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Abstract—The self-heating coupling of the hot carrier
degradation effect is studied in detail. The results show that self-
heating has a strong activation impact on hot carrier
degradation. By simulating the influence of various temperature
driving forces on reliability assessment, the necessity of using
temperature gradient driving forces in the evaluation and
prediction process is demonstrated. The temperature gradient
inside the channel causes the trapped defects to concentrate
toward the drain side. The threshold voltage degradation of
each channel is separated from the multi-stack GAA device,
which indicates that the reliability degradation of the
intermediate channel is evidently different from the overall
threshold voltage drift due to severe thermal effects.
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. INTRODUCTION

Node scaling and innovations in device architecture
perpetuate Moore's Law to meet performance demands.
However, the intensification of the quantum confinement
exacerbates the serious self-heating effect (SHE), which
seriously affects the reliability of the device [1-8], including
hot carrier injection (HCI) [9-10] , bias temperature instability
(BTI) [11], and time-dependent dielectric breakdown (TDDB)
[12]. The persistent self-heating effect not only degrades the
device performance and lifetime, but also directly influences
the normal operation of the circuit. Therefore, the self-heating
and reliability issue for nanoscale devices, particularly in sub-
7nm technology node, is still worth to continuing and in-depth
study. Moreover, IC and device testing still faces the challenge
of difficult operation and limited accuracy [13]. In that case,
simulation methods and simulation rehearsals play a key role
in avoiding early failures and providing predictive solutions.

In the circuit operating state, self-heating has a significant
impact on HCI. As the stress conditions of HCI mode
inevitably excites the transient thermal response of the device,
especially for the nanoscale devices. Until now, in HCI studies,
the impact of the self-heating effect is usually calculated and
quantified through the maximum lattice temperature [14], and
few articles introduce the effect of SHE on the defect behavior
of HCI and the difference in reliability evaluation by using
various temperature driving forces. In this work, reliability
degradation affected by self-heating acceleration and
temperature-driven forces is investigated, and the necessity of
using temperature gradient for evaluation system is indicated.

Il.  SIMULATION AND RESULTS DISCUSSION

The hot carrier degradation (HCD) coupled with the self-
heating effect is systematically studied. Kinetic Monte Carlo
(KMC) method based on multi-defect process coupling is
adopted to simulate the dynamic behavior of traps under
different stress states by statistically calculating the
probability of defect processes. In addition, the two-state
nonradiative multiphonon (NMP) theory is adopted to
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calculate the time constant of stress-dependent defect behavior,
and for the defect tunneling (defect coupling) phenomenon,
the WKB method is used [15]. For the electrical properties,
TCAD simulation method is used to obtain the initial device
characteristics. The detailed simulation framework is plotted
in Fig. 1. Device structure parameters and the model-related
physical quantity parameters are shown in Table 1.
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Fig. 1. The simulation process block diagram, including input and output
and statistical results of trap dynamic behaviors.

TABLE I. Device and Model Parameters

Para. | Specific meaning I Value

Device Structure Parameters

Lg Channel length 12nm
Wsh Sheet width 25nm
Hsh Sheet height Snm

Tox-HK High-K layer 3.5nm
Tox-IL SiO2 layer 0.4nm

Interface States Parameters

Oscillator

ho 0.075eV
levels
Eb _ Bond 1.5V
dissociation
Vibration
0.1ps!
Je frequency ps

Fig. 2 describes the degradation of the threshold voltage of
nanosheet device with or without thermal acceleration. The
fluctuation amplitude of the HCD due to self-heating activated
increased by a factor of 6.52 at 1000s. Trapped charges at
random times along the direction of the gate dielectric are
calculated and shown in Fig. 3. In the absence of SHE, the
captured charge is uniformly distributed along the gate
dielectric layer. However, with the participation of self-
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heating effect, the captured charge mostly appears in the
channel and interfacial layer (IL) interface, while less charge
is trapped in the HK layer. Fig. 4 shows the cumulative
distribution of AVth based on statistics of 200 sample devices.
The cumulative distribution of AVth is significantly enhanced
by self-heating, thus the trailing is obvious. The defect activity
statistics along gate dielectric distribution are shown in Fig. 5
(right), indicating that degradation mechanism of hot carriers
strongly depends on self-heating acceleration, with obvious
activity of defects observed at the channel and IL interface.
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Fig. 2. The time-dependent degradation of the threshold voltage, with and
without self-heating effect at nominal voltage.
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Fig. 3. Count of charged traps along the thickness of the gate dielectric at
different random times.

