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In this work, dielectric breakdown (BD) and post-BD conduction in ultimate FDSOI nanowire (NW) transistors
with Q-gate and high-k dielectric have been investigated. The experiments show that BD in largely scaled NW
transistors differ significantly from that in bulk planar transistors. Several types of post-BD behaviours have been
observed, some of which not only hinder the device performance, but also jeopardize the integrity of the
nanowire structure and materials. A comprehensive study of the phenomena has been performed on pMOS and
nMOS with different widths and lengths, under different temperature conditions.

1. Introduction

Dielectric Breakdown (BD) of the gate oxide has been one of the most
important reliability concerns in CMOS technologies due to its impact on
gate stack dielectric conduction. As a result, it significantly modifies the
device performance and eventually provokes its final failure [1-7] and
loss of the circuit functionality [8-10]. In the last few decades, BD (i.e.,
Soft, Progressive and Hard BD [11-13]) has been extensively studied in
planar bulk MOSFETs with SiO, and Hf-based high-k gate dielectrics
[4-6,13]. The post BD conduction and the BD reversibility observed
under certain electrical conditions [14-16] was also evaluated. The
impact of BD on the circuit performances has also been widely analysed
from the circuit functionality and system consumption perspectives
[13,17-20]. In more advanced device architectures, such as FinFETs, or
SOI technologies, dielectric BD remains a key factor for being one of the
lifetime-limiting challenges for these technologies [21,22]. The ultimate
Fully Depleted Silicon-On-Insulator (FDSOI) transistors with nanowire
architecture (device channel confinement like in nano sheets) are also
affected by the BD [23-25], but a complete description of the BD phe-
nomenology and an evaluation of its impact on device performance are
still lacking. In this work, BD in FDSOI NW high-k Q-gate transistors
[26] has been studied. The phenomenology has been described, the BD
parameters have been statistically analysed, and the temperature effects
have been evaluated. The pre- and post-BD behaviours have been
investigated and their dependence on the device type, area and
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architecture has been addressed. A preliminary analysis of the BD
impact on the device performance was also done. The results indicate
that BD in FDSOI NW high-k transistors show some particular charac-
teristics and much more post-BD variability compared to some previous
technologies.

2. Device description and experimental procedure

The devices used in this work were nMOS and pMOS FDSOI Q-gate
nanowireFETs (NW-FET) fabricated at CEA-LETI [26]. The gate is a
high-k stack (HfSiON/TiN) with EOT = 1.3 nm, Hyw = 11 nm and the
buried oxide thickness of 145 nm. A 3D sketch and the cross-section of a
single device are shown in Fig. 1. Devices with two different widths were
studied: (1) W = 30 nm (1-channel) with lengths ranging from 20 nm to
1 pm, and (2) Wegr = 300 nm (split in 10 channels of W = 30 nm) with
two lengths (20 and 40 nm). Ramped voltage stresses (RVS) were
applied to the gate (from O to |10 V|, with Vp=Vg = 0 V) to induce oxide
wear out and BD. No current limitation was applied during the RVS
stress. The Ig-Vg and the Ip-Vg characteristics of the transistors were
registered before and after the RVS test to study the performance of the
fresh device and after inducing the BD. Unless stated, measurements
were carried out at room temperature, though some tests at 85 °C and
125 °C were also performed on pMOS devices. A total of approximately
500 transistors has been measured, which allow the statistical analysis
on the BD parameters.
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Fig. 1. (left) 3D sketch of the Q-Gate NW FD-SOI transistors (high-k with EOT = 1.3 nm, Hyw = 11 nm and Buried Oxide Thickness = 145 nm). (right) Transistor

cross-section [26].
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Fig. 2. I-V curves measured during the RVS test applied to provoke the BD in unichannel nMOS and pMOS transistors, with W = 30 nm and L = 20 nm (black), 40 nm
(red), 120 nm (blue), and 1000 nm (green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

