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Abstract—We report experimental results of the N/PBTI
(Negative/Positive Bias Temperature Instability) reliability of
vertically stacked Gate-All-Around (GAA) silicon nanowire
(NW) MOSFETs. We benchmark the lifetime of these novel
devices against FinFETs with different widths and similar gatestack. We do not only compare the average degradation, but also
the time-dependent variability. At last, we predict the impact of
the nanowire diameter on the reliability using TCAD
simulations. Both the experimental results and the simulations
indicate that BTI reliability is not negatively impacted down to a
nanowire diameter of 6nm.
Index Terms—PBTI/NBTI, GAA, FinFETs, time-dependent
variability, scaling

I.

INTRODUCTION

Cylindrical GAA transistors enable ultimate MOSFET
scaling [1]. Short channel effects are substantially decreased
as the natural length (λ) of such devices is reduced [1].
Horizontal nanowires exhibit strong similarities with the
FinFET architecture. Therefore, horizontal GAA can be seen
as the natural evolution of bulk FinFETs. Given their limited
channel area, however, the normalized drive current of such
devices is reduced. In order to tackle this limitation, several
wires should be vertically stacked. Recently, unichannel [2]
and CMOS [3] stacked nanowires with diameters of 8nm were
fabricated on bulk Si substrates (cross-sections shown in
Fig.1). These devices revealed excellent electrostatic control
and effectively matched n- and p- Vth’s via a nanowire
compatible dual-work function metal (DWFM) integration
scheme [3]. In this work, we investigate the BTI reliability and
time-dependent variability of these novel devices and compare
them to FinFETs with similar gate-stack process.
II.

DEVICES

We studied the reliability of five different GAA processes
(‘NW1-5’), shown in Table 1. All devices are based on the
same Replacement Metal Gate (RMG) high-k process.
Unichannel nMOS and pMOS devices have TiN/TiAl/TiN and
TiN/TaN metal gate stacks, respectively, whereas CMOS
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processes (NW3, NW4 and NW5) follow the DWFM scheme
schematically shown in Fig.2. The contribution of the
underlying parasitic bulk device to the total current is reduced
by adjusting its Vth to a higher value as compared to the Vth of
the nanowire by means of a Ground Plane (GP) doping [2] at
the beginning of the device fabrication. The nanowires
reliability is compared to FinFETs based on the same RMG
and extension/halo processes. The dimensions of both fins and
nanowires were determined by TEM cross-sections (Fig.1).
TABLE I.
GATE-ALL-AROUND PROCESSES USED IN THIS WORK.
FIVE DIFFERENT WAFERS WERE USED, IN WHICH TWO ARE UNICHANNEL
DEVICES (NW1 AND NW2) AND THREE ARE CMOS PROCESSES (NW3, NW4,
NW5). THESE FIVE DEVICES ARE THEN COMPARED WITH FINFETS WITH
SIMILAR GATE-STACK PROCESS.
Nanowire
number

Dimensions

Halo

Extension

p-metal etch
duration

Ground
Plane Doping

NW 1 (nMOS)

d=8nm

NW 2 (pMOS)

d=8nm

No

Yes

x

Strong

No

Extesionless

x

Strong

NW 3 (CMOS)

top wire: d=10nm
bot. wire: d=8nm

Yes

Extensionless

180s

No

NW 4 (CMOS)

top wire: d=10nm
bot. wire: d=8nm

Yes

Extensionless

360s

Weak

NW 5 (CMOS)

top wire: d=10nm
bot. wire: d=8nm

No

Yes

360s

Strong

III.

NBTI AND PBTI

N/PBTI stress experiments have been performed using the
eMSM technique [4] at 125C. ΔVth is evaluated at trelax=1ms.
Maximum operating voltages (Vov,max) are estimated by
power-law extrapolations to 10 years (failure: ΔVth=30mV). In
order to determine the mean Vth shift, large test structures with
22/44 parallel fins/NWs and gate length (LG) of 100nm are
used to avoid stochastic effects [5]. At least 3 devices were
measured for each stress voltage, so that the data shown is the
average degradation of these devices.
Before comparing the reliability of FinFETs and NWs, we
investigated the impact of the DWFM on the CMOS NW
lifetime. In such process, the p-metal work function metal
(WFM) is selectively etched on top of the n-type transistor.
Given the new device architecture, the SF6 etch time was
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tuned such that the PWFM could be effectively removed in
between and below the nMOS nanowires as schematically
shown on top of Fig. 2. However, extensive etching times
could have, in principle, a negative impact on the device
reliability as it could damage the gate-stack dielectric. Fig. 2
shows the (a) ΔVth at 1s of stress and (b) lifetime as a function
of overdrive voltage (Vov=VG,stress-Vth0) for unichannel and
nMOS devices with two different p-metal etching times during
the DWFM process. Vov,max is independent of the etching time,
Unichannel
Si
Parasitic W gate
WF device
metal
NMOS
LG = 70 nm

