IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 56, NO. 6, DECEMBER 2009

3573

Heavy-Ion Induced Single Event Gate Damage in
Medium Voltage Power MOSFET's

Giovanni Busatto, Giuseppe Curro, Francesco lannuzzo, Antonino Porzio, Annunziata Sanseverino, and
Francesco Velardi

Abstract—Starting from a physical model of the electric field that
develops in the gate oxide during heavy-ion irradiation, we have
experimentally and numerically investigated the single event gate
damage observed in medium voltage power MOSFETs. Simula-
tion results reveal that the total electric field reached during the
heavy-ion impact is close to the one that is known to trigger the
formation of latent damages during electro-static discharge (ESD)
experiments.

Index Terms—Latent gate damage, power MOSFETs, SEGR.

1. INTRODUCTION

OWER MOSFETs are very important devices for
P aerospace applications; unfortunately their ability to
safely operate in this radiation environment is drastically re-
duced by two failure mechanisms induced by the impacts of
single energetic particles: the single event burnout (SEB) and
the single event gate rupture (SEGR).

Many papers dedicated to SEGR of power MOSFETSs report
experimental evidence of such a phenomenon [1], [2] and cor-
relate it to characteristics of the penetrating ions (LET, range,
energy, angle, etc.) [3]-[8] to the technological characteristics
of the samples (cellular or stripe structures, oxide thickness, cell
pitch, etc.) [9]-[17] and to its biasing conditions (gate and drain
voltage, temperature, etc.) [18], [19].

In [20], a conceptual model of the phenomenon was also pre-
sented that attributes the gate rupture to the large increase in
the electric field Eox_gr across the gate oxide layer due to the
motion of the generated carriers in the silicon structure and un-
derneath the gate after the ion impact.

A supplemental increase in the electric field across the oxide
was indicated in [9], and in [21] it was invoked to explain SEGR
of large area MOS capacitors used in linear operational ampli-
fiers. This component of the electric field, indicated as Eint
in [21], is due to the holes that survive in the oxide after the
ion strike. In fact, when an energetic particle passes through the
gate oxide, electron-hole pairs are generated in a narrow column
around the ion track. A fraction of electrons and holes recom-
bines. The remaining electrons are rapidly swept out of the oxide
in less than 0.3 ps thanks to their higher diffusivity and mobility.
Instead, the survived holes in the oxide are reasonably immobile
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during the event time. As a consequence of immobile holes and
fast removal of electrons the abovementioned incremental elec-
tric field, Einr reaches its maximum in less than 0.3 picosec-
onds [21]. While this component was only qualitatively indi-
cated in [9] it was numerically computed in [21], where it was
added to the electric field due to the external bias in order to get
the net total electric field across the oxide, Egx. It was shown
[21] that, in critical conditions, Eox overcomes the threshold
of 13 MV/cm that is able to induce a current through the oxide
and cause its rupture. It is worth outlining that Eyxt was not
explicitly indicated in [9], [11], or [15] because its effects are
included in the critical voltage that is experimentally measured
by the authors.

Besides SEGR, other radiation induced damages at the gate
oxide are reported in the literature. In particular a radiation in-
duced leakage current (RILC) is observed after heavy-ion irra-
diation both in thick [22] and in thin/ultra thin oxides [23]-[26].
Moreover, radiation induced soft breakdowns (RSB) are also
observed in these latter oxides [27]-[32]. It was also demon-
strated that both RILC and RSB are enhanced by ESD stress
performed after the irradiation. In [33] the authors demonstrated
that the combination of ESD and radiation damage may have a
non-marginal impact on the reliability of advanced CMOS de-
vices in space electronics. They demonstrated that heavy-ion
strikes on floating MOSFETSs produce only modest changes in
the devices’ electrical characteristics, but may decrease the ESD
breakdown voltage. They attributed this reduction to the pres-
ence of “latent damages” left by the heavy-ion strikes in the gate
oxide. The authors in [33] used the term “latent damages” to in-
dicate a modification of the physical characteristics of the oxide
which are weakly detectable during or right after the irradiation
but may cause the oxide destruction when a post irradiation gate
stress is applied to the device.

