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Abstract—This is the first work that investigates the impact of
Negative Bias Temperature Instability (NBTI) on the Self-Heating
(SH) phenomenon in Silicon Nanowire Field-Effect Transistors
(SINW-FETs). We investigate the individual as well as joint
impact of NBTI and SH on pSiNW-FETs and demonstrate that
NBTI-induced traps mitigate SH effects due to reduced current
densities. Our Technology CAD (TCAD)-based SiINW-FET device
is calibrated against experimental data. It accounts for thermo-
dynamic and hydrodynamic effects in 3-D nano structures for
accurate modeling of carrier transport mechanisms. Our analysis
focuses on how lattice temperature, thermal resistance and
thermal capacitance of pSINW-FETs are affected due to NBTI,
demonstrating that accurate self-heating modeling necessitates
considering the effects that NBTI aging has over time. Hence,
NBTI and SH effects need to be jointly and not individually
modeled. Our evaluation shows that an individual modeling of
NBTI and SH effects leads to a noticeable overestimation of
the overall induced delay increase in circuits due to the impact
of NBTI traps on SH mitigation. Hence, it is necessary to
model NBTI and SH effects jointly in order to estimate efficient
(i.e. small, yet sufficient) timing guardbands that protect circuits
against timing violations, which will occur at runtime due to
delay increases induced by aging and self-heating.

Index Terms—Self-heating, NBTI, interface traps, nanowire

[. INTRODUCTION

SiNW FET is one of the promising solutions to continue
technology scaling due to its effective gate control, that
suppresses short-channel effects, good transport properties,
higher Ion/Iopr ratio and CMOS compatibility [1], [2].
However, the nano-scaled dimensions of SINW FET result
in an ever-increasing power density due to the enhanced
current drivability [3], [4]. Therefore, SINW FETs suffer from
inevitable degradations caused by electro-thermal (ET) effects
like self-heating (SH) — especially at the 14nm node and below.
This is due to limited silicon volume for heat dissipation
during operation and the low thermal conductivity of gate
oxide materials along with the geometrical confinement of
the device nano structure [5], [6]. The heat transport in the
nanowire channel is in quasi-1-D because the current flows
along the channel from drain to source in one-dimension due
to the very small diameter and channel length [3]. The key
mechanism behind SH is attributed to carrier-phonon interac-
tion in the high-electric-field region near the drain-to-channel
junction. As lattice temperature increases, more carrier-phonon
scattering occurs, leading to reductions in the mean free path
(MFP) of carriers. SH degrades the performance of n-type and
p-type transistors in terms of ON currents due to varied drifts
in the electrical characteristics like transconductance (g,, ), sat-
uration velocity, etc. [6]-[8]. In addition, excessive generated
heat within nanowire exacerbates the Hot Carrier Injection
(HCI) near the drain area leading to reliability problems [9].
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Additionally, leakage power exponential increases at elevated
temperatures, which is unaffordable in many (like embedded)
systems. In fact, each of sub-threshold leakage, reverse bias p-
n junction leakage and gate leakage directly increase when the
lattice temperature is higher [10]. It is noteworthy that SH still
strongly affects the leakage power even though SH itself will
be negligible during the OFF phase of switching (i.e. when
|Vg|<VT)1 [11]. This is because excessive generated heat by
SH during the ON phase (i.e. when |V |>V7p) propagates to
the OFF phase and thus strongly affects the leakage power —
this holds even more in current technologies because thermal
time constant of transistor is typically larger than the switching
period of digital circuits [4], [12] and thus insufficient timing
for heat dissipation is available during the OFF phase [11].

In summary, SH reduces the performance [6], degrades the
reliability [9] and increases the leakage power [11]. Therefore,
there is an ever-increasing need to accurately investigate SH
to understand how the Figure-of-Merit of nanowires will be
affected from time-0 until the end of lifetime (EOL).

