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ABSTRACT For improving self-heating effects (SHEs) in gate-all-around metal-oxide-semiconductor field-
effect transistors (GAA MOSFETs), hetero-gate-dielectric (HGD) is utilized. The HGD consists of hafnium
dioxide (HfO2) and silicon dioxide (SiO2), which has high thermal conductivity, hence SHEs are improved.
In order to validate the HGD, technology computer-aided design (TCAD) simulation is performed through
Synopsys Sentaurus three-dimensional (3D) tool. As a result, when the HGD is adopted in GAA MOSFETs,
SHEs can be significantly improved from 498 K to 415 K. In addition, suppression of gate current, more
than 2 orders, is also achieved because of bigger bandgap of SiO2 in HGD. Consequently, this structure
takes advantage of higher thermal conductivity and bigger bandgap of SiO2, and higher permittivity of
HfO2 for improving SHEs and gate leakage current.

INDEX TERMS Self-heating effects (SHEs), hetero-gate-dielectric (HGD), GAA MOSFETs, nanowire,
high-k, gate current.

I. INTRODUCTION
Recently, gate-all-around metal-oxide-semiconductor field-
effect transistors (GAA MOSFETs) have been broadly
researched as the substitutable devices for FinFETs due
to their higher gate controllability [1]–[3]. In addition, the
GAA MOSFETs adopting high-κ/metal gate (HKMG) tech-
nology have been widely investigated for the superior elec-
trical performance [4]–[7]. Therefore, the GAA MOSFETs
with HKMG have emerged as promising candidates to the
real industries [8]–[11]. However, they have disadvantage in
terms of heat dissipation due to high-κ dielectric, which is
lower thermal conductivity material and fully covers channel

area in contrast to FinFETs [12]–[14]. For this reason, it has
been widely accepted that the GAA MOSFETs are inferior
to FinFETs in terms of self-heating effects (SHEs) [15]–[21].
These SHEs cause lots of reliability issues such as metal-
lization lifetimes of circuit [22], negative-bias temperature
instability [23], hot-carrier induced degradation [24], [25],
and decrease of threshold voltage as well [26]–[27].
Importantly, this SHE becomes remarkable as the device
is scaled down [28]. As more and more integration has
achieved, increased number of transistors are integrated in
unit area of semiconductor chip and more heat per unit area is
generated [28]. Therefore, the importance of SHE becomes
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critical as device is scaled down. Namely, for the success-
ful integration with safety device operation, it is essential
to improve SHEs for accomplishing high integration with
better device reliability.
In order to address these issues, the omega-shaped-

gate nanowire MOSFETs (ONWFETs) have been presented
in [29]. However, changing the gate shape concomitantly
degrades gate controllability. Furthermore, the structure
of ONWFETs are not suitable for vertically stacked
GAA MOSFETs. Therefore, it requires another strategy to
address the above-mentioned issues.
In addition, gate current has also arisen as one of

the important reliability issues as well [30]. Specifically,
as the modern HKMG technology incorporates HfO2
for gate dielectric material, lots of gate current flows
through gate dielectric due to the low bandgap of HfO2
and oxide reliability issues become a critical problem
in modern HKMG GAA MOSFET [31]. Therefore, it is
really important to improve gate current in designing
GAA MOSFET.
In this framework, the aim of this article is to improve

SHEs and gate current in GAA MOSFETs using the structure
with hetero-gate-dielectric (HGD) [32]. Conventionally, the
HGD structure has been adopted for lowering gate-to-drain
coupling and consequently reducing undesirable ambipolar
current in Tunnel FET (TFET) by utilizing dual permit-
tivity (dual-?) of two dielectric materials [33]. Specifically,
by partially using low permittivity material (SiO2) in drain
side of HGD of TFET, it was possible to reduce unde-
sirable ambipolar current in TFET caused by gate-to-drain
coupling and maintain significant on-current characteristic
due to high permittivity material (HfO2) in source side of
HGD of TFET [34].
By incorporating this HGD structure into GAA MOSFET,

the proposed structure intelligently takes the advantages of
HfO2 (high permittivity) and SiO2 (high thermal conductivity
and bandgap) simultaneously for improving SHEs and gate
current.
This article is organized as follows. First, the electri-

cal characteristics such as on-current (ION) and off-current
(IOFF) are analyzed after calibration. Second, the improve-
ment of SHEs and gate current from the proposed structure
have been discussed by investigating the location of heat
dissipation path. Finally, the gate leakage current, which
is the main source of degradation in oxide reliability, is
analyzed [30].

II. DEVICE STRUCTURE AND MODEL PHYSICS
The proposed HGD-GAA MOSFET structures used in
this article are simulated using Synopsys Sentaurus three-
dimensional (3D) TCAD simulation [36]. For detailed
specification of structures, the value of the 5-nm node
presented in the International Technology Road Map for
Semiconductors (ITRS) is utilized [37].

