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Self-Heating and Electrothermal

Properties of Sub-5-nm 3-D Transistors
Ilho Myeong

School of Electrical Engineering and Computer Science
College of Engineering

Seoul National University

In this thesis, Self-Heating Effect (SHE) is investigated using TCAD simulations in
various Sub-10-nm node Field Effect Transistor (FET). As the node decreases, logic
devices have evolved into 3D MOSFET structures from Fin-FET to Nanosheet-FET. In
the case of 3D MOSFET, there are thermal reliability issues due to the following rea
sons: i) The power density of the channel is high, ii) The channel structure surrou
nded by SiO;, iii) The overall low thermal conductivity characteristics due to scaling
down. Many papers introduce the analysis and prediction of temperature rise by SHE in
the device, but there are no papers presenting the content of mitigation of temperature rise.
Therefore, we have studied the methods of decreasing the maximum lattice temperature
(Tumax) such as shallow trench isolation (STI) composition engineering in Fin-FET,

thermal analysis according to DC/AC/duty cycle in nanowire-FET, and active region



( e.g., gate metal thickness, channel width, channel number etc..) optimization in
nanosheet-FET. In addition, lifetime affected by hot carrier injection (HCI) /
bias-temperature instability (BT]1) is also analyzed according to various thermal relaxation

methods presented.

Keywords: Self-Heating Effect (SHE), Nanoplate-FET, Nanowire-FET, FinFET,

Vertical-FET, Thermal resistance, Temperature, Time delay, Bias Temperature Instability

(BTI), Hot Carrier Injection (HCI).
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Chapter 1

Introduction

1.1 Development of semiconductor structure

As CMOS technology scales down to a sub-20-nm node, the device experiences
severe short-channel effects (SCEs) [1], [2]. To mitigate SCE and have good electrostatic
gate control, good subthreshold slope, low-leakage current, and higher transistor density,
as shown in Fig. 1.1 device structures have changed from planar structures to multi-gate
structures (FinFET). However, as the technology node scaled down from 7 to 5 nm, the
FinFET device did not have sufficient electrostatic gate controllability [3]-[5] and thus
could not provide further improvement. The gate-all-around (GAA) structure, on the other
hand, was a strong candidate for scaling down on sub-5-nm nodes [3]. Furthermore, a
nanosheet (NS) structure for better performance has been introduced in [4]. However,
even with advanced channel structures of GAA devices, contact gate pitch (CGP) scaling
of conventional lateral devices is severely limited by gate length, spacer thickness, and
source/drain contact size [5]. Accordingly, vertical nanowire FETs (VFETS) have been

proposed to solve the CGP problem and improve scalability. In the conventional device,



the channel is oriented horizontally, while the VFET is oriented vertically. Also, source
and drain are at the bottom and top, respectively, with the gate at the center [6]-]9].
Through this vertically oriented structure, the gate length and spacer thickness relaxed
CGP and then the SCE can be further mitigated as a result [6]-[9]. VFETSs are also more
power efficient and have smaller foot prints than lateral field effect transistors of the same
node. However, there is no solution for how to induce stress in the channel during VFET
fabrication yet and thus cannot increase channel mobility, leading to a lower lon
compared to the lateral nanowire FET. Taking this situation into consideration, we have
introduced an NS-VFET that makes the width of the channel wide in the nanowire

structure to compensate for the weakness of lon of VFETS.
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Fig. 1.1. Device structure change according to node and various emerged issues.
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1.2 Self-Heating Effect issues in Semiconductor devices

On the other hand, self-heating effect (SHE) is the accumulation of heat in the channel
at high-power levels. This is caused by the high current density, material with low thermal
conductivity such as SiO2, and a reduced dimension of devices due to downscaling. In the
case of Bulk and silicon on insulator (SOI) FinFETSs, SiO2 with low thermal conductivity
(gate dielectrics; 1.1-1.4 W-m™ -K™%) surrounds the three sides of the channel [10], [11].
Especially for SOI FinFETSs, substrate is also blocked by SiO2 buried oxide (buried oxide
(BOX); 1.4 -m™* - K1), Therefore, it is impossible to efficiently dissipate heat generated
at the channel. In the case of the VFET, the channel is entirely surrounded by SiO2,
which makes it difficult to efficiently dissipate the heat generated from the channel. Also,