NBTI Aging: On the other hand, NBTI remains as a key
concern for pMOS devices, whereas Positive BTI became
negligible for nMOS, as Intel demosntrates [13]. NBTI leads,
over time, to an increase in the threshold voltage (V) of
transistor as well as a reduction in the carrier mobility (u).
Both degradations (i.e. Vi increase and p reduction) lead to
lowering the ON current of transistors and thus degrading
their performance [14]. The underlying mechanism behind
NBTI is due to the uncorrelated contributions of interface
trap generation (AN;;), trapping in the pre-existing defects
(ANpgr) inside the dielectric and trapping in bulk insulator
traps (ANo7) [15]. ANor is significant only under harsh
stress conditions (i.e. very high voltage and temperature
stresses). In addition, the contribution of ANgyr is often
negligible in well-optimized devices [15]. Therefore, under
typical operating conditions, the overall NBTI degradation is
dominated by interface traps [15].

Impact of reductions in transistor ON current: The
sustainable frequency of a circuit is dictated by the maximum
delay of the critical path. The latter is governed by the propa-
gation delay of standard cells that form the critical path. The
propagation delay of any cell, in turn, is inversely proportional
to the drive current (ON current, Ipy) that its constituent
transistors provide. Therefore, reductions in the ON current
of transistors due to SH and/or NBTI effects will directly
enlarge the critical path delay, leading to timing violations
in the circuit due to the unsustainable clock frequency. To

!In the OFF phase, the drain current itself is extremely small and thus SH
will be negligible due to the very low current densities.
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Fig. 1: (a) shows the pSiNW FET with doping profile in 3D structure and
2D cross sectional views. (b) I4-V, (linear and saturation operation modes)
comparisons of TCAD simulations with reported industrial data [1]. (c and
d) show the validation of our developed Verilog-A compact model [16] (used
within SPICE simulations) against TCAD data for pSiNW and nSiNW FETs
in the case of (c) 14-Vj at high and low V¢ and (d) 14-Vg, for various Vys.

protect circuits during runtime against such timing violations,
designers typically employ a timing guardband (i.e. an addi-
tional time slack) on top of the critical path delay in which any
delay increase, caused by SH and/or NBTI, will be overcome.
Including a timing guardband results in performance losses.
Hence it is necessary to accurately estimate the small, yet
sufficient timing guardband in order to increase the efficiency.
Our key contributions within this work are as follows:
(1) We investigate the individual impact of each NBTI and
SH on the electrical characteristics of pSINW FETs as well as
the joint impact of them. In addition, we explore the impact
of NBTI on mitigating SH effects demonstrating that NBTI-
and SH- induced degradations should be studied and modeled
Jjointly and not individually for accurate analysis.

(2) Electro-Thermal simulations are performed for the fresh
device (i.e. in the absence of NBTI) and under the effects of
interface traps at varied densities (representing induced degra-
dations at different time steps from fresh to EOL). The key
device parameters like Vi, g, Ion, lattice temperature (717,)
and thermal resistance (R;;) are then analyzed to investigate
the impact of NBTI on SH effects from fresh to EOL. For a
more comprehensive analysis, we study devices with 1-wire
and 2-wires, exploring how SH effects become much larger in
multi-wire devices and how NBTT also affects them.

(3) The thermal capacitance (Cyp) is also analyzed under
different thermal time constants (7;;) and then the impact of
SH on the maximum lattice temperature is explored for a wide
range of switching frequencies in the fresh and EOL scenarios.
(4) We finally quantify the impact of modeling SH and NBTI
effects individually instead of jointly on overestimating the
overall delay increase in circuits for single-wire and multi-
wire devices, demonstrating the necessity of a joint modeling
for accurate timing guardband estimations.
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Fig. 2: (a) Shows the impact of varied NBTI-induced interface traps (AN;¢)
on I4-Vy characteristics (at low V) without self-heating. (b) gy, -V analysis
indicates the degradation in carrier mobility with the increase in trap density.
(c) shows the threshold voltage shift (AVy) and relative g, reduction due
to NBTL. AVr is up to 55mV at the EOL (10 years), and maximum g,
reduction is up to 18%. (d) shows the relation between AV and lifetime.