The formation of latent damages has also been observed in
power MOSFETs [34]-[36], which have much thicker gate
oxide. The creation of latent defects [34] or latent damages [35]
is correlated to the observation of a step by step increase in the
gate leakage current, [gsg, measured during the irradiation. It
was also demonstrated [34] that these steps must be attributed
to the multiple impacts in a small area of the gate oxide. On the
other hand, the formation of latent damages was observed even
in very low fuence experiments where no step by step increase
was observed in Iggg during the irradiation [36]. In this latter
case the latent damages were revealed by a post irradiation gate
bias.

The formation of latent damage in relatively thick oxides (~
30 nm) similar to the ones used in power MOSFETs was also
observed in charge device model ESD (CDM-ESD) [37]. It was
demonstrated that these damages are related to the formation of
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Fig. 1. The experimental set-up used for the experiments.

amorphous silicon “melt balls”. They are created because of a
too rapid cooling of the silicon that was previously melt by a
large power dissipation caused by the conduction of a current
through the oxide for a short time (~ 2 ns). The electric field
able to induce this conduction was estimated to be 15 MV/cm,
which is not far from the threshold indicated in [21] for SEGR
to take place.

The objective of this paper is to study the formation of la-
tent damages in medium voltage power MOSFETs. It will be
proposed that, for the tested devices, the formation of a latent
damage has a mechanism similar to an SEGR with the differ-
ence that the energy involved in a latent damage formation is
not enough to totally break the gate oxide.

A low fluence irradiation two-phase procedure has been de-
veloped that is able to induce a limited number of latent dam-
ages during heavy-ion irradiation and to reveal them by a post
irradiation biasing that does not overstress the device. 3D finite
element numerical simulation was used to evaluate the oxide
electric field component Egx_gt related to the charge deposi-
tion in the silicon. In addition the model reported in [21] was
used to evaluate the Eox_go contribution related to the holes
surviving in the oxide right after the ion strike. The overlay of
these two components gives an origin to a total electric field
that overcomes, for a very short time after the ion impact, the
threshold voltage that is known to start the conduction through
the gate oxide and cause the formation of latent damages in ESD
experiments [37].

The presentation of the proposed experimental procedure re-
ported in Section IV is preceded by the description of the exper-
imental set up in Section II where we also compare the proposed
circuit with the one typically used in the heavy ion irradiation
tests. Moreover, the results of the high fluence irradiation exper-
iments, which are normally used to study the heavy ion single
effects, are reported in Section III in order to connect them to
the results of the newly proposed low fluence irradiation exper-
iments depicted in Section V.

The experiments were conducted on MOSFET devices
having equivalent gate oxide layers but different widths of the
neck region. Both simulation and experiment confirm that the
pitch reduction causes a reduction in the sensitivity of power
MOSFETs to the latent damages [15].

II. EXPERIMENTAL SET-UP

The schematic of the experimental circuit is shown in Fig. 1. It
is similar to the basic SEB/SEGR test circuit indicated by MIL-
STD-750D method 1080. The capacitors Cpg and Cgy, play the
same role in both circuits, and the resistors Rqr, and Rpg are
used as picoammeters. The two resistors used in method 1080
to limit Ip and I during the strike are set to zero in our circuit.

The experimental set-up is constructed in order to achieve:

* the best behaviour in terms of signal to noise ratio due to
the very low levels exhibited by the measured signals;

* minimal effects of the stray parasitic inductance of the cir-
cuit;

e the external terminations of the measurement circuit
adapted to the impedance of the cables (50 §2) due to the
very fast variations in the measured signal, which exhibits
a rise time of less than 1 ns.