3. BD phenomenology

First, the pre- and post-BD behaviours of the devices have been
qualitatively investigated. Fig. 2 shows several examples of typical Ig-Vg
curves measured during RVS, for nMOS and pMOS devices with W = 30
nm and different lengths: L = 20 nm (black lines), L = 40 nm (red lines),
L = 120 nm (blue lines), and L. = 1000 nm (green lines). In all cases,
when voltages are lower than ~|4 V| (i.e., before BD), tunnelling
through the device gate area controls the gate current [23], showing
area dependence. Also, for devices with the same area, device-to-device
variability is observed. As expected, there is a sudden jump in the gate
current, identified as the BD event, which occurs at a voltage which is
dependent on the gate area. Fig. 2 shows that, after BD, different be-
haviours of the gate current can be observed (as shown in detail in
Fig. 3). The results also show that device-to-device variability is much
larger than that measured before BD, with gate currents spanning over
ten decades. In this sense, an important observation is that, after BD, the
gate current suddenly decreases in many devices, appearing as an abrupt
current drop (from now onwards named as Current Drop, CD). These
observations are consistent with those reported in [23], though they
were not analysed in detail. In this work, a detailed analysis of the
observed phenomenology is presented.

Despite the extremely large variability in the gate dielectric con-
duction after BD, as shown in Fig. 2, the observed post-BD phenome-
nology can be classified into four different cases, according to how BD
and CD are captured. Fig. 3 shows that these 4 cases appeared in both
unichannel (red) and multichannel (black) nMOS devices. The same
qualitative behaviour has also been observed for pMOS devices (not
shown). Fig. 3a shows a typical BD event (case A), like those observed in

planar bulk technologies. It appears as a sudden jump of the gate current
that leads the gate dielectric to a high conductive state, where the gate
current is driven by the BD path. However, in most of the measured
devices, an abrupt Current Drop (CD) is also observed (as shown in
Fig. 3b, cand d). In some devices, CD is observed at a higher voltage than
BD voltage (case B, Fig. 3b); while in others, the BD event is immediately
followed by the CD (case C, Fig. 3c). In other devices, only CD is regis-
tered (case D, Fig. 3d). The comparison of the four behaviours suggests
that in cases C and D, BD does occur but the CD triggers so fast that
makes the typical large post-BD conduction non-observable due to the
measurement hardware sampling limitations (~5-10 milliseconds in the
current range of interest). As a result, BD related currents increase is
either partially observed (Fig. 3c) or not registered at all (Fig. 3d). Note
that, in many cases, the gate current after CD is very low or almost
negligible, close to the noise level of the system, which suggests that the
BD path is no longer contributing to the gate conduction anymore.
Table 1 shows the percentage of devices displaying case A (only BD)
and cases B, C and D (BD followed by CD), for each architecture (uni or
multichannel devices), channel lengths and types (nMOS and pMOS).
Clear differences are observed in the occurrence percentages. For nMOS,
while most multichannel devices (>90 %) show a CD event, only around
50 % of the unichannel devices do regardless of L. However, for pMOS,
CD is predominantly observed (>90 %) in both architectures and all L’s.
When focussing on CD occurrence, case C events are marginal, except in
long unichannel pMOS, in which cases C and D seems to be exchanged.
Therefore, we will mainly focus on cases B and D. For these cases,
regarding the dependence on L for the unichannel devices, opposite
trends have been observed, independently of the device type, i.e.,
whereas the probability of case B increases with L, the occurrence
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Fig. 3. Typical Ig-Vg curves measured during the RVS applied to the gate terminal to provoke the BD in nMOS transistors with W/L = 30 nm/20 nm (red line) and
W/L = 300 nm/40 nm (black symbols). Vg is given in absolute value. From left to right and top to bottom: (i) a typical BD event (case A), (ii) BD-to-CD process (case
B), (iii) fast BD-to-CD process (case C), and (iv) non-measurable BD-to-CD process (case D). Similar qualitative results are also obtained for pMOS devices. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Probability of occurrence of case A (only BD) and cases B, C and D in which BD is
followed by CD event, for the two architectures (uni or multichannel), device
type (nMOS and pMOS) and channel lengths.

