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if the perturbation was practiced in several experimental
sessions, performed during di�erent days, monkeys were
able to learn the new neural activity patterns required to
move the cursor [7]. Therefore, in the present study, we
questioned whether extended practice over multiple days
would allow the participants to compensate the e�ect of
the incompatible virtual surgeries.
For this purpose, we formulated a 3D EMG-control iso-
metric task paradigm, similar to the one proposed by
Berger and collaborators, in which participants were ex-
posed to the perturbation during three sessions over con-
secutive days. The aim of the study was the comparison
of the di�erent strategies that participants adopted to
adapt to either compatible or incompatible virtual surg-
eries, in terms of number of trials in which the participant
successfully reached the target and the angular deviation
of the cursor movement with respect to the target direc-
tion.

Material and Methods

Subjects

Sixteen naïve right-handed subjects (mean age 26.9 years,
SD 6.7, age range 19�43, 5 females) participated in the
experiments after giving written informed consent. All
participants had normal or corrected to normal vision
and had not known neural diseases or upper right limb
injuries.

Setup

Participants sat on a gaming chair in front of a desktop,
with the right hand inserted in an orthosis rigidly con-
nected to a force transducer. Forearm and arm formed a
90◦ angle and the chair was positioned so that the hand
was at level of the solar plexus. Car belts immobilized
the subjects' torso and shoulders (Fig. 1).

Figure 1: Photo of the setup used for the experiment.

Participants, wearing 3D shutter glasses, had the hand
view occluded by a mirror re�ecting the 3D scene visual-
ized on a monitor, giving real-time feedback of the exerted

force represented as the position of a cursor in the scene
space. 3D cursor motion was simulated as a mass-spring-
damper system with critical damping, accelerated by the
force applied by the participant. The spring constant
was set such that the force applied to maintain the cur-
sor stationary at the target was equal to 20% magnitude
of the participant's maximum voluntary force (MVF, see
below). The mass was adjusted adaptively in the range
15�140 g as a sigmoidal function of the rate of change
in the magnitude of the recorded force to maintain fast
response and reducing the e�ect of noise [4].
Surface electromyographic (sEMG) activity was recorded
from �fteen muscles acting on the shoulder and elbow and
acquired at 1000 Hz with active bipolar surface electrodes
(Delsys Trigno Wireless System), bandpass �ltered (20 �
450 Hz), 1000 gain. Participants' skin was cleansed with
alcohol and electrodes were placed based on recommen-
dations from SENIAM [8] and by palpating muscles to
locate the muscle belly and orienting the electrodes along
the main direction of the �bres. Pictures of the arm to
record electrode placement were taken at the beginning
of each experiment.
Data elaboration and analysis were made with cus-
tom made software written with MATLAB R©(MathWorks
Inc., Natick, MA) and Java R©.

Protocol

Participants performed 3 sessions in consecutive days. At
the beginning of the �rst day, they performed two blocks
in force control (i.e. controlling the cursor directly with
exerted force): in the �rst, it was asked to exert the MVF
for normalization of target distance. The second was
used for the calculation of the mapping between force
and EMG activation and for the calculation of the syn-
ergy perturbation: the subjects had to reach 20 targets
(presented in random order) placed on the vertices of an
icosahedron, at two di�erent force level (15% and 25% of
the MVF), and stay inside them for 0.2 seconds. There
were 3 repetition for each target, 120 trials in total.
The �rst EMG control block had no visual feedback of
the cursor position, to check the quality of the EMG-to-
force mapping.
The next series of 21 blocks was repeated in the same
order during all the three sessions. Each series consisted
of: 3 EMG baseline blocks, 1 EMG baseline block with
no cursor feedback, 12 virtual surgery blocks, 1 virtual
surgery block with no cursor feedback, 3 washout blocks,
and 1 washout block with no cursor feedback.
After sessions 1 and 2, electrode positions were marked
with a dermographic pen to help repositioning in the suc-
cessive sessions, together with electrode photos. The cor-
rect electrodes placement was tested checking the cursor
movement during the �rst EMG control block of the ses-
sion.