II. OUR TCAD SETUP FOR SELF-HEALING AND
NBTI AGING ANALYSIS

The 3-D device simulations of nanowire are carried out
using Synopsys TCAD tools. The pSiNW FET TCAD device
is well calibrated with industrial published data [1]. Fig 1(a)
shows the 3D structure of pSiNW FET along with the device
calibration in which the I-V characteristics for the linear and
saturation operation modes are compared to the reported exper-
imental data (see Fig. 1(b)). The reported data is for a nanowire
device with a channel length of L;=30nm and oxide thickness
of t,.=2nm. After calibrations, the device was scaled down
to lower dimensions (L,=14nm, ¢,,=1nm) according to the
state of the art [2] for further device simulation and analysis.
In addition, Fig. 1(c and d) demonstrate the validation of
our developed Verilog-A compact model [16] (used within
Synopsys HSPICE simulations) against the TCAD data for
pSiNW FET and nSiNW FET in the case of I;-V, at high
and low Vg () and I4-Vy, for various Vg (d).

Modeling SH effects in TCAD: The drift-diffusion (DD)
model with proper corrections for mobility and saturation
velocity is used for device analysis in the absence of SH
effects. Thermodynamic (TD) and hydrodynamic (HD) carrier
transport models are jointly considered in the electro-thermal
simulations for accurate SH analysis. On the one hand, the
HD model simulates the electro-thermal aspects of carrier
transport with quantitative estimates of carrier temperature
profile. The TD model, on the other hand, solves lattice heat
flow equations along with the DD model in order to obtain
the lattice temperature (777,) variations across the device. The
Philips mobility together with high-field saturation is used
to model carrier mobility. In all performed simulations, the
ambient temperature of 300K has been assumed.
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Fig. 3: (a) shows the thermal profile of pSiNW FET device due to SH effects with and without NBTI aging. As trap density (AN,;) increases (i.e. higher
NBTI), the impact of SH decreases (e.g., fresh case compared to EOL at AN;; = lel2cm~2). (b) Increase in the lattice temperature ATy, along the
channel at |Vy5| = 1V. (¢, d) show the maximum lattice temperature (7' p742) With applied gate and drain voltages, respectively, for the case of fresh
(i.e. SH-alone) andQSH+NBTI (under varied AN;;). (e) shows ATy arq. from fresh to EOL. ATy ar,. decreases by up to ~ 16K under the influence of
AN;; = lel2cm™ <.
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Fig. 4: 14-Vy plots (at high V{;5) in log- and linear- scales are presented in (a) and (b), respectively, showing the baseline (i.e. no SH, no NBTI), SH-alone
(i.e. fresh device under SH effects) and SH+NBTI (i.e. both SH and NBTI effects are jointly considered under varied trap densities AN;¢). (¢) I4-Vy (at
high V) characteristic shows that the I; decreases under SH effects and NBTI causes further degradations on top. (d and e) show the I;-Vy, and I4-Vy
characteristics, respectively, for the baseline, NBTI-alone, SH-alone and SH+NBTI. The EOL (represented by AN;; = 181201’1172) is considered here in this

analysis. The resulting AV and Alon are summarized in Table L.

Modeling NBTI effects in TCAD: To model the impact of
NBTI on the electrical characteristics of nanowire, we simulate
varied trap densities (AN;=1ell, 5ell and lel2cm™2).
Traps are uniformly distributed within the entire bandgap.
The presence of traps at the interface layer lower the vertical
electric field, which manifests itself as an increase in the
threshold voltage (V) of pSiNW FETs. In addition, when
lateral electric field is applied, NBTI-induced interface traps
interact with the moving carriers and thus reduce their mobility
(p) due to Coulomb scattering [14]. Degradations over time
in both Vr and v contribute to ON current reductions.

In Fig. 2, we show the induced degradations due to NBTI
alone (i.e. without SH) under the impact of varied trap
densities. Fig. 2(a) shows Ipy reductions with the increase
in AN;;. The reduction in carrier mobility is observed in
Fig. 2(b) by the transconductance (g,,) reduction with AN,
increase. Fig. 2(c) summarizes the impact of varied ANy
(at low V) on Vr increase and g, reduction. At AN;; of
lel2cm™2, AV reaches 55mV, which corresponds to 10 years
of operation and is considered to be endo of lifetime (EOL).
Fig. 2(d) shows the relation between AV and lifetime. Note
that NBTI-induced AV over time is governed by the power
law with an exponent of 0.16 [15].