Device Length  nMOS cases pMOS cases

1-channel A B C D A B C D

20 nm 2% 21% 7% 30% 5% 60% 5% 30 %
40 nm 47% 30% 0% 23% 6% 42% 0% 42 %
120 nm 36% 43% 0% 21% 7% 50% 0% 43 %
1000 nm 47% 47% 0% 6% 0% 80% 20% 0%
10-channels A B C D A B C D

20 nm 7 % 53% 7% 33% 5% 55% 10% 30%
40 nm 0% 39% 0% 61% 5% 9% 0% 5%

probability of case D decreases. This observation indicates that the
shorter the device, the larger the probability that CD is triggered very
fast (case D). Note that this trend is also observed for multichannel
pMOS devices, whereas the opposite trend is observed in nMOS. These
results suggest that the device architecture (number of channels) and the
substrate (p or n type) play a key role in the post-BD behaviour of the
device. In the next sections, these dependencies will be analysed in
detail.

4. Statistics of BD and current drop voltages

To gain more insight into the phenomenon, the statistical distribu-
tions of the BD and CD voltages (i.e., the voltages at which BD, Vpp, and
CD, Vcp, occur) have been analysed, for different device lengths and
widths (Figs. 4 and 5), in pMOS and nMOS transistors. Note that the Vgp
distributions include case A and B events, whereas V¢p distributions
gather cases B, C and D. Thus, case B is simultaneously considered in the
Vpp and V¢p distributions, since BD and CD events are clearly
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Fig. 4. Weibull distributions of Vpp (a and c¢), and V¢p (b and d), for nMOS and
pMOS transistors, respectively, for unichannel architecture (W = 30 nm), and
different lengths ranged from 20 nm to 1000 nm.

distinguished in this case. For unichannel devices (W = 30 nm), as
observed in Fig. 4a and ¢ for nMOS and pMOS, respectively, the BD
voltages (Vpp) follow a Weibull distribution, clearly dependent on the
device area (W = 30 nm and different L), as expected from the BD
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also included (open symbols).

literature [27,28]. Note that Vpp for pMOS is larger than for nMOS. In
the case of V¢p (Fig. 4b and d for nMOS and pMOS, respectively), the
distributions are wider than Vpp and shifted towards higher voltages,
and the area dependence is no longer observed. In some cases, bimodal
distributions are obtained, particularly in pMOS devices. Similar trends
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are observed for the Vgp and V¢p distributions of the 10-channel devices
(Wegf = 300 nm), as shown in Fig. 5. Several conclusions can be drawn
from these results. (i) BD events in these FDSOI devices show no
remarkable differences from those in bulk devices (i.e. Weibull distri-
butions and area effect still hold). Then, in these devices, oxide wear out
is responsible for BD, as widely accepted in the literature [5,9,22]. (ii)
Vpgp is larger for pMOS. (iii) CD events (if observed) take place after the
BD event. (iv) CD events show larger variability than BD. (v) The
observed bimodality suggests that two mechanisms control the post-BD
device behaviour [29]. (vi) BD and CD take place at higher voltages for
pMOS than for nMOS devices.

5. After-BD device performance

To analyse the impact of BD and CD on the device performance, the
fresh (black lines) and post-BD (coloured lines) Ip-Vg and Ig-Vg char-
acteristics of unichannel (top) and multichannel (bottom) devices have
been analysed (see Fig. 6 right and left, respectively). In case A (i.e., CD
not observed, red circles), for uni and multichannel devices, the large
gate current is driven by the BD path (Fig. 6a and c¢) [23]. The channel
current (Fig. 6b and d) is dominated by the large gate current. Inter-
estingly, no gate voltage dependence is observed. In cases B, C and D
(blue lines), for unichannel devices, CD drives the device into a non-
conductive or low-conductive state. This occurs in both vertical
(leakage current through the gate dielectric, Fig. 6a) and lateral di-
rections (channel conduction, Fig. 6b), suggesting a fatal device failure.
For multichannel devices, while the gate also shows a non-conductive
state, the channel still remains conductive though without displaying
gate voltage dependence. These results evidence that, after BD and CD,
in the multichannel devices, there can be still some conduction through
the channel, though dominated by the BD path. Therefore, though in this
case BD effects do not appear to be so severe as in unichannel devices,
the gate has lost the control of the drain current. Therefore, the device
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Fig. 6. Examples of typical fresh (black line), after a case A event (red circles), and after cases B, C and D (blue lines) Ig-Vg (left) and Ip-Vg (right) characteristics
registered in uni channel (top) and multi-channel (bottom) nMOS devices with W = 30 nm/L = 20 nm and W = 300 nm/L = 20 nm, respectively. I, was measured
with Vp = 50 mV. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Cumulative distribution functions (CDF) of post-stress I at Vg = I1VI, (a) 1-channel nMOS, (b) 1-channel pMOS, (c) 10-channel nMOS, and (d) 10-channel