EMG-to-Force Mapping

We approximated the relation between the shoulder and
elbow muscles activation and the isometric submaximal
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force generated at the hand linearly:

f = Hm, (1)

where f is the 3D force vector generated by the partic-
ipant, m is the 15-dimesional muscle activation vector,
and H is the EMG-to-force matrix (dimensions 3x15).
This was calculated with a multiple linear regression be-
tween normalized EMG data, with baseline noise sub-
tracted, and force data (both �ltered with second-order
Butterworth, 1 Hz cut-o�) recorded during the movement
phase of force control, for every force direction. The H
matrix was calculated once in the �rst day and then used
for all the experiment, as in a previous work it was as-
serted the robustness of the H matrix in multiday exper-
iments [9]. We also tested the validity of the H matrix
after the experiment, reconstructing force data in EMG
baseline with the equation 1.

Muscle Synergies and Virtual
Surgeries

Muscle synergies were identi�ed by Non-Negative Matrix
Factorization (NMF) [1] from the EMG patterns recorded
during the dynamic phase of the force baseline block. In
this case, the equation for the NMF is:

m = Wc, (2)

where W is the synergy matrix, each column of which
identi�es a synergy (i.e. a vector specifying the relative
muscle activation levels). The term c is a column vector
of synergy activation coe�cients. For multiple time sam-
ples, c is a matrix which column are di�erent vectors for
each time sample. The EMG data used for the NMF are
the same used for the calculation of the H matrix.
The algorithm for the synergy extraction was repeated
10 times for each possible number of synergies, from 1 to
15 (i.e. the number of recorded muscles) and the repeti-
tion with the highest R2 (fraction of variation explained)
was retained. The minimum number that explained at
least 90% of the data variation was selected online as the
number of synergies.
As for the H matrix, also the W matrix was used for all
sessions, as its robustness was also tested in a previous
experiment [9].

It is possible to rotate the force vector associated to
each muscle through "virtual surgeries", applied to the
EMG-to-force mapping through a rotational matrix T
such that H' = HT (this is therefore applied to synergies
by eq. 2). If these rotations do not reduce the dimen-
sionality of the space spanned by the synergies, they are
called compatible rotations (Tc); in the opposite case
they are called incompatible rotations (Ti). The �rst
rotation allows to span the whole force space simply by
recombining the existing synergies, while the second does
not and, therefore, it is necessary to learn new synergy
patterns to span the whole space.
As in [4], compatible rotations were chosen as rotations in
the subspace spanned by the synergies and incompatible
rotations rotated a vector of the same synergy subspace

into the null space of H. The only di�erence with respect
to that work was the presence of the force feedback also
in the vertical (z) direction.

Data Analysis and Statistics

Data collected during all trials performed by participants
were visually inspected and those trials in which EMG
artefacts were detected were discarded.
Task performance was quanti�ed by the fraction of trials
in which the cursor did not reach the target and by the
angular deviation of the cursor position vector with re-
spect to target direction, at 50 ms and 400 ms after cursor
movement onset estimated from cursor velocity. Cursor
velocity was calculated along the horizontal plane during
each trial, as the 2nd order Butterworth 3Hz low-pass
�ltered cursor position (measured as a fraction of MVF)
after the end of the rest phase (i.e. when the target ap-
peared on the screen). Movement onset was de�ned as the
�rst sample at which the cursor velocity was higher than
a threshold of three times the mean rest value, recorded
in the 0.5 s before the target go.
For what concern statistical analysis, the probabilities to
have a successful trial during a visible block when prac-
ticing the incompatible or the compatible perturbations
were compared. A generalized linear model, with �xed
e�ects of the Block, Target, and Perturbation type was
compared with a generalized linear mixed model, with
the same �xed e�ects and Subject as random e�ect. A
p-value was obtained by likelihood ratio tests of the gen-
eralized linear model and the generalized linear mixed
model.

Results and Discussion

All subjects were able to reach the target in a large frac-
tion of trials in baseline blocks. The R2 of the recon-
struction of the 3D force collected during the force con-
trol block was 0.843 ± 0.042, while in the EMG base-
line blocks was 0.696 ± 0.115 and the reconstruction of
the only x-y force of the same blocks was 0.806 ± 0.054.
Therefore, we can conclude that the placement of EMG
electrodes was quite consistent and EMG control robust
across sessions.
The number of synergies identi�ed during the force base-
line block (6.1 ± 0.8, mean ± std) was consistent with
previous studies [10].
In the �rst session performance improvements were ob-
served only with compatible perturbations. During the
last session, seven of the eight subjects who practiced a
compatible perturbation and four of the eight subjects
who practiced an incompatible perturbation improved
their performance and successfully reached the target in
at least 40% of trials in the last block (Fig. 2). Pre-
liminary results indicate that di�erent strategies were
used during adaptation to incompatible and compatible
perturbations. After incompatible perturbations, perfor-
mance improvements were related to the acquisition of
online corrections (the angular error calculated at 400 ms
decreased in the second and third sessions while the an-
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gular error calculated at 50 ms did not). In contrast, af-
ter compatible perturbations, performance improvements
were related to changes in both feedforward control and
online corrections (both angular errors decreased). Fi-
nally, in each session, higher initial values and faster de-
crease of the angular error at both 50 ms and 400 ms were
observed with compatible perturbations indicating lower
retention across sessions but faster re-learning within ses-
sions.