FIGURE 1. (a) Overall structure of the proposed HGD-GAA MOSFET with
cross sectional view illustrating gate, gate dielectric, and channel.
(b) Another cross-sectional view of the proposed HGD-GAA MOSFET
describing position of HGD. The proposed HGD-GAA MOSFET features
different gate insulators at the source side (high-κ material, HfO2) and
drain side (high thermal conductivity material, SiO2). The SiO2 in
HGD-GAA MOSFET effectively acts as heat sink, which improves SHEs.

A. STRUCTURE OF THE PROPOSED HGD-GAA MOSFET
Fig. 1 shows the schematic structure of the proposed
HGD-GAA MOSFET. The gate stack is composed of
3 nm-thick HGD and 0.5 nm-thick interfacial SiO2 layers
[Fig. 1(a)]. Since most heat generation in GAA MOSFETs
occurs at drain side of channel [15]–[21], SiO2 is added
at the drain side of gate stack due to high thermal
conductivity [Fig. 1(b)]. The HGD layer is varied with
SiO2 length (LSiO2) of 4.5, 9, 13.5 nm. Moreover, the
proposed HGD-GAA MOSFETs have gate length (Lgate)
of 18 nm, and channel diameter of 10 nm. The dop-
ing concentration for source/channel/drain regions are set
as 1×1021/1×1015/1×1021 cm−3, respectively. The thermal
conductivities of 0.49, 1.4, 7.5, 15 W/(K·m) are applied
for HfO2, SiO2, Si, Si3N4, respectively [38]. Then, all of
parameters are summarized in Table 1.
For the purpose of investigating the electrical and thermal

characteristics, thermodynamic, Shockley-Read-Hall (SRH)
recombination, high field saturation, and Fermi models are
used by Synopsys Sentaurus 3D TCAD simulation. In addi-
tion, trap-assisted-tunneling (TAT), Fowler Nordheim (FN)
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FIGURE 2. (a) Overall workflow for validation of the proposed device
structure. (b) IDS – VGS calibration results based on the GAA MOSFET
structure [10].

tunneling, and direct tunneling are considered to precisely
analyze gate current.

B. WORKFLOW OF STUDY AND CALIBRATION PROCESS
Fig. 2(a) explains the overall workflow in this study. The cal-
ibration of GAA MOSFET is performed and then the HGD
layer is incorporated. Finally, validation of the proposed
HGD-GAA MOSFET is conducted in terms of SHEs and
gate current.
During calibration, quantum correlations are conducted for

IDS-VGS calibration under Synopsys Sentaurus 3D TCAD
simulation [36]. For more accurate simulation, we use the
mobility model (phumob/Enormal(Lombardi)/thin layer) to
consider Coulomb scattering and interfacial surface cali-
bration roughness scattering. First, IDS-VGS calibration is
performed by carefully applying the quantum model and
velocity saturation model and gate work function (WF).

TABLE 1. Used model parameters and corresponding values.

Second, the thermal conductivity, heat conduction paths,
and thermal boundary condition (300 K) to each heat path
are adjusted in order to reflect the thermal characteristics
of the GAA MOSFET. Fig. 2(b) demonstrates our simu-
lation results are well fit with the measured data of the
GAA MOSFET [10].

III. RESULTS AND DISCUSSION
A. COMPARATIVE ANALYSIS BY ELECTRICAL
CHARACTERISTICS
Fig. 3(a) illustrates transfer characteristics of conventional
GAA MOSFET (LSiO2 = 0 nm), the proposed HGD-GAA
MOSFETs (LSiO2 = 4.5, 9, 13.5 nm), and SiO2-based GAA
MOSFET (LSiO2 = 18 nm). For comparing ION and IOFF in
these structures, drain voltage (VDS) is fixed at 0.6 V, and
both ION and IOFF are calculated on the basis of drain current
under same gate voltage (VGS = 0.6 V). As demonstrated
in Fig. 3(b), the increase of LSiO2 gradually increases IOFF
and gradually decreases ION due to lower gate controllability
from shorter LHfO2 in HGD. Remarkably, the difference of
ION between conventional GAA MOSFET and the proposed
HGD-GAA MOSFETs is mitigated as SHEs are consid-
ered [Fig. 4] because conventional GAA MOSFET suffers
more SHEs compared to the proposed HGD-GAAMOSFETs
(This will be explained at the following paragraph).