pMOS, with lengths ranging from 20 nm to 1000 nm.

cannot be operated any longer as a MOSFET [30].

A statistical study of the gate and drain currents measured from [-V
curves like those in Fig. 6 has been carried out. Fig. 7 shows the Cu-
mulative Distribution Functions (CDF) of I obtained from the Ig-Vg
curves at Vg = [1VI for the following cases: nMOS unichannel (Fig. 7a)
and 10-channel (Fig. 7c) devices, and pMOS unichannel (Fig. 7b) and
10-channel (Fig. 7d) transistors. Note that these distributions contain
information on the currents measured in all the devices, which may have
suffered only a BD event (case A), or a BD followed by a CD event (cases
B, C and D). Multimodal distributions are observed, which can be
associated with different conductive modes: (i) the mode observed at
very low currents (<1073 A) corresponds to CD events after which the
device becomes non-conductive (i.e. currents close to the noise level),
(i) Ig values ranging from 10712 to 107 A correspond to soft BD con-
duction (i.e. non-linear dependence of Ig on Vg), regardless BD and CD
(cases B and C) or only CD (case D) are observed, and (iii) Ig values
above ~107% A correspond to hard BD (i.e. linear dependence of I on
Vg) in those devices that only suffered an isolated BD event (case A).
However, several differences have been observed, which depend on the
substrate type (i.e. nMOS or pMOS) and device architecture (uni or
multichannel). First, currents in pMOS transistors (unichannel and 10-
channel devices) and multichannel nMOS devices range from noise-
level to ~10 nA. However, for unichannel nMOS transistors currents
increase up to ~100uA. Therefore, the Hard BD mode (case A) is rarely
observed in the case of pMOS (Fig. 7b and d) and nMOS multichannel
transistors (Fig. 7c). Second, for unichannel devices, the probability of
having a non-conductive state is larger. Moreover, in these devices, the
multimodality is blurred (specially for nMOS), with smoother changes
between modes when compared to better-defined conduction modes in
the multichannel devices. No remarkable differences with L have been
observed for the range of channel lengths studied.

Therefore, these results, together with those in Table 1, suggest that
the probability of occurrence of a BD/CD event and the post-BD/CD gate
conduction depend on the device type and architecture. The probability
of occurrence of case A event (i.e., only BD) is only significant in nMOS
unichannel devices, and the channel length does not have relevant in-
fluence. As for the conduction after the CD event, no remarkable
dependence on the channel length is observed when considering cases B,

C and D together (see Table 1), although the probability of non-
conductive state is lower in the multichannel devices (Fig. 7).