III. ANALYZING THE EFFECTS OF SELF-HEATING AND
NBTI AGING individually AND jointly

Fig. 3(a) shows the 3D device thermal profiles due to
self-heating under the impact that NBTI-induced traps have
from fresh to EOL for pSiNW FET. Generated heat across
the nanowire becomes less with the increase in trap density
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(AN;;) and therefore NBTI can mitigate to some degree
SH effects. Fig. 3(b) shows the lattice temperature increase
(AT7p), under the effects of SH, along the channel including
extension length. The maximum temperature (AT prqz) 1S
~166K near the drain side and it is then reduced to ~150K
at EOL due to NBTI-induced traps. This is because NBTI
causes I, reductions (Fig. 2(a)) due to Vp increase and
decrease (Fig. 2(c)). Hence, the total source power (P=1;Vys)
decreases and thus SH effects become less (i.e. less heat is
generated across the device akin to less power densities).
Fig. 3(c and d) show the impact of drain and gate voltage (Vs
and V) on AT7prq, and how the latter is reduced with the
increase in AN;;. Fig. 3(e) demonstrates the relation between
ATy prar and AN;; with a reduction in the ATy 74, by ~16K
when AN;;=1el2cm~2, which represents the end of lifetime
(EOL) in our analysis (10 years, as shown in Fig. 2(d)).

A. Impact of NBTI and SH on the Electrical Characteristics
of pSINW FETs: Vp, g, and Ion

To understand better the induced degradation by each phe-
nomena alone (i.e. NBTI and SH) and how they may cancel
or magnify each other, we investigate the following scenarios:
(1) Baseline: It represents the fresh pSINW FET without either
NBTTI or SH effects: i.e. NBTI (X), SH (X).

(2) SH-alone: It represents the fresh pSINW FET but under
the effects of SH only, i.e. NBTI (X), SH (V).

(3) NBTI-alone: It represents the pSiNW FET but under the
effects of NBTI only, i.e. NBTI (v'), SH (X).

(4) SH+NBTT: It represents the pSiNW FET under the effects
of both NBTI and SH jointly, i.e. NBTI (v'), SH (v), in which
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TABLE I: Analysis at high Vs of AVy, Alpn and Agp,(max) with and
without SH effects under varied densities of NBTI-induced traps from fresh
to end-of-lifetime (EOL) for the case of single-wire pSiNW FET.

the interaction between varied NBTI-induced trap densities
and SH (referred in figures as: SH+lell, SH+5ell and
SH+1e12) are jointly considered within TCAD simulations.

Fig. 4(a-c) demonstrate the device characteristics 13-V
(both in linear- and log-scale) and I;-V, for each of baseline,
SH-alone and SH+NBTI cases. As shown, generated heat by
SH reduces Ipy and then NBTI results in further reductions
on top of that. In addition, we show in Fig. 4(d, e) comparisons
between the baseline, NBTI-alone, SH-alone, SH+NBTI at
EOL for both I4-V, and I;-V; characteristics. As can be
noticed, the induced reduction in /oy due to SH is larger
than NBTIL. Both NBTI and SH can jointly degrade the ON
current by around 40%.

Table I summarizes the induced AVry, Ag,, and Alpn
from fresh to EOL with and without SH effects. Note that
Ag,, in our analysis always refers to the reduction in the
maximum g,,. As can be noticed, SH still reduces /o despite
the reduction in V. Such an improvement in Vi is actually
due to the increase in the hole thermal energy. However, due
to the large degradation in carrier mobility (x), which does
dominate, improvements in Vp is canceled out and therefore
Ion gets, at the end, degraded. From results in Table I, the
following key observations can be made:

o Without SH, NBTI-alone increases Vi, at EOL, by up to
+75mV and decreases |g,,,| and [Ion| by up to 2.5uA/V
and 3.4uA, respectively.

o Without NBTI, SH-alone decreases Vi by —47mV and
it deceases |gn,| and |Ion| by 4.9uA/V and 6.47uA,
respectively.

o Under the joint impact of SH and NBTI (SH+NBTI):
(1) the overall increase in Vp is up to +24.6mV. This is
smaller than the sum of the individual AVy caused by
NBTI-alone (+75mV) and SH-alone (—47mV):

75 — 47 = 28mV > 24.6mV.