CMOS
PMOS

Li2

NMOS
metal
gate

Parasitic
device PWFM

N/P
boundary

NWFM

100 nm

LG = 30 nm

(a)

0.1

0.01

Unichannel

Having confirmed that the DWFM CMOS integration
scheme and the GP doping are efficient and do not interfere on
device reliability, the GAA degradation is compared to
FinFETs with different fins width. Fig.4(a) compares the
threshold voltage shift at 1 second of NBTI stress of the three
CMOS NWs process with FinFETs having different widths. In
this case, the NBTI degradation of NWs seems to be
enhanced. The voltage acceleration factor (γ) is smaller for the
NWs, which indicates a broader distribution of defects in the
gate dielectric or a higher oxide field (Eox) for the same Vov. A
small but consistent trend is also observed for the FinFETs,
showing a higher degradation for wider fins at the same Vov.
We ascribe this observation to the reduced oxide electric field
(Eox) obtained at constant Vov in fully depleted fins, similarly
to the effect of Forward Body Biasing (FBB) in planar devices
[6, 7]. In fully depleted devices, the depletion charge is limited

CMOS_360sEtch
CMOS_180sEtch
0.001
0.3

time for ΔVth=30mV [s]

Besides checking the integrity of the gate stack, it is also
important to verify the impact of the ground plane doping on
device reliability. This process step is simply based on an ion
implantation on bare silicon wafer at the beginning of the
process [2]. The GP doping objective is to suppress parallel
conduction below the Si NWs in two ways: (1) by acting as a
punch-through stopper, and (2) by increasing the Vth of the
electrostatically less favorable planar-like transistor below the
Si NWs (shown as red in Fig.1). The effectiveness of the GP
doping can be indirectly verified by the device lifetime: if the
device degradation depends on the GP doping strategy it
means that the main conductions path also changes as a
function of the GP process. Three different ground plane
doping processes are then compared. NW4 and NW5 have
medium and high doping concentrations, respectively,
whereas in the NW3 process no GP doping was used. The
impact of the ground plane process on device lifetime is
verified and shown in Fig.3. BTI reliability is independent
from GP doping, which indicates that all the three possibilities
can be used to effectively turn-off the bulk parasitic device.
It’s important to mention that the parasitic device seems to be
turned off even in NW3 where GP doping was not used,
because of the presence of Halo in this device which acts like
a substrate doping, replacing the initial GP doping.
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Figure 1. Cross-sections of the two NW processes used in this work.
Unichannel [2] (top) and CMOS [3] (bottom) processes. Both devices are
based on two-stacked horizontal nanowires. A parasitic fin, shown in red, is
below each NW stack.

which validates the DWFM integration scheme.

0.7

Vov [V]

1.2

Figure 2. No impact of the p-metal etching time process (top schematics) on
the nMOS device lifetime. PBTI reveal that both 180s and 360s SF6 etching
results in the same lifetime as the unichannel nMOS device (b).
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Figure 3: Comparison between NW3, NW4 and NW5 shows that device
lifetime is independent from GP doping. It indicates that the parasitic device
is off during device operation; it can be effectively turned off using GP
doping, or by using Halo as a source of doping to the substrate (NW 3 – No
GP).
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by the physical width of the device itself. For a fixed inversion
charge Qinv (as a result of the same Vov), narrower fins will
have a smaller depletion region, which will result in smaller
Eox (QG=Qinv+Qdepl; Eox=QG/ε0εr). If the device lifetime is
calculated (Fig.4b), the same trend is observed, as expected.
GAAs and wider fins have smaller Vov,max. Similar results are
observed for PBTI. NWs have twice as large Vth shift at 1s of
stress at the same Vov as FinFETs and smaller γ (Fig.4c),
resulting in a ~1000 times smaller lifetime at FinFETs’ Vov,max
(Fig.4d).
For a fair comparison, it is important to determine the EOT
of these devices, as ΔVth~Eoxγ and Eox ~ Vov/EOT. However,
EOT estimation is challenging in aggressively scaled nonplanar devices due to uncertainty in the actual device
dimensions. TEM cross sections are accurate, but cannot
predict the physical variations intrinsically present in 3D
devices. Small variation of EOT can result in drastic
differences of Eox, and consequently, ΔVth. Jleakage is a suitable
indicator of EOT, as it is exponentially sensitive to gate
dielectric thickness, while only linearly proportional to device
dimensions, which is obtained by TEM cross-sections. Fig.5
shows that Jleakage for the NWs is, in average, ten times larger
than the FinFETs, which indicates a thinner EOT. If we
assume that the increase of NW Jleakage is solely due to SiO2
interfacial layer (IL) scaling, Fig.6 is obtained. It shows that
for both PBTI and NBTI, Vov,max follows the 1V/nm isoelectric
field scaling, as previously observed in EOT scaling BTI
studies [8]. Therefore, the lower Vov,max of the NWs is liked
due to process differences and caused by a thinner SiOx
interfacial layer. The ~0.2nm thinner EOT could have been
caused by a smaller growth rate of SiOx on the different GAAs
crystalline planes.