During the exposure, drain and gate leakage currents are mon-
itored in order to identify the values of Vpg and Vg at which
the gate and/or the drain structures become damaged; moreover,
the current waveforms related to each ion impact are acquired
and the related charges are numerically computed as the time
integrals of the current. The section of the experimental circuit
devoted to detecting the drain and the gate pulses is the same
as the circuit used for the SEB/SEGR characterisation we de-
scribed in [19]. It is worth outlining that the mean value of pulse
peaks measured by the oscilloscope during the irradiation is
much larger than the trigger level used for the acquisition. More-
over, we used the oscilloscope in the fast frame mode where no
blanking time is experienced by the instrument during the whole
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single irradiation test. As a consequence we can assume that the
current pulses resulting from practically all the impacting ions
are acquired. In such a way we can count the exact number of
ions that impact on the device active area during each test.

The experimental set-up includes a high resolution parameter
analyser (Agilent B1500 A) that allows us to study the increase
in leakage current with high resolution. The parameter analyser
forces a Vg bias to the device and allows us to monitor the time
evolution of Iggg in real time during the irradiation test. The
time resolution of the parameter analyser, as it is used in our
experiments, is 1 ms hence the effects of the stray parameters
of the cables extinguish themselves well before the settling of
current to be measured and does not affect the accuracy of Iggs
acquired by the instrument.

Furthermore, to minimize the offset in the measurement of
the leakage current, we have also introduced a shielding ring
that surrounds all the wires and the connections to the gate lead.
This shielding ring is kept to the same potential of the gate
by an ultra-low bias operational amplifier. In such a way we
can reduce the leakage current of the circuit to about 1.3 nA at
Vgs = =10 V.

III. GATE OXIDE DEGRADATION DUE TO HEAVY-ION IMPACTS

Previous works dealing with SEGR of power MOSFETSs
[1]-[15] typically report the values of Vpg and Vg at which
SEGR takes place without pointing out the test conditions at
which latent damages can be created. As a first step of our
experimental work we used the experimental set-up of Fig. 1
and we performed our irradiations in such a way to point out
also those situations where SEGR does not take place but gate
damages are detected. This helps us in identifying the operating
conditions where we have to focus our attention.

In this part of the experiment we used a relatively high flu-
ence (~ 10% ions / cm?) in order to connect our results with pre-
vious works. In facts, for low Vg, the gate damage is typically
evidenced by a progressive increase in the gate leakage current
during the irradiation as it happens with a camulative effect and,
in some cases, also a step by step increase of Iggg is observed
[34]-[36]. For higher gate voltages an SEGR takes place that is
revealed by a huge increase in the gate current and the subse-
quent oxide rupture.

To obtain the experimental data, each device was irradiated
with heavy ions at fixed Vpg and Vgs until the desired ion
fluence was reached. Gate leakage current was measured during
the irradiation but it is not reported here for brevity. After each
irradiation the device was biased at Vgqg = £10 V and Vpg =
0 V for one minute at the end of which the gate leakage current
(Igss) was measured. For the fixed values of Vg and Vpg, if
no gate damage was observed, Vpg was increased and the test
sequence repeated. The experiment was stopped when either an
SEGR took place or Igss > 1 pA was measured. It is worth
outlining that Igss > 1 pA does not always correspond to an
SEGR and very often the Igss of the device recovers after a
thermal or room temperature annealing. Instead, SEGR can be
recognized because it is accompanied by a large increase of gate
leakage current during the irradiation and the oxide loses its
isolation characteristics.
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Fig. 2. The map of the Igss gate leakage.

Our experimental results are summarized in Fig. 2 where a
greyscale map of the gate leakage current Igss as a function
of Vgg and Vpg is reported for a commercial 200 V power
MOSFET. The white area represents the bias conditions where
the Iggg, measured after the irradiation, was less than 10 nA.
The black colour indicates the bias conditions at which an SEGR
is observed. The light grey, grey and dark grey regions indi-
cate the bias conditions for which 10 nA < Igss < 100 nA,
100 nA < Igss < 1 pA and Igss > 1 pA, respectively. This
decade range sequence was chosen in order to have a reasonable
resolution at low values of Iggg without losing information at
the higher values.