(2) The overall |Ag,,| reduction is up to 6.19uA/V. This
is also smaller than the sum of the individual Ag,, caused
by NBTI-alone (2.54A/V) and SH-alone (4.94A/V):
2.5+4.9="74uA/V > 6.19u/V.

(3) The overall |Alpn| reduction is up to 7.75uA. This
is also smaller than the sum of the individual |[Aloy|
caused by NBTI-alone (3.44A) and SH-alone (6.47pA).
3.446.47 = 9.87TuA > 7.75uA.

Therefore, modeling the induced degradations by SH and
NBTI individually results in overestimations. Hence, SH and
NBTI effects need to be jointly modeled for accurate analysis.
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fresh to end-of-lifetime (EOL). For the C}j, analysis, different thermal time
constants (743, ) are considered.
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Fig. 5: (a and b) show, for a single-wire pSiNW FET, the variation of
ATy prae for SH-alone (no NBTI effects) and SH+NBTI (both SH and NBTI
effects jointly) at EOL (i.e. AN;; = lel2cm~2) under a wide range of
frequencies for 7,5, = 200ns and 100ns, respectively. As shown, the impact of
SH is suppressed at high frequency and NBTI leads to a lower temperature at
low frequencies. The temperature reduction is ~16K, which is consistent with
the results in Fig. 3(e). (c) shows the relation between the drain conductance
(g4s) and switching frequency for the SH-alone (no NBTI) and SH+NBTI
at EOL. Results obtained from TCAD simulations in which AC signals, at
varied frequencies, are applied at the drain terminal of transistor.

B. Impact of NBTI and SH on the Thermal Characteristics of
PpSiNW FET: Ry, and Cyp,

Based on the electro-thermal TCAD simulations, we extract
the thermal resistance ([R;,) from fresh to EOL based on
described method in [17]. In practice, AT, prq. rises linearly
with the dissipated power P due to SH, allowing the extraction
of Ry, from the slope of ATypjqr = Ry X P. Table 11
summarizes the results of R;,. As can be observed, with
NBTI, R;, decreases. Reductions in Ry, in turn, lead to
reductions in the lattice temperature. This is consistent with the
earlier analysis presented in Fig. 3(a-e) in which a reduction of
16K is observed in the maximum lattice temperature at EOL.

Table II also reports the thermal capacitance (Cyp,) from
fresh to EOL. Since the thermal time constant (7;5) might
have a range of values (varied heat dissipation process be-
cause of multiple heat spreading path), we extract Cy, at
two different 745,: 100ns, 200ns. These values are within the
reported data [4], [12]. Due to NBTI-induced R;; reduction,
Cyp, increases as a result (see Table II), assuming that 7
remains unaffected by NBTI. Based on the extracted Ry, and
Cin, AT prar for a particular switching frequency can be
calculated from Eq. 1, which shows the relation between the
temperature increase and Ry, Cy, and fy, [17]. Fig. 5(a and
b) demonstrate the maximum lattice temperature for a wide
range of switching frequencies for the two selected thermal
time constants under the effects of SH-alone (i.e. fresh) and
SH together with NBTI at EOL.