JG at |VG|=|Vth|+0.6V [A/cm2]

Vov [V]
Vov [V]
Figure 4. ΔVth as a function of the overdrive voltage at 1s of stress for (a) NBTI and (c) PBTI. For both cases, NWs have higher degradation and smaller
acceleration factor than FinFETs. (b) NBTI and (d) PBTI lifetime is smaller for NWs and wider Fins.
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Figure 5. nMOS gate leakage current density. In average, NWs have a 10x
higher current densities than the FinFETs which can indicate a thinner EOT.
Each boxplot represents 20 devices measured in 5 different wafer positions.

IV. TIME DEPENDENT VARIABILITY
Having confirmed experimentally that ~8nm diameter
NWs follow the same reliability trend as the FinFET devices,
the next step is to compare their variability and how it changes
with stress time.
In addition to the time-zero variability, an extra source of
variability in deeply scaled devices arises during operation due
to charging of pre-existing defects and generation of new
defects [9]. It was shown that the statistics of this timedependent variability of threshold voltage shifts ΔVth can be
expressed analytically in the so-called Defect-Centric (DC)
model, which allows to derive a crucial relation between its
first two moments <ΔVth> and ıΔVth, namely [9]:
ı2ΔVth = 2η<ΔVth>

(1)

In this case, η represents the average contribution of a
single charged trap to ΔVth. As the variance increases as the
population ages, the time dependent variability is best
described in terms of η, which is independent of degradation.
d
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Figure 6. P/NBTI Vov,max for all measured devices as a function of the ΔEOT.
The ΔEOT was calculated having the device with the lowest Jleakage as
reference and assuming that 0.2nm thinner SiO2 corresponds to a 10 times
higher leakage current density. The dashed lines indicates the isoelectric field
of 1V/nm which dictates the reliability for sub-nm EOT devices [6].

Therefore, η can be used as metric for comparing different
technologies. Besides η, the DC model allows to extract the
number of charged traps per device by means of:
<ΔVth> = ηNT(t),

(2)

in which NT is the expectation value of Poisson-distributed n
charged defects in each device.
The measured devices have channel length (LG) and
number of fins/NWs equal to 28nm and 2/4, respectively.
Similarly to the previous average BTI study, the experiments
were performed using the eMSM technique at 125C. A
continuous stress voltage of Vov=+1.2V was used for 120
seconds and the ΔVth is measured at relaxation time of 1ms.
A. Single devices
Initially, we compare the PBTI degradation of 10nm width
FinFETs and NWs (NW3) by means of single device
measurements.
Fig.7 shows the ΔVth distribution of these two kind of
devices as a function of stress time. As expected, the ΔVth
distributions can be described excellently for both
technologies with the defect-centric model, assuming η of
1mV and 1.9mV, for the GAA and FinFET, respectively, and
increasing NT with stress time. Fig. 7(c) shows NT as a
function of stress time for both GAA and FinFET devices.
GAA devices have more filled traps than FinFETs at the same
stress time, which agrees with the higher mean degradation
found in large devices in the previous section. The smaller η
value of the GAA indicate that the defects in GAAs have
smaller impact on the ΔVth than in FinFETs, resulting in
smaller time-dependent variability.
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Figure 7. Data of 250 (a) GAA and (b) Fin nFETs stressed at PBTI condition
of Vov=+1.2V for different stress times. The data can be fitted (black lines)
with the defect-centric distribution with a single η. (c) The number of charged
defects as a function of stress time can be fitted with a power law (dashed line)
for both architectures. GAA have a higher number of NT for the same stress
time, in agreement with the higher mean degradation found previously in large
devices.