10F HCI Stress Vg=Vq=Vqd 1
o8} <+ WSHE |
=0 W/O SHE|
L o6k -
(@]
O
— 0.4} 1
0.2} .
0.0F .

O.E)O . O.E)l . 0.2)2 . 0.2)3 . 0.2)4 . 0.2)5 . 0.06
Vth_Shift (V)

Fig. 4. Cumulative distribution of device under HCI stress, with and
without SHE at nominal condition.

102

1.0}k Channel/IL
)
- 05 {-
o <
=
8 0.0 > - W/O SHE
3 >
> S
o~ WSHE || <
_05 g
- W/O SHE

10000 002 004 006
Vth_Shift (V)

Fig. 5. Threshold voltage variation in both cases (left), and trap activity
along the gate dielectric thickness(right).
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Fig. 6. Threshold voltage degradation under different temperature driving
forces @Vdd=1.0V.

Maximum lattice temperature (Tmax) is widely used to
quantify and evaluate HCD. The inaccuracy of estimation by
using the Tmax and channel average temperature (Tave) is
demonstrated in this part. Fig. 6 shows the time evolution
curves of the threshold voltages extracted by the Tmax, Tave,
and Tmap (channel temperature gradient), respectively. Even
with Tave estimation, it still exhibits a 20% error with the
degradation of the hot carrier driven by the Tmap. At 1000s,
IL interface defects contributed 23.38% of the error ratio,
while the HK layer contributed about 10%, as shown in Fig. 7.
Fig. 8 shows the schematic diagram of the defect distribution
under the corresponding driving force. Temperature gradient
driving exhibits a phenomenon similar to gradient wind,
which makes the defect distribution closer to the drain side.
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Fig. 7. Comparison of threshold voltage degradation and component
degradation after 1000s stress.
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Fig. 8. Average statistical plot of charge distribution along channel
direction of multichannel stacked devices driven by different temperature
stresses.
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Fig. 9. Lattice temperature rise caused by self-heating effect of different
channels is obtained by TCAD simulation.

The temperature profile along the channel direction based
on TCAD simulation, as shown in Fig. 9, reveals that multi-
stacked device have different characteristics in terms of SHE
between channels. The defect statistical distribution for
different channels is shown in Fig. 10, Channel 3 (Ch3)
generates the fewest number of defects, mainly for the reason
of closer distance to the substrate that favors heat dissipation
and weaker SHE, see in Fig. 9, which to some extent limits the
defect growth. Fig. 11 shows a schematic diagram of the
contribution separation of threshold voltage fluctuation for
multi-stacked devices, which demonstrates that the large
threshold voltage fluctuation of Channel 2 (Ch2) is the main
contribution source for the overall device threshold drift.
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Fig. 10. Cross section along the channel direction of trapped
charge distributions for different channels (200 samples).
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Fig. 11. The threshold voltage degradation between different channels
separated from multi-stacked nanosheets.

I1l.  CONCLUSION

In this paper, the KMC method is used to systematically
study the acceleration of SHE on hot carriers, indicating that
HCD is strongly dependent on thermal coupling, and channel
temperature gradient should be used as the temperature
driving force in the evaluation process to avoid errors. In
addition, the threshold voltage separation of multi-stacked
devices shows that the intermediate channel sheet contributes
most significantly to the threshold voltage degradation of the
whole device, and severe self-heating is the trigger.
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