Fig. 2 indicates that for |Vgs| > 7.5V the device experiences
an SEGR which corresponds to a complete failure of the gate
oxide (Igss > 10 mA at Vgg = 10 V). The value of Vpg at
which SEGR takes place decreases linearly with Vgs. A similar
behaviour was observed in the literature [2], [11], [12], [14] for
power MOSFETs having J-FET regions wider than 3 pm as
happens for the device under test whose J-FET is 7.4 ym wide.
For |Vgs| < 7.5V gate damages are evidenced. The critical
Vpg at which these gate damages start to be created, that is the
upper boundary of the light grey region in Fig. 2, also decreases
linearly with the increase in Vgs.

The objective of the next sections is to investigate about the
behaviour of the power MOSFET in this latter biasing region
which can be considered as a gradual pre-SEGR region and
where the formation of latent damages is typically observed.

IV. EXPERIMENTAL PROCEDURE

To study the formation of latent damages in the gate oxide
below the SEGR bias region (|Vgg| < 4 V) we developed a
two-phase experimental procedure:

(a) During the first phase (the “irradiation phase”) we
irradiated the device being tested in order to create
latent damages. We used a very small bromine flux
(~ 10 ions/(cm?s)) for less than 50 s. In each exposure
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TABLE 1
THE DEVICES TESTED AND SIMULATED
Gate Oxide Neck Epitaxial Layer
MOSFET Thickness Width pThicknessy
A-type 35nm 7.4um 22um + 18um (buffer layer)
B-type 35nm 5.4pm 22pm + 18um (buffer layer)
C-type 35nm 3.4um 22um + 18um (buffer layer)

we counted in total between 30 and 50 ions impacting on
the device active area (~ 0.11 cm?), corresponding to
the fluence of about 270 to 450 ions/cm?. Such a small
fluence was used to avoid any total dose effect that may
mislead the interpretation of the results. The absence
of these effects was confirmed by the measurement of
the static subthreshold MOSFET characteristics, which
evidenced no changes after the irradiation. The use of
this very small fluence forced us to bias the device during
the irradiation with high Vpg, in order to increase the
sensitive area and, consequently, significantly increase
the probability of creating latent damage, as will be
demonstrated by the simulation results reported in the
next sections.

During the second phase (“post irradiation gate bias”,
PIGB), the ion beam was stopped and the device was bi-
ased for at least 3000 s in order to activate the possible la-
tent damages produced during the exposure. We used gate
and drain bias conditions that guaranteed an electric field
across the oxide significantly lower than the Fowler-Nord-
heim conduction limit, thus avoiding a further stress on
the oxide that could have altered the evolution of the phe-
nomenon.

(b)

V. EXPERIMENTAL RESULTS

We have tested three specifically constructed prototypes
which are rated to 200 V and have the same gate layer except
for different neck widths. The main geometrical parameters of
the devices tested are summarised in Table 1.

The irradiation experiments were conducted at the Labora-
tori Nazionali del Sud, INFN, Italy. The devices were irradi-
ated with "Br ions at 223 MeV, and the corresponding energy
loss and range were evaluated by using the SRIM (Stopping and
Range of Ions in Matter) tool [38]. The SRIM simulations have
been performed on a multilayer sequence which reproduces the
vertical structure of a typical power MOSFET with a blocking
voltage capability of 200 V. The linear energy loss in the gate
oxide layer and at the body-drain junction was estimated to be
1000 eV/A and 950 eV/A respectively; furthermore the longi-
tudinal range was estimated to be 30 pm.

The first experimental result refers to an A-type power
MOSFET that was irradiated at Vgs = 0 V and Vps = 160 V
with 223 MeV "Br ions. The gate leakage current had not
increased during the irradiation, as shown in Fig. 3, where the
Igss time evolution during the whole exposure time is reported.
After the irradiation the device was biased with Vgg = —10 V
and Vps = 160 V in order to activate the latent damages. In
Fig. 4, the Iggg time evolution during PIGB is reported.

The figure indicates that micro-damages inside the gate oxide
were formed during the exposure and subsequently activated by
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TABLE II
THE SAMPLES TESTED

Gate damage
MO,?FE Sanfples Vs [V] | Vi [V] evidenced by
PIGB
3 140 0 NO
A-type 3 160 0 YES
B-type 2 160 0 NO
3 180 0 YES
3 160 0 NO
C-type 2 180 0 NO
3 190 0 YES

the applied electric field during the second PIGB phase. We re-
peated the experiment on other two samples of the same type at
the same bias conditions and obtained similar results. In Table II
a summary of the samples tested and the related irradiation test
conditions are reported.