B. Matched Pairs
Similarly to its time-zero counterpart, time-dependent
variability has systematic and random components. It was
shown that the random component can be extracted using
matched pairs [11], analogously to time-zero analysis [12]. In
order to confirm the previous results obtained from ΔVth of
single devices, we also studied the PBTI of nMOS devices
organized into matched pairs with varying gate length LG and
number of fins/wires. Instead of analysing the pure ΔVth per
device, we use the δΔVth which is simply the difference of the
ΔVth caused by stress between the left (ΔVth,L) and right
(ΔVth,R) matched devices in the pair (δΔVth = ΔVth,L – ΔVth,R).
In this way, the random component of the time-dependent
variability can be directly extracted.
Fig.8 shows the random component of both time zero and
time-dependent variability of both 5nm width FiNFETs and
NWs (NW3) extracted from the matched pairs. Fig.8a shows
that time zero variability of both architectures are very similar
and follow the expected A-0.5 dependency (dashed line) [12]
with a Pelgrom coefficient AVT ~ 2 mV.μm. Fig.8b reveals
the random component of the time-dependent variability. It
follows the expected A-1 trend (dashed lines) [11]. Values of
η for the smallest area devices are in close agreement with
the one previously extracted based on single device
distributions (Section A). It indicates that the measured
devices do not deeply suffer from systematic variability (most
probably because the single devices were located in close
neighbours dies). Most important, it confirms that the GAA
devices have lower η than FinFETs, and therefore, are less
ddd
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normally distributed defect level and uniformly distributed
traps within SiOx (hole traps) and HfOx (electron traps) layers
[16]. In this case, the distribution of defect levels Et, (with
regard to the respective valence band edge) are 3.8eV and
4.44eV, for the HfOx and SiO2, respectively. The defect
conce
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Figure 8. The random component of both (a) time-zero and (b) timedependent variabilities, extracted using matched pairs for both GAA (solid
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Figure 9. Benchmark σVth0 and σΔVth for nMOS devices of different
technologies. NWs discussed here (red squares) show relatively low σΔVth
.

Finally, the relative time-dependent variability
(σΔVth/σVth0) is benchmarked in Fig.9 for nMOS devices of
different technologies [13]. NW3 shows relatively low σΔVth,
which is comparable to planar SOI devices in production.
V.

SIMULATIONS

The impact of NW diameter on the device reliability is
investigated with TCAD [14]. The defect model is based on
the four-state non-radiative multiphonon model [15]
calibrated for the recoverable component (ΔVth,R) of our
RMG HK gate-stack. The simulated ΔVth,R is based on a

VG=1.4V

VG=1.2V

VG=1.8V

(a)
0

Mean of ΔVth at 2ks stress [V]

impacted by time-dependent variability. This phenomena can
be related to the better electrostatic control of the GAA [10]
and/or to the fact that the current in GAA is not exactly at the
interface with the gate stack dielectric due to volume
inversion, being physically distant to the charged defect [1]
and, therefore, less prone to its effects.
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Figure 10. (a) Simulated ΔVth,R of nMOS NWs with three different diameters
for three different stress voltages. Each simulation is based on a randomly
generated defect distribution. For each stress voltage, the mean degradation
and Vov is calculated which are then used to verify the impact of the NW
dimensions on the PBTI reliability shown in (b).

5C-4.5

concentration NOT, on the other hand, is equal to 2.0x1020 and
0.9x1020 for the HfOx and SiO2, respectively [16].
The simulation methodology mimics the experimental one,
in which ~30 devices are simulated to extract both the
variability and the mean degradation, as shown in Fig.10a for
NWs with three different diameters and stress voltages. Each
simulation is based on a randomly generated defect
distribution. The variability increases as a function of the
mean degradation, as expected by the DC model. If the mean
degradation is compared, 4nm wires have a 20% higher PBTI
degradation than 8nm diameter/width NW/FinFETs (Fig.10b).
This higher degradation for smaller wires is directly related to
the increase of oxide electric field as shown in Fig.11.
Electrostatics dictates that in cylindrical coordinates, the oxide
field is not constant within the gate dielectric, increasing for
smaller wires at the same stress voltage. Therefore, electric
field crowding in scaled wires can be a potential threat for
their reliability.

Electric Field [MV/cm]

6

Further scaling is likely to be limited by BTI enhancement
caused by the oxide electric field increase which is inherent to
cylindrical devices.
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