. The current is measured in order to obtain
Intensity-Voltage (I-V) curves. These parameters play a role
on the noise level and the sample’s stress. In order to use
similar conditions in different experiments, voltage sweeps
are applied to the backside of the sample from 0V to —10V.
The voltage sweep rate is 0.5 V s~ '. Parameters of backward
voltage sweep (from —10V to 0V) are the same. To adjust
the electrical stress level, in some cases the current level is
limited by a current compliance: as soon as the current
reaches the limitation value, the current sweep is stopped
and the bias is switched down to 0 V. The sweep rate is also
0.5Vs .

C-AFM characterization of oxide layers requires a lot of
measurements because the results have to be interpreted stat-
istically. That is why, in our studies, series of 25 independent
curves are automatically obtained on a 25 points matrix.
Measurements on 3 identical samples, denominated A, B,
and C, are presented in this paper. More specific details will
be given in Sec. III.

lll. TOPOGRAPHIC ASPECTS

A first set of measurement has been obtained on sample
A with the 100 pA range. With this range, it is possible to
detect a small current (few tens of fA) in order to identify the
conduction mechanisms at moderate bias voltage.
Furthermore, a few pA current compliance can be applied.
Yet, the electrometer is easily saturated.

Three series of 25 voltage ramps have been performed
on three different areas. The first series was obtained using a
10pA current limitation (series Al). The two next series
were obtained without current limitation (A2 and A3 series),
which means that the voltage ramp was applied until the
maximum value whatever the current level. The A2 series
was performed on the right part of Al series area, and the A3
series was performed on the left part of Al area.

In order to distinguish between the three series, the dis-
tances between the measurements points are different for
each.

After applying the voltage ramps, the three series were
scanned in intermittent-contact AFM with a specific
intermittent-contact AFM tip. The result for the series A2 is
shown in Figure 1. The surface, the volume, and the height of
the hillocks formed on the surface were extracted from these
topographic maps. The distribution of hillocks volumes of the
series Al alone and from the series A2 and A3 are presented
in Figure 2. For series A1, when the electrical stress is limited,
no surface deformation was observed in some cases. The aver-
age hillock’s volume is 3100 nm® while the larger volume is
24400 nm®. The scattering of the volume value is important.

When the stress is not limited (series A2 and A3), hil-
locks are systematically observed, with an average volume
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FIG. 1. Hillocks observed by AFM for the series A2.

of 60000 nm”. The scattering is important too, the volumes
range from 22 000 nm? to 342 000 nm”.

From these experiments, it can be pointed out that the
volume of the hillock increases with the stress level (ramp
parameters), but the scattering is large, so we suppose that
the hillock formation is not only influenced by the applied
voltage but also by other parameters.
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FIG. 2. Volumes of hillocks distribution for the series Al (left) and A2 + A3
(right). The volumes are higher for the series without current limitation. In
all cases, the scattering is important.
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IV. I-V CHARACTERISTICS

For the series Al, A2, and A3, the current reaches 10 pA
for —5.93 V on average. For every curves, the voltage values
are in the range —4.53 V to —6.29 V (an example is shown in
Figure 3). Then the saturation is quickly reached. In some
cases, the leakage current can be fitted with Fowler-
Nordheim tunneling current model. In some cases, the cur-
rent increase is steep, which is representative of dielectric
breakdown. The measurements scattering can be explained
by the intrinsic random nature of the dielectric breakdown.'?
Since the saturation is always reached, we cannot measure
the electrical characteristic at high voltage bias and we can-
not estimate the dissipated energy in the sample which may
play an important role in thermal or electro-thermal
phenomena.

In order to measure the current at high voltage (up to
—10V), we have made the same experiment with the 10 nA
range on the sample B. At first, two individual I-V curves
(measurements labeled RVS1 and RVS2) have been per-
formed on two fresh area of the sample. Then two series of
25 I-V measurements have been performed on two other
fresh areas (measurement sets B1 and B2). Finally, two new
individual I-V curves have been obtained (labeled RVS3 and
RVS4). Only one tip has been used for all B series. The indi-
vidual ramps help us to understand the scattering of the
results and the interdependence of the measurements series
as will been shown later. The first four I-V from B1 area is
presented in Figure 4. It can be pointed out that the current
reaches a maximum value before a stabilization or decreas-
ing. The maximum value of current can reach 1 nA or higher
before to decrease down to a value of ~100 pA. The current
peak happens not a long time after the current exceeds the
noise level. The current arises from tunneling effect or from
the breakdown of the oxide. In either case, the voltage is
similar because the dielectric breakdown is largely due to
hot carriers passing through the oxide layer."