Figure 2: Example of trajectories from the three
di�erent main groups (learner of incompatible per-
turbation, non-learner of incompatible perturbation,
learner of compatible perturbation).

Conclusion

The obtained preliminary results highlight inter-
individual di�erences in the ability to adapt to incom-
patible perturbations that cannot be appreciated during
a single experimental session and indicate that di�erent
adaptive processes are involved in the compensation of
the two di�erent types of virtual surgeries, with di�erent
weights of feedback and feedforward contributions. As
adapting to an incompatible perturbation requires novel
muscle coordination patterns, investigating neuroplastic-
ity after extended practice with virtual surgeries may pro-
vide novel insights on the neural mechanisms underlying
motor skill learning.
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Abstract

In recent years, power electronics has played a fundamental role in the development of increasingly
e�cient circuits for energy conversion. The characterization of the aging of the device, of the
oxidation processes of the gate dielectrics and the correlation with the reliability performances
represent a crucial point in the optimization of technologies. This article explores these aspects with
particular attention to the correlation between the electrical overstress e�ect on PowerMOSFET
aging and classical TDDB test for gate oxide integrity characterization. Moreover a possible physical
explanation to the adherence of the failure to the two typical failure model such as Thermochemical
Model and Anode Hole Injection has been put under analysis.

Keywords: overstress, EOS, gate oxide, density of states, MOSFETs.

Introduction and and aim of this
paper

The characterization of the reliability of power devices
is becoming a point of fundamental importance in the
development of technologies aimed at Power Converter
circuits, automotive and industrial application where the
reduction of consumption, the improvement of perfor-
mances and of energy e�ciency requires the application
and evaluation of improvements induced by new design
techniques. From this point of view, the continuous im-
provement of processes plays a key role in the ability of
the device as a whole to keep its characteristics unchanged
as much as possible or at least to guarantee through an
e�ective model of forecast when, in agreement with the
relative mission pro�le indicated by the customer, they
are irreparably compromised. This entailed reviewing the
canonical methodologies of characterization and quali�ca-
tion of elementary devices (such as The classic Time De-
pendent Dielectric Breackdown (TDDB) method for eval-
uating the transistor gate oxide lifetime) by intensifying
the e�orts in studies related to the exploration of nor-
mal aging or of extreme conditions such as overvoltage to
which the devices may be subjected. This work presents
a new method of modular and integrated characteriza-
tion of a Power MOSFET transistor subject to gate over-
voltage, where suitable parameters are studied simultane-
ously through speci�c readout to characterize reliability
and parametric degradation. Speci�cally, the purely re-
liability parameters studied were the time to breakdown,

or the time to Ron and Vth drift. The novelty introduced
by this work also consists of the study of the correlation
between breakdown and parametric degradation identify-
ing when and from what they are mainly induced.

Trench PowerMOSFET

In this paper we characterize a Vertical PowerMOSFET
based on Trench gate [1] where the drain terminal is
placed on the backside and the Source and the Gate ter-
minal on the front. The main fetaures of this topology
consists of the optimization of the device spacing by the
developing of the individual cells so that the excavation is
su�ciently deep to cross the n epitaxy beyond the body
region doped in an opposite manner.This special design
results in a great reduction of the RON as a lot of trenches
are packaged in parallel. A widely adopted improvement
to the �eld plate trench VDMOS shown in Figure 1 is the
split-gate or shielded-gate trench.

Figure 1: Split gate trench PowerMOSFET
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It consists of two in situ doped polysilicon regions�an up-
per �gate� portion comprising the transistor's gate elec-
trode, and a lower �buried �eld plate.� While the split-
gate trench VDMOS uses thick and thin oxides struc-
turally similar to the �eld plate trench VDMOS, the
buried �eld plate is not connected to the transistor's gate,
but instead it is grounded (the ground connection is not
shown in the illustrated cross section).