Subsequently, the same experiment, with the same bias condi-
tions, was performed on two samples of the B-type device with
a reduced neck width. However, in this case PIGB had revealed
no micro-damages, as shown in Fig. 5, where the corresponding
Igss time evolution is reported for one of the two experiments.

The reason for this reduced sensitivity to latent damage for-
mation can be found in the lower neck width of the B-type de-
vices. In fact, a lower electric field Eqgx _gr develops in their gate
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Fig. 6. Igss timeevolution during PIGBatVgs = —10Vand Vpg = 180V
of the B-type MOSFET after exposure at Vps = 180 V.and Vgs =0V .

oxide as a consequence of the charge generation in the silicon
structure, as was demonstrated in [15] and will be confirmed for
our devices by the simulation results reported in the next sec-
tions. The other component of the electric field Eox_go, due to
the holes surviving in the oxide layer, is the same for the A- and
B-type MOSFETs. In fact, they have the same gate structure,
so that during its passage the ion generates the same amount of
electron-hole pairs in the gate oxide of both devices. The elec-
trons move out of the oxide in less than 0.3 ps when Eox_sr is
still too low to affect both the electrons removal and the amount
of the surviving holes and, therefore, it does not affect Eox_po-
Consequently, the total electric field Eox resulting from the
overlay of the two contributions, Eox_sr and Eox_no, is lower
for the B-type device and causes a reduced probability of cre-
ating latent damages in these test conditions.

To obtain latent damages in B-type devices with low fluence
we had to increase the Vpg during the irradiation phase up to
180V, as shown in Fig. 6, where the PIGB time evolution related
to a B-type device is reported. It shows that Iggg increases step
by step with a fairly regular increase of about 200 nA at each
step. We repeated the experiment on other two samples with
similar results.

This trend is confirmed by the experimental behaviour of the
C-type devices. The further neck width reduction makes the
C-type gate structure more robust against the latent damage for-
mation; in fact, the PIGB of the C-type device after the exposure
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of the C-type MOSFET after exposure at Vps = 190 Vand Vs = 0 V.

at Vps = 180 V and Vs = 0 revealed no latent gate damage,
as indicated in Fig. 7.

In order to create gate damages in the C-type structure, it was
necessary to increase the drain voltage during the irradiation to
Vps = 190 V. In Fig. 8, the PIGB of the C-type device after
exposure at Vpg = 190 V and Vgs = 0V is reported.

Figs. 4, 6 and 8 show that the time evolution of Iggs during
PIGB is not the same for the different experiments. In fact the
waveforms differ from each other both in the time at which the
Iss starts to increase and in the shape of its evolution. We pro-
pose here that the activation of latent damage sites is a statistic
process and is influenced both by the biasing conditions and the
position where the site is created. The mechanism of the conduc-
tion through the oxide is of statistic nature and is influenced by
the electric field that develops in the oxide which is strongly af-
fected by the charge that is accumulated in the damaged area. In
particular the small current flow induces a progressive increase
of the accumulated charge that causes the increase of the local
electric field whose time evolution follows the charge accumu-
lation.

It is worth outlining that the application of the same bias con-
ditions used for PIGB tests on fresh devices did not reveal any
increase in the gate leakage current. As an example, in Fig. 9
we report an Iggg time evolution of a fresh B-type device for
Vps = 180 V and Vgg = —10 V (the conditions used for the
experiment described in Fig. 6).
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VI. THE NUMERICAL SIMULATION

In order to confirm the role played by the electric field Eox_s1
in the gate micro-damages, the above experimental results were
analysed by means of 3D finite element simulations performed
using the ATLAS TCAD simulation tool by Silvaco Interna-
tional [39].