This shows that the hillocks’ appearance leads to the
decrease of the layer’s conductivity. A possible sudden
destruction of the AFM conductive tip cannot explain this
observation because the phenomenon is reversible. The
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FIG. 3. I-V characteristics extracted from the series Al.
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FIG. 4. I-V characteristics extracted from the series B1. The 4 opening
curves are presented. The current increases suddenly and reaches a maxi-
mum. There is a current peak in the first curve.

decrease of the conductivity occurs quickly after the large
increase of current, so we assume that the hillock formation
is linked to this high value of the current.

V. HILLOCK GROWTH

A third group of experiments was performed (sample C)
in order to get a more precise idea of the exact moment
where the hillocks appear during the voltage sweep. These
experiments were performed with the NTEGRA AFM from
NT-NDT. The voltage sweep parameters are the same as pre-
vious experiments. The cantilever deflection signal was
recorded in parallel with the current measurement. During
the voltage sweep, the deflection feedback is turned off so
that the deflection signal is linked to the tip displacement
and thus surface motion. By doing so, we can track the hil-
lock growth.

The measurements show that the current peak occurs at
the same time as the beginning of the hillock growth (Figure
5). Force curves attest the relationship between the height of

Cantilever deflexion and current vs. voltage
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FIG. 5. Measurement of the cantilever deflection simultaneously to I-V ac-
quisition. The hillock apparition is linked with the current peak.
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the hillock and the measured deflection. The noise level on
the deflection signal prevents from detecting precisely the
beginning of the hillock growth in order to determine
whether it precedes with the current peak. The hillock forma-
tion lasts a few seconds. Nonetheless, this experiment con-
firms the relationship between the high current level and the
hillock formation.

VI. IMPACT ON THE SUBSTRATE

In order to try and select the best explanation between
the substrate oxidation theory and the electro-thermal theory,
we focused on the degradation of the substrate after the for-
mation of a hillock. If an oxidation of the substrate occurs, a
cavity in the substrate should appear because of the con-
sumption of the substrate during oxidation process. On the
contrary, if it is a DBIE phenomenon, silicon atoms migrate
with the electrons and an inflation of the substrate should
appear.

To try and answer the question, the sample B has been
treated with fluorhydric acide (HF) solution (concentration:
5% mass), during approximately 30 s in order to suppress the
SiO, layer. Then, the sample has been rinsed with distilled
water and dried.

After oxide suppression, the area has been scanned in
intermittent-contact AFM mode. In these conditions, no elec-
trostatic artifact may disturb the topography because there
are no trapped charges. We did not observe any substrate de-
formation for the series Al (I-V measurements limited cur-
rent). However, most of the time, holes are observed in the
substrate when the stress has not been limited (series A2 and
A3). The result of series A2 is shown in Figure 6. The
dimensions of these cavities are variable. The cavities’ aver-
age volume is 17200 nm>. The minimum value is 3400 nm’
(trace) and the maximum is 73 000 nm°. The hillocks’ aver-
age volume/hole ratio is 3.5 and the ratio (r) average is 4. r
ranges between 0.76 and 10.15. 74% of the values of r are
between 2 and 4, 14% is lower than 2, and 12% higher than
4 (Figure 7). The extreme values are probably due to mea-
surement incertitude.

FIG. 6. Substrate topography of the series A2. Holes are observed when the
electric stress is maximum.

J. Appl. Phys. 115, 134103 (2014)
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FIG. 7. Comparison of the hillocks volumes and the corresponding holes
volumes (sample B). The hillocks volumes are four times higher than the
holes volumes in average with large scattering.

If a compact and stoichiometric oxide is formed, the
hillock/cavities volume ratio must be 1.2. In our experi-
ments, the oxide formed during the hillock’s growth should
be extremely non compact and non stoichiometric to explain
the ratio between the volume of the cavity and the volume of
the hillock.