Regarding the channel conduction after BD and CD, Fig. 8 shows the
Ip obtained from the Ip-Vg characteristic at Vg = 0 V (Fig. 8a and d), Vg
=10.3|V (Fig. 8band e), and Vg = |1|V (Fig. 8c and f) in nMOS (left) and
pMOS (right) transistors, respectively, for unichannel (open symbols)
and multichannel (solid symbols) devices with different dimensions.
Remarkably, Fig. 8 shows that, for all the studied devices, the channel
conduction after BD/CD events is independent of the gate voltage (as
already suggested by the curves in Fig. 6), corroborating that the gate
can no longer control the current through the channel. However,
depending on the current through the gate (i.e., after a CD, partial CD or
BD) the values of the channel current depend on the device architecture.
In the case of unichannel devices (open symbols in Fig. 8), in most of the
devices, Ip is negligible (noise level, ~pA) for nMOS and pMOS, indi-
cating that channel conduction has been completely lost and pointing
out a severe failure of the device. Only some devices exhibit larger
channel currents, that correspond to those cases where the BD path is
driving the oxide conduction (case a). Conversely, larger Ip, currents are
measured in 10-channel devices. The spread of the Iy values is larger
(~1 pA-1 mA) and independent of the channel length, suggesting that
channel current is mainly linked to the current through the gate (which
is local, and therefore area independent). Therefore, CD in multiple
channel devices, as in unichannel ones, provokes the loss of the gate
voltage control of the drain current (i.e., the current is independent of
the gate voltage), but still some current flow is possible. Note however,
that this case could be even more detrimental, from a power consump-
tion point of view.

The results in Fig. 8 suggest that in these FDSOI NW devices, the BD
of the gate oxide can be much more detrimental than in bulk planar
devices. On the one hand, because, independently of the substrate type
and the number of channels, the MOSFET functionality is completely
lost (i.e., the gate voltage can no longer control the gate current).
Moreover, in some cases, neither vertical nor horizontal conduction is
possible anymore, which suggests a very severe device failure. On the
other hand, in multichannel devices, although conduction is still
possible, a large increase in power consumption has been observed,
which is associated with a non-functional device. The differences
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Fig. 8. CDFs of post-stress |Ip| at Vg = 0 V (a and d), Vg = 0.3 V (b and e), and Vg = 1 V (d and f) in nMOS (left) and pMOS (right) transistors with W = 30 nm
(unichannel) and different lengths ranging from 20 nm to 1000 nm (open symbols) and with Weg = 300 nm (10-channel) and L = 20 and 40 nm (solid symbols).

observed in the post-BD and post-CD behaviours are strongly dependent
on the substrate type and the number of channels. Though further work
is needed to understand the physical origin of the observed phenome-
nology, it could be related to the device’s capability of power dissipation
after-BD. Recall that BD is an extremely local phenomenon and is sto-
chastic in nature (i.e. Vpp and I are statistically distributed). The local
power increase after the BD current runaway must be dissipated in the
device substrate. However, in FDSOI technologies, the dissipation must
occur in the thin substrate above the BOX, which has limited power
dissipation capability [32]. Then, the initial local damage caused by the
BD runaway may expand in the substrate beneath the BD spot, eventu-
ally ‘disconnecting’ that region of the channel under the location of the
BD path, which would lead to CD observation. In this work, the term
“disconnecting” is used to describe the situation where the localized BD
event produces severe damage in the gate stack and/or in the underlying
channel region, so that neither vertical current through the gate oxide
nor lateral current along the channel can be sustained. In multi-channel
devices, conduction could be still possible if only some fingers were
affected by the BD event; in single-channel devices, BD could block any
conduction path in the device, leading to the nearly insulating post-CD
behaviour observed in our measurements. However, in some cases,
predominantly in nMOS devices, ‘softer’ BD events may be triggered
(that could be related to current limitation effects of the more resistive
channel and/or smaller Vpp’s), resulting in a typical HBD event without

CD. Note that, although before BD, longer channel devices show better
performance from a power dissipation perspective (i.e., they conduct
less drain current under the same bias conditions and have larger area),
this does not mitigate the probability of CD occurrence since, after BD,
the large and localized gate current is controlling the post-BD behaviour.
In this situation, the CD occurrence will depend on the power dissipation
capability at the BD spot region, which is confined in a very reduced area
of the thin silicon film and the buried oxide. Therefore, the area of the
device does not significantly influence the statistics of CD occurrence,
consistent with the results shown in Table 1. In any case, after BD and
after CD events, the conduction of the damaged channel will be no
longer controlled by Vg, so that the device has lost its functionality.
Reasonably, BD effects would depend on the device size. In our short 1-
channel devices, BD would damage the whole gate area, fully destroying
the device and leading to a non-conductive post-BD state (i.e., neither
vertical nor lateral conduction is feasible, as suggested by the post-stress
Ig-Vg and Ip-Vg curves). However, in those devices with more than one
channel, only the channel where BD and CD has occurred (and even-
tually some other neighbour channels) would be disconnected, so that
the lateral current could still be possible. This current could be
controlled by the BD gate current and/or by changes in the electrostatics
that may have been produced, indicating that the device functionality
has also been lost.
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6. Temperature dependence analysis