The simulations are 3D to allow us to describe the intrinsic
3D nature of the device structure. The information regarding the
simulated structures was supplied by the 2D process simulator
ATHENA from Silvaco International [40], which is able to sim-
ulate the entire technological process described by the process
flow chart used during the fabrication of the devices. The 2D
process simulation from ATHENA was used to extrapolate a 3D
structure using DEVEDIT3D from Silvaco International [39].

In order to simulate the 3D effects of the ion impact better,
a complete MOSFET cell was simulated, incorporating the full
thickness of the epitaxial layer including the buffer layer that
is used to reduce the electric field in the silicon. For simulation
purposes, the source and body contacts were connected to each
other to ensure the actual short present in the MOSFET structure
between those electrodes.

The models used in the simulation have been chosen to in-
clude the main physical mechanisms taking place when a heavy
ion impacts on the device [15]. The correctness of the choices
was verified by comparing simulated on and off state charac-
teristics of the power MOSFET with the corresponding experi-
mental ones.

Special attention has been dedicated to the model that de-
scribes the charge deposition on the device structure during the
heavy-ion strike. The impact of the particle is simulated by the
deposition of a large number of electron and hole pairs along
its trajectory. We have used a modified version of the standard
charge deposition model included in ATLAS simulator [39] that
accurately describes both the shape of the volume where the
charge is deposited and its time evolution according to the fol-
lowing law:

NG exp () - exp (= (52)°)

Q(rz,t) = te-/m-erfe(—1)

(D
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Fig. 10. The simulated elementary cell with lumped elements.

This imposes an exponential reduction in the generated
charge along the radius perpendicular to the trajectory, and a
Gaussian law for the time variation. We have used the spatial
decay constant R and constants to and tc of the Gaussian time
evolution reported in the papers [9], [20] which performed
simulation of impact of Br ion with energy similar to the one
we have used in our experiments.

Contrarily to the standard ATLAS model, we have used a vari-
able concentration of the deposited charge N(z) along the ion
track. It was evaluated by using the computed values of the en-
ergy deposited by the heavy ion along the z direction as they
come out from SRIM program. The ion range resulting from
SRIM was subdivided into 18 parts. Within each part, a con-
stant value of generated charge was used. It was computed by
using the mean value of the energy loss in the corresponding
part obtained by SRIM. This choice is very important in order to
accurately simulate the generated charge for which the approxi-
mation of a constant ions’ LET is not realistic. An accurate esti-
mation of the generated charge is very important for predicting
the electric field that develops in the silicon region.

In order to simplify the simulation, we avoided the usage of
mixed mode tools. With this purpose the experimental test cir-
cuit was described by lumped components that in ATLAS are
accounted by proper boundary conditions at the external con-
tacts. The schematic of the circuit obtained is shown in Fig. 10.
It reports the elementary cell of the MOSFET where the impact
takes place and the external circuit is summarised by the lumped
elements. In particular, the coupling drain capacitors are substi-
tuted by two batteries, Vg and Vd; two Rd and Rg resistors have
been introduced in order to take into account the 50 {2 resistance
of the transmission lines in series with the input resistance of the
oscilloscope. Two small inductances, L.g and L.d, are placed in
series with the gate and drain networks, respectively, to account
for the stray inductances of the circuit. A particularly important
role is played by the capacitor Cd placed parallel to the simu-
lated portion of the device. This capacitor accounts for the ca-
pacitance of the overall body-drain junction.

The correctness of the choices related to the simulation
models, charge deposition model, and external circuit parame-
ters was dynamically verified by the good agreement between
the experimental and simulated amount of the charge generated
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Fig. 11. The electric field distribution in the oxide layer for an ion impacting
at the centre of the neck (a), and at the body boundary (b).

during the heavy-ion impact in several test conditions and for
different device structures and parameters [18], [41].

In Fig. 10 three ion tracks perpendicular to the surface are
also indicated. They correspond to the centre of the neck (a), the
boundary of the body region (b), and the boundary of the source
region (c). We used them as the ion tracks for the simulations.