It has to be pointed out that the cavities volumes may be
under-evaluated owing to their very small dimensions (a few
tens of nanometers large and a few nanometers deep) com-
pared to the tip dimensions. Nonetheless, the hillocks vol-
ume seems to be under-evaluated too because electric
charges are injected in the layer during the electrical stress.
So, during scanning, an image charge appears in the AFM
conductive tip. Therefore, an attractive electrostatic force
reduces the visible volume.'* Independently of the role of
the injected charges on the mechanisms which lead to the
formation of the hillocks, the observation of the hillocks is
not solely due to the electrostatic interaction arising from the
presence of trapped charges in the volume of the oxide,
although they may play a role on the apparent volume of the
protuberances because injected charges may reduce the
observed deformation.

The cavities in the silicon substrate could be explained
by an oxidation mechanism but their volume is indeed small.
Furthermore, there are no cavities when the stress is limited
even though hillocks appear. We can conclude that a phe-
nomenon different from oxidation cause the observed hil-
lock’s growth. This phenomenon and oxidation can coexist
as it has been already proposed.'*

VIl. DISSIPATED ENERGY

The energy dissipated in the oxide layer has been
extracted from experiments obtained with sample B. The
10nA range was used here. We assume that all the energy is
dissipated in the dielectric layer. The energy is calculated by
time integration of the product of the current and the voltage.

The values of dissipated energies are very scattered:
from 1.1 x 1072 to 1.9 x 1077 J with an average value at
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1.1 x 107®J. The weak relationship between the hillocks
volumes and the dissipated energies is shown in Figure 8. The
hillock’s volume seems to show a logarithmic increase with
dissipated energy. It seems that the hillock growth saturates.

Silicon and SiO, specific heat capacities are almost
identical 7117 kg~' K" and 7127 kg~' K™, respectively.
Their densities are close too with 2.33 g cm® and 2.27 g cm”?,
respectively. The silicon melting point is 1414K and the
SiO, melting point is near 1650 K. The thermal conductivity
of silicon (140 W m™"' K™} is higher than the SiO, thermal
conductivity (1.4 W m! Kil). If we take into account a
20000 nm? surface, which corresponds to the average sur-
face of the hillocks, and a 4.2 nm layer thickness, the consid-
ered volume of the oxide is equal to 840000nm®. The
energy required to reach the melting point from 300K is 1.8
x 107" J. So, the dissipated energy is much larger than the
required energy to reach the melting point. This energy is
dissipated in the dielectric layer and the SiO, has a low ther-
mal conductivity. The silicon melting point is lower than the
SiO, melting point but evacuates the heat more efficiently
than the oxide. That is why we assume that during the pas-
sage of an important current in such a little surface signifi-
cant increase of temperature should happen and the
temperature may be higher in the oxide than in the substrate.
At first, the oxide atoms under the AFM tip become more
mobile. The material is reorganized (like a phase transition)
and the compactness decreases. It is possible that the temper-
ature passes the melting point as it has already been pro-
posed.” If the dissipated energy is important enough, the
substrate may be affected too. The silicon is locally weak-
ened and a matter exchange occurs with the oxide layer.
When the bias is removed, oxygen atoms may be able to pen-
etrate the damaged volume. The potential barrier is more im-
portant because the layer thickness is larger. We assume that
the material created after this process is a non-stoichiometric
and non-compact oxide.

If the current level is limited, the substrate is never dam-
aged and a large energetic gap between both scenarios exists.

Volume of the hillock vs. Dissipated energy
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FIG. 8. Comparison of the hillocks volumes and the corresponding dissi-
pated energies. There is a low relationship between the both parameters.
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The required energy for substrate damaging is far higher
than the required energy for dielectric layer damaging.

In a first phase, the passage of the charge carriers
through the dielectric causes the apparition of oxide defects
which favors the conduction. This is the classical degrada-
tion mechanism. In our case, as soon as the current is suffi-
ciently large, a hillock grows and the conduction decreases.
We can note that if the material melting point is reached, the
AFM tip coating must melt too. An important damage to the
AFM tip is shown in Figure 9.

VIIl. INTERDEPENDENCE OF THE MEASUREMENTS

A large scattering of electrical results, hillocks dimen-
sions, and dissipated energy have been mentioned in this pa-
per. The first explanation is statistical: the scattering is due
to the sample inhomogeneity and the dielectric breakdown is
a random phenomenon.