Physical Model Background:

Anode Injection Model

The anode hole injection model [2] describes a physical
process in which electrons injected through the oxide lose
their energy at the Si/SiO2 interface in the anode side
due to an impact ionization, thereby creating electron-
hole pairs. A fraction of the electrons tunnelling through
the oxide are able to transfer their energy to deep va-
lence band electrons. This creates hot holes which in turn
tunnel back into the oxide, thereby creating traps inside
the oxide layer. Eventually these traps form percolation
paths and leads to oxide breakdown. According to the
anode hole injection model, the oxide time-to-breakdown
(Tdb) can be written as:

tbd =
Nbd

AJeαTh
(1)

Where Nbd is the Number of Traps, Je is the Electron
Current, A is the hole generation (or impact ionization
rate) and Th is the hole tunneling probability It seems to
work and �t better at high �elds than lower ones.

Thermochemical Model

The thermochemical model [3] attributes the generation
of oxide trap to the interaction of the electric �eld with
weak bonds. These weak bonds are believed to be oxygen
vacancies that generate polarized Si-Si bonds. When the
external oxide �eld (E) is applied, these bonds acquire
a dipole energy that lowers the activation energy needed
to break the Si-Si bond, leading to the formation of a
trap. Thus, if ∆H0 is the energy needed to break a bond
in absence the �eld, then, in presence of �eld the activa-
tion energy becomes Ea = ∆H0

kT
− γ(T )E resulting in the

following expression for oxide lifetime:

tbd = τ0e
−γ(t)e

∆H0
KT (2)

The thermochemical model became very popular because
it provided a theoretical basis for the linear dependence
of TBD from the �eld previously experimentally found at
low voltage. This is why it is also referred to as an E
model. However, it must be pointed out that �tting of
experimental data is not a proof of the validity of a par-
ticular model. As a matter of fact, the thermochemical
model indicates that oxide breakdown is a �eld driven
phenomenon, where current �owing through the oxide
play a minor role.

Characterization Methods

TDDB Time dependent dielectric
Breakdown

The Time Dependent Dielectric Breakdown [4] is a prog-
nostic method which involves dielectric breakdown. This
method provides information about reliability and gate
oxide lifetime. This is possible through CVS measure-
ments performed at �xed stress temperature collecting
time to breakdown. All data have to be �tted in a Weibull
plot in order to extrapolate time to breakdown at a par-
ticular sample size extrapolating signi�cant parameters
such as beta, which is related to the stability and re-
peatability of the process along the sample (in our case
the wafer), and t63% which indicates the gate oxide ro-
bustness of the majority of the devices under test to an
external bias close the gate oxide breakdown voltage.

F (tbd) = 1− e−
(
tbd
t63

)β
(3)

Equation 3 represent the Weibull distribution.
According to E-Model, the time to fail of 63% of the pop-
ulation at di�erent stress �eld follows the formula:

t63%op = t63%teste
−γ(Eop−Etest) (4)

where γ is the �eld acceleration factor which allows to
extrapolate the lifetime at �eld operative conditions.
A more complete discussion should include the tempera-
ture and area acceleration factor. In our test we execute
the test directly on the device and at the operative area in
order to exclude the acceleration factor related to them.
The same methodology could be applied testing another
set of samples at di�erent temperature, but with the same
�eld. In this case the t63% variation follows the Arrhe-
nius formula which related slope is the activation energy
Ea (Temperature acceleration factor).

top = tteste
γEe−

Ea
kT

(
Aop
Atest

) 1
β

e

(
ln(−ln(1−F ))

β

)
(5)

Equation 5 leads to extrapolate lifetime of a de�ned sam-
ple size at di�erent operative Area, Field and temperature

Electrical Overstress (EOS)

The interest on Electrical Overstress (EOS) [5] is increas-
ing signi�cantly due to the need to understand the e�ect
of some factors such as shrinking transistor sizes, thin-
ning gate oxides, faster speeds which lead to progressive
damaging which could be latent for a lot of time before
the complete failure or transistor hard breakdown. EOS
could be enhanced by spikes, over voltage and often pa-
rameters drift and breakdown could be related; the pur-
pose of this work is to investigate these aspects.

Results

Preliminar Characterization

Our �rst purpose was to characterize the gate oxide by
classical test performed at 150C. We performed the C-
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