A(Ids Vds) : Rth

A = T

fen =1/2mmen) 5 Ten = Ry - Cpy

To study the thermal time constant (7¢,), drain conductance
(g4s) method is typically applied [7], [8]. Therefore, in order
to investigate whether NBTI may affect 7, we perform, using

D
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Fig. 6: Analysis of the individual impact of NBTI and SH as well as the joint impact for multi-wire (2-wires) pSiNW FET. (a and b) show the I4-V, and
14-V4s characteristics. Similar to the single-wire device, NBTI results in less degradation in the ON current compared to SH. (c) shows a comparison between
single-wire and multi-wire devices w.r.t the maximum lattice temperature. The temperature increase is larger in the multi-wire device due to the much higher
increase in current densities. (d and e) compare the effects of SH-alone and the joint impact of SH and NBTI (SH+NBTI) w.r.t the maximum temperature
increase (AT prq.) under a wide range of switching frequencies for two different thermal time constants (74,,=100ns and 200ns).
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Fig. 7: Comparisons between single-wire and multi-wire pSiNW FETs w.r.t
the increase in lattice temperature due to SH effects for both cases (SH-
alone and SH+NBTI). (a) shows ATT, prq. across the channel. (b, ¢) show a
comparison (for the case of single-wire and multi-wire devices, respectively)
between the 3D thermal profiles under the effects of SH alone (i.e. fresh) and
under the joint impact of SH and NBTI at EOL.

TCAD, AC conductance simulations for drain conductance in
which AC signals, at varied frequencies, are applied at the
drain terminal of pSiNW FET. Fig. 5(c) shows the results for
the fresh and EOL cases. As can be seen, when 74,=100ns
or 200ns (i.e. f;»=10MHz, 5MHz), the effects of SH and
NBTI (i.e. SH+NBTI) at EOL result in a negligible change
in ggs compared to the impact that SH alone without NBTI
(i.e. SH-alone) has. This indicates that NBTI does not lead to
an observable change in thermal time constant.

IV. MULTI-WIRE SINW FET DEVICES

For a more detailed analysis, we also investigate how the
individual impact of NBTI and SH as well as their joint
impact affect the electro-thermal characteristics of multi-wire
(2-wires) pSiNW FETs. Fig. 6 summarizes our analysis in
which (a and b) show the the 13-V, and I4-Vg, characteristics
for the baseline (i.e. no NBIT, no SH), NBTI-alone, SH-alone
and the effects of SH together with NBTI (SH+NBTI). Note
that the ON current is 2x higher compared to the ON current
in the case of a single-wire pSiNW FET (see Fig. 2(b)). This
is due to the duplication in number of wires.

Similar to the single-wire device, NBTI results in less
degradation in the ON current compared to SH. The overall
Ion degradation due to both NBTI and SH is around 50%,
which is higher than the overall Ioy degradation in the case
of single-wire device. Fig. 6(c) demonstrates a comparison
between single-wire and multi-wire devices w.r.t the maximum
lattice temperature (17p7q4,) (further details in Fig. 7(a and
b). The temperature increase is larger in the multi-wire device
due to the much higher increase in current densities. However,
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AN;i(em—2) 0 (fresh) | lel2 (EOL)
w/o self-heating: AV (mV) 0 +728
NBTI-alone [Agm[(A/V) 0 9.7

A lox(aA) 0 6.7
W/ self-heating: AVp(mV) —54 +1.4
SH-alone and [Agm|[(LA/V) 9.73 10.44
SH+NBTI [AIon|(nA) 14.67 16.97

TABLE III: Analysis, at high Vs, of AVp, Alon and Agy,(max) with and
without SH effects for the case of multi-wire pSINW FET. Analysis is done
for the fresh (i.e. no NBTI) case and the end-of-lifetime (EOL) case.