B. IMPROVEMENT OF SHES BY THE PROPOSED HGD-
GAA MOSFET
For investigating the improvement of SHEs, the maximum
temperature of the devices is investigated with conven-
tional GAA MOSFET (LSiO2 = 0 nm), the proposed
HGD-GAA MOSFETs (LSiO2 = 4.5, 9, 13.5 nm), and SiO2-
based GAA MOSFET (LSiO2 = 18 nm) as demonstrated
in Fig. 5. The maximum temperature is calculated when
VDS = VGS = 0.6 V and it has been demonstrated that
maximum temperature is significantly improved from 498 K
to 415 K by using the structure of the proposed HGD-
GAA MOSFET. Specifically, the maximum temperature is
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FIGURE 3. (a) Transfer curves of the conventional GAA MOSFET (LSiO2
=

0 nm), the proposed HGD-GAA MOSFETs (LSiO2
= 4.5, 9, 13.5 nm), and

SiO2-based GAA MOSFET (LSiO2
= 18 nm). Conventional GAA MOSFET

shows better transfer characteristics due to higher gate control ability with
longer HfO2. (b) ION and IOFF of the conventional GAA MOSFET (LSiO2

=
0 nm), the proposed HGD-GAA MOSFETs (LSiO2

= 4.5, 9, 13.5 nm), and
SiO2-based GAA MOSFET (LSiO2

= 18 nm). ION and IOFF are calculated
when VGS = 0.6 V and 0 V respectively.

FIGURE 4. ION calculated with SHEs and without SHEs. It is remarkable
that the difference in ION is mitigated when SHEs are considered. Since
conventional GAA MOSFET suffers from more SHEs compared to the
proposed HGD-GAA MOSFETs, the actual difference in ION decrease as
SHEs are considered.

dramatically improved when SiO2 in HGD layer is initially
introduced at drain side (when LSiO2 varies from 0 nm to
4.5 nm) because the maximum temperature of the devices
is determined by the drain side of channel [Fig. 6].

FIGURE 5. Maximum temperature and gate current are simulated with the
conventional GAA MOSFET (LSiO2

= 0 nm), the proposed
HGD-GAA MOSFETs (LSiO2

= 4.5, 9, 13.5 nm), and SiO2-based
GAA MOSFET (LSiO2

= 18 nm). The newly added material SiO2 in the
proposed HGD-GAA MOSFETs significantly decrease maximum
temperature from its higher thermal conductivity and improves gate
current from its higher bandgap.

FIGURE 6. The cross-sectional view describing distribution of lattice
temperature and location of heat sink. The lattice temperature is
calculated when VGS = 0.6 V and VDS = 0.6 V.

C. IMPROVEMENT OF GATE CURRENT BY THE PROPOSED
HGD-GAA MOSFET
Interestingly, our proposed structure can also improve gate
current as well. The gate current is successfully suppressed
by introducing HGD layer [Fig. 5] and this result can
be explained by energy band diagram. As illustrated in
Fig. 7(a), the HfO2 has lower bandgap and conventional
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FIGURE 7. (a) Comparison of energy band diagram of conventional
GAA MOSFET (left side) and that of the proposed HGD-GAA MOSFET (right
side). The abbreviated letters S, H, O, T stand for Si, HfO2, SiO2 (interfacial
layer), titanium nitride (TiN, gate metal) respectively. Energy band diagram
of conventional GAA MOSFET includes description of conduction band
offset (CBO) and valance band offset (VBO). (b) Comparison of the
maximum electric field at gate dielectric of the conventional GAA MOSFET
(LSiO2

= 0 nm), the proposed HGD-GAA MOSFETs (LSiO2
= 4.5, 9, 13.5 nm),

and SiO2-based GAA MOSFET (LSiO2
= 18 nm).

GAA MOSFET consequently has higher conduction band
offset (CBO) and valence band offset (VBO) at the same
time. On the other hand, SiO2 in HGD layer has higher
bandgap and is possible to act as suppressor against direct
tunneling.
In addition, maximum electric field at gate dielectric also

decreases as LSiO2 increases due to decrease of effective
equivalent oxide thickness (EOT) [Fig. 7(b)]. Therefore, the
decrease of electric field also contributes to the decrease of
gate current [Fig. 5].
Specifically, gate current is significantly suppressed when

SiO2 in HGD is initially introduced at drain side (when
LSiO2 varies from 0 nm to 4.5 nm) as shown in Fig. 5. This
is because electron at drain side has highest energy from

increased temperature [Fig. 6] whereas SiO2 in the drain side
of HGD layer can efficiently suppress the direct tunneling of
this high energy electron. Therefore, our proposed technique
is strategic for preventing SHEs and oxide degradation at the
same time [39].

IV. CONCLUSION
We have demonstrated the improvement of self-heating
characteristic by our proposed structure with HGD layer
in GAA MOSFETs. Our proposed structure utilizes the
advantage of higher thermal conductivity of SiO2 for
improving SHEs. Furthermore, incorporating HGD layer
in GAA MOSFETs can significantly improve gate leak-
age current as well because the bigger bandgap of SiO2
in HGD layer results in suppression of direct tunneling. Our
proposed structure is strategic for future scaling technology
with improved SHEs and also opens up potential possibility
of SHEs improvement in vertically stacked GAA MOSFETs.
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