VII. SIMULATION RESULTS

The numerical model described in the previous section was
employed to simulate the ion impact on the A-, B- and C-types
power MOSFET at the bias conditions used in the experiments.
We used the geometrical parameters of the experimentally tested
devices reported in Table I for constructing the 3D mesh em-
ployed in the simulation.

The 2D distributions of the first component of the electric
field, Eox_s1, are reported in Fig. 11 for the A-type device in
the cases when the ion impacts at the centre of the neck (a) and
at the body boundary (b). The two pictures result from the cut
of the 3D structure made on the charge deposition plane. The
bias conditions are Vpg = 160 V and Vgg = 0 V, at which the
A-type device experimentally exhibited micro-damages during
low fluence irradiation. The pictures are taken at about 3 ps
when the electric field assumes its maximum value. In both sim-
ulated cases the spatial distribution of Eox_gr assumes its max-
imum value in the oxide in the position of the ion track. It keeps
an almost constant value in the vertical direction and decreases
significantly in the horizontal direction going away from the ion
track.

The time evolution of the maximum value assumed by
Eox_gr in the oxide is reported in Fig. 12 for the same bias
conditions (Vps = 160 V and Vgg = 0 V). Solid, dashed,
and dash-dotted curves result from three different simulations
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Fig. 12. The time evolution of the maximum value of Eox_g; for the A-type
device at different ion strike positions (Vps = 160 V, Vgs = 0 V).

referring to ion impacts taking place in the (a), (b), and (c)
positions of Fig. 10, respectively. The curves were constructed
by numerically identifying the maximum values assumed by
the spatial distribution of Eox_sr at each time instant. The
three curves show the presence of a single peak after about 3
ps which is associated with the strong surface charge density
at the oxide-silicon interface, which induces an image charge
at the polysilicon-oxide interface and causes the electric field
to rise [9]. The value of this peak depends significantly on the
position of the ion strike being at its maximum when the impact
takes place at the centre of the neck, as demonstrated in [9] and
confirmed by the results shown in Fig. 12. The figure shows
that, for the A-type MOSFET at Vpg = 160 Vand Vgg =0V,
where the device experimentally exhibits latent damage, the
maximum value of the electric field caused by impacts at any
position in the neck is comprised between 8§ and 10 MV/cm,
that are the values resulting from strikes at the boundary and at
the centre of the neck, respectively.

The value of 8 MV/cm for Eox g1 was also observed in
SEGR simulations for a negative gate bias when the device
showed a gate rupture [9], [11]. In these papers the Eox_no
component was not explicitly indicated because its effects are
included in the critical voltage that is experimentally measured.
Eox_no is associated with the holes that survive in the oxide
after the ion strike due to the rapid outflow of the electrons
having a much larger mobility than the holes [21], [42], [43].
It is worth outlining that this latter component was referred in
[21] as EINT'

In this paper we want also evaluate Eox_po in order to calcu-
late the total electric field across the oxide that can be obtained
as the overlay of Eox_sr and Eox_no.

We have developed a model based on [21] but not reported
here, for brevity, that allowed us to compute a contribution for
Eox_no of about 6 MV/cm in the test conditions of the exper-
iments presented in this paper. If we add this contribution to
the Eox_sr reported in Fig. 12 we can observe that, for both
the solid and dashed curves, the peak of the total electric field
becomes larger than the threshold of 13 MV/cm that was recog-
nised as causing SEGR of large area capacitors [21].

The time evolution of the maximum simulated Eox_gr for
impacts at the centre of the neck is shown in Fig. 13 for the
A- (solid line), B- (dotted), and C-type devices (dash-dotted) at
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Fig. 13. The time evolution of the maximum value of Eox _s1 for A-, B-, and
C-type MOSFETsS for an ion impact at the centre of the neck, (Vps = 160 V,
Vas = 0V).
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Fig. 14. The time evolution of the maximum value of Eox_s;1 for the B-type
device at different ion strike positions (Vps = 180V, Vgs = 0V).

Vps = 160 V and Vgg = 0 V. We can see that the maximum
value of the electric field decreases by about 20% on passing
from the A- to the C-type MOSFET for impacts at the centre of
the neck.