Since BD and post-BD current in bulk devices are temperature
dependent phenomenon [33] to gain more insights on the BD and post-
CD phenomenology in these devices, the temperature dependences of
the BD and CD voltages and of the gate currents have been analysed.
Then, the experiments have been repeated at 85 °C and 125 °C on
several pMOS transistors, for which BD appears to be more detrimental.
Fig. 9 shows the Vpp and V¢p distributions obtained in unichannel (W =
30 nm) pMOS devices with L. = 20 nm (Fig. 9a) and L = 1000 nm
(Fig. 9b). The distributions reveal that, for both channel lengths, BD
events are accelerated by temperature (solid symbols) [31], while for
the CD no external temperature dependence is observed in the case of L
= 20 nm. Recall that self-heating can be important in these devices [32],
so that a dependence on the internal temperature cannot be ruled out).
In large channel (1000 nm) pMOS, V¢p distributions exhibit large
bimodality (open symbols in Fig. 9b), as already observed in Fig. 4d,
indicating that two mechanisms may be driving the device failure after
the CD. The CD mode observed at low gate voltages shows a clear
temperature dependence, while the other one at higher voltages does
not. The bimodal behaviour observed in the VCD distributions (Fig. 9b)
suggests that two different failure mechanisms may coexist. Though
further work is needed to determine their origin, the low-voltage CD
mode, which shows a clear temperature dependence, could be tenta-
tively attributed to thermally activated degradation processes of the gate
oxide, such as further defect generation or structural modifications at
the BD spot induced by the high power density. In contrast, the high-
voltage CD mode, which appears to be temperature independent,
could be more consistent with a more severe breakdown event, with
irreversible structural damage.

The I obtained at Vg = I1VI from the I5-Vg measured during a
second RVS test has been also analysed. Fig. 10 shows the Ig

distributions corresponding to the same devices as in Fig. 9. As observed,
for all temperatures, the gate current after the BD and the CD are largely
spread, ranging from the noise level (device destruction) to hundreds of
nanoamperes. Some temperature dependence is observed when very low
current values are measured (up to 0.1pA), probably dominated by
thermal noise. However, above this level, when the BD-CD damage is
driving the gate oxide conduction, current does not display any tem-
perature dependence. These observations suggest that opposite to BD,
which can be accelerated by increasing the operating temperature, the
CD event appears to be temperature independent. Note, however, that
dependence on the internal device temperature cannot be ruled out.

7. Conclusions

The BD phenomenology in high-K Q-shaped NW FD-SOI transistors
has been statistically analysed. Our results show that BD of the gate
dielectric can be followed by a CD event. This event is observed as a
large drop in the gate current, negatively impacting the drain conduc-
tion as well. Our results suggest that CD is especially damaging (from a
structural point of view) in short unichannel devices, so that current
conduction (neither vertical nor lateral) is not allowed anymore. In
multi-channel architectures, some NW may not be affected by the BD, so
that the device can still drive some current. However, the gate control
has been lost, and the drain current is dominated by the gate current, so
that the device not only is non-functional but also its power consump-
tion has increased, especially in the case of nMOS devices. The results
can be interpreted in terms of the power dissipation capability of these
devices due to the confinement of the device channel, which is insuffi-
cient to withstand the large currents triggered by the BD event, ulti-
mately resulting in a catastrophic failure of the device (probably related
to a ‘destruction’ of the gate stack around the BD spot). Therefore, in
these NW FDSOI devices, BD can be a more detrimental failure
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mechanism than in bulk devices.
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