We can also note the large degradation of the AFM tip
during voltage sweep. That is an important problem for the
reproducibility.'> The tip heating is a possible explanation:
after the first ramp, the tip is hot, and the collection of the
current may be influenced. Considering the situation, one im-
portant problem may arise from the short delay between two
individual measurements.

During our experiments, we have pointed out that the
acquisition of series of measurements (instead of individual
I-V curves) affects the results. Indeed, the ramp voltage
sweeps are applied in a row on different points located in a
few micrometers wide area. In order to verify the influence
of this experimental protocol, two individual measurements
have been operated on sample B before and after two series
of 25 measurements.

Figure 10(a) illustrates the impact of serial acquisitions.
Generally, during serial acquisition, the very first ramps pro-
duce bigger hillocks compared to the following. Besides, the
individual ramps produce big hillocks just like the very first
ramps of the series. The same tendency is observed for
energy dissipation which is higher for the first ramps and the
individual ramps (Figure 10(b)) compared to the others.
Also, the current increases quickly at lower voltage for these
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= ]

SEVI MAG T3 kX Ve ¥k wonm
Winw finhl 308 e T sdmiddly] ASHE'I [[1]

FIG. 9. SEM image of an AFM conductive tip after use. The Ptlr coating is
strongly damaged.
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FIG. 10. (a) Volumes of the hillocks for sample B. (b) Dissipated energies.
(c) Voltage values for 10 pA. The opening ramps and the individual ramps
give different results as the next ramps.

ramps as it shown in Figure 10(c). This result is not due to
the tip coating degradation because the same result is repro-
duced with the same tip at different moments.

It has been proved that the water layer on the sample
facilitates the hillocks growth.15 Moreover, the hillocks
obtained in vacuum are smaller and rare but they still exist.
The water layer and meniscus are not directly responsible for
the hillocks apparition but facilitate the dielectric layer deg-
radation and the onset of higher leakage current. It was pro-
posed that the H' ions arising from water dissociation are

J. Appl. Phys. 115, 134103 (2014)

injected in the oxide layer and create traps for charges
carriers,'®'® which facilitate the injection of current.

We propose that during the experiments operated in se-
ries, the first voltage ramp is responsible for the increase of
the temperature at the micrometer scale on the surface under
investigation. As a consequence, the water layer is partially
desorbed. During the following measurements, the damaging
of the oxide is reduced due to the reduced amount of water
(onset of high current at higher voltage). Consequently, the
leakage current is lower as well as the dissipated energy,
leading to a smaller hillock.

Furthermore, as the AFM tip is hot, the water meniscus
is also reduced. The dielectric breakdown is less affected by
the presence of water. In other words, a progressive current
increase generates a moderate hillock growth.

As a conclusion, the hillock formation is largely linked
to the breakdown dynamics which is itself linked to the pres-
ence of water.

IX. CONCLUSION

In this paper, we have considered the formation of abnor-
mal hillocks on the surface of ultra-thin dielectric layer during
C-AFM measurements at positive tip bias (or negative sample
bias). SiO, samples have been studied in order to work with a
perfect, well defined dielectric layer. By means of deflection
measurements, we have shown that the hillock growth occurs
when the current becomes large. This hillock is highly resistive
and impinges the injection of current. If the electric stress is
moderate, only the oxide is damaged but if the electric stress is
higher (voltage ramp fully applied), cavities appear on the sub-
strate. The cavity is smaller than the corresponding hillock,
which does not seem to correspond to an oxidation phenom-
enon. The dissipated energy is important so we may suppose
an important increase of temperature. The hillock may be
linked to the thermal expansion of the oxide layer and a great
increase of the temperature of the layer and the substrate.

Finally, we have demonstrated a interdependence
between results during serial measurements. For the very
first voltage ramps, the hillocks are bigger as well as the dis-
sipated energy, and the breakdown voltages are lower. It
may be explained by the heating of the surface under investi-
gation which reduces the amount of water on the surface.
Water enhances the damaging process of the layer and accel-
erates the breakdown which leads to higher leakage currents
and bigger hillocks. To conclude, we can infer that, electric
measurements on thin dielectric layers with C-AFM are
largely affected by the ambient atmosphere because of the
humidity.
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