It is worth outlining that the maximum value of Egx_gr in
the B-type MOSFET for an impact at the (b) position, not re-
ported in Fig. 13, is about 7 MV/cm in the latter test conditions.
To obtain a value similar to that of the A-type we had to in-
crease Vps up to 180 V, as shown in Fig. 14, where the time
evolution of the maximum value of Epx_g1 is reported for the
B-type MOSFET with Vpg = 180 V and Vgg = 0 V. Solid,
dashed, and dash-dotted curves refer to impacts on the (a), (b),
and (c) positions of Fig. 10, respectively. In this case we can also
consider that the maximum value of the electric field caused by
impacts at any position in the neck is practically comprised be-
tween 8 and 10 MV/cm.

VIII. DISCUSSION

Simulation results presented in the previous section indicate
that the maximum value of Eox_gy is larger than 8 MV/cm for
all the impacts taking place in any position in the neck region,
at the biasing conditions where the samples experimentally ex-
hibited the formation of latent damage (Vgs = 0 V and Vpg =
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160V, 180 V and 190 V for the A-, B- and C-type MOSFET, re-
spectively). For these ion strikes the maximum value of the total
electric field, when adding 6 MV/cm for Eox_no to the field in
Figs. 12 and 14, is larger than 13 MV/cm that was recognised
as causing SEGR of large area capacitors [21]. This peak value
is also very close to the threshold of 15 MV/cm at which latent
damages are formed in the gate oxide during ESD tests [37].

It is worth outlining that during both heavy-ion irradiation
and ESD experiments, the oxide is subject to a very high elec-
tric field for a very short time, so the two phenomena can be
considered to have a similar nature [33]. In ESD events a very
high electric field force a current to flow through the oxide and
causes the increase of the local temperature beyond the fusion
limit of the silicon. The consequent rapid temperature reduction
causes the formation of amorphous silicon “melt balls” which
act as latent damage sites.

During an SEGR the large electric field triggers the conduc-
tion through the oxide that is sustained by the negative gate bi-
asing that supplies enough energy to destroy the oxide.

We are proposing here that the difference in the amount of
the damages observed in SEGR and in the pre-SEGR region,
for low Vg, can be explained by the fact that at low gate bias
the increase in the electric field during the impact disappears
very rapidly and is insufficient to break the oxide. A PIGB may
activate the latent damage and can cause gate failure.

Further work is required to find out the real threshold at which
a latent damage is formed during heavy-ion irradiation and, be-
cause of the variation in electric field according to the position
of the ion strike, a statistical analysis is required to get a realistic
picture of the phenomena involved.

In our work, we used high biasing voltages in order to get a
very high probability of generating latent damages. As demon-
strated by the simulation the whole neck region can be consid-
ered to be the sensitive area for the formation of latent damages
for the incident particle considered in the simulations. For the
A-type MOSFET, the neck area is about 1/8 of the device active
area and therefore the probability of creating a latent damage is
very high even for experiments in which a very low number of
ions (30-50) impacts on the device.

IX. CONCLUSION

An experimental and numerical investigation of latent dam-
ages in the gate oxide of medium voltage power MOSFETs
during heavy-ion irradiation is presented. It shows that these
latent damages are observed for high drain and low gate bias.
Their nature is quite similar to SEGR phenomena even if they
are not destructive during the irradiation.

Simulations performed under the biasing conditions where la-
tent damages are experimentally observed indicate that the elec-
tric field across the oxide reaches, for a small time after the ion
strike, values that are known to create latent damages during the
ESD test and SEGR during heavy-ion irradiation experiments
with large negative Vgs.

Simulation results indicate that for large values of Vg all the
ions impacting on any position of the neck region induce large
values of the electric field so that the whole neck region can be
considered to be the sensitive area for the formation of latent
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damages. The probability of generating latent damages in these
conditions is very high.

Finally, simulation results are coherent with experimental
data and indicate that the sensitivity of medium voltage power
MOSFETs to the formation of latent damages in low fluence
irradiation experiments improves when the width of the neck’s
J-FET region is reduced.
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