the impact of NBTI on mitigating SH effects (i.e. the impact
of NBTI traps on reducing 717 rq,) remains very similar
(around 16K in both single-wire and multi-wire devices).
Then, as explained above, we calculate the thermal resistance
and capacitance (R;;, and Cyp) for the multi-wire device in
order to analyze SH dependence with frequency. Compared to
the single-wire device, we found Ry, to be slightly smaller
(12.01K/pW), due to the larger surface to dissipate heat [18].
NBTI reduces R;, at EOL to 11.9K/uW, which explains
the lower lattice temperature when NBTI and SH effects are
jointly analyzed (see Fig. 7(b)). Fig. 6(d and e) compare the
effects of SH-alone and the joint impact of SH and NBTI
(SH+NBTI) w.r.t the maximum temperature increase under a
wide range of switching frequencies for the two thermal time
constants (7;,=100ns and 200ns). Fig. 7(a) demonstrates a
comparison between single-wire and multi-wire pSiNW FETs
w.r.t the increase in lattice temperature across the channel due
to SH effects alone (SH-alone) and the joint impact of SH
and NBTI (SH+NBTTI). Fig. 7(b, c¢) shows a comparison (for
the case of multi-wire and single-wire devices, respectively)
between the 3D thermal profile under the effects of SH alone
(i.e. fresh) and the 3D thermal profile under the joint impact of
SH and NBTI at EOL. As can be noticed, multi-wire devices
suffer more from SH than single-wire devices and in both
cases NBTI mitigates SH and reduces the generated heat.
Table III summarizes the reductions in Vp, ¢, and Ion
for the case of NBTI-alone (i.e. no SH) and the case of
NBTI+SH. As shown, the overall AVy at EOL due to NBTI
and SH effects is merely 1.4mV. This shows how induced
degradation by SH and NBTI cancel each other w.rt AVrp.
In Fig. 8(a) we summarize the estimation error when NBTI
and SH are individually modeled compared to modeling them
jointly. As shown, both single-wire and multi-wire devices
exhibit a similar error in the case of ON current degradation
(around 20%). However, the error is quite large (92%) in
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Fig. 8: (a) Estimation errors in the electrical characteristics of single-wire and
multi-wire pSiINW FET stemmed from the individual modeling of NBTI and
SH. (b) Reduction in ON current due to NBTI-alone, SH-alone and SH+NBTI
(under individual and joint modeling).

the case of AV degradation due to the cancellation effect.
Fig. 8(b) clarifies the ON current reductions in single-wire
and multi-wire devices under the individual and joint impact of
SH and NBTI. As shown, treating NBTI and SH individually
results in a noticeable overestimation, which later can drop the
accuracy of any circuit delay analysis.

Finally, to put the analysis for SH and NBTT in a context, we
study how the frequency of a 13-stages ring oscillator will be
affected by NBTI-alone, SH-alone and SH+NBTI. Simulations
are done in HSPICE using our Verilog-A model compact
model for nanowires [16]. The model is well calibrated against
TCAD data for both n-SiNW and p-SiNW FETs as shown in
Fig. 1(c, d). The compact model is augmented to consider
the oy reduction induced by NBTI-alone, SH-alone and
SH+NBTT (joint modeling), as obtained from TCAD analysis.
To study the impact of SH and NBTI but under an individual
modeling, we sum up the individual Alpy caused by each
NBTT alone and SH alone. Fig. 9 demonstrates how SH results
in a larger reduction in frequency compared to NBTI, which
is expected due to the larger induced reduction in Ipy (see
Fig. 8(b)). In addition, modeling NBTI and SH individually
instead of jointly leads to a noticeable overestimation of fre-
quency reduction. Such overestimation will result in employ-
ing inefficient (i.e. larger than what is actually required) timing
guardbands. As explained in Section I, these guardbands are
needed to protect circuits against timing violations caused by
SH- and NBTI-induced delay increases over time.

V. SUMMARY AND CONCLUSIONS

We analyzed the effects of self-heating and NBTI in single-
wire and multi-wire pSiNW FETs. Our investigation showed
that generated traps by NBTI mitigate to some degree the
effects of self-heating leading over time to reductions in
the lattice temperature. We demonstrated that NBTI and SH
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Fig. 9: Reduction in the frequency of 13-stages ring oscillator for both single-
wire and multi-wire devices, demonstrating how individual modeling of NBTI
and SH leads to a noticeable overestimation of frequency reduction. In this
analysis, nSiNW FET remains non-degraded (i.e. no SH, no NBTI).

degradations need to be modeled jointly and not individually
due the existing interdependencies between them. Neglecting
that leads to inaccurate analysis for device parameters (e.g.,
Vi, gm and Ion) as well as for circuits delay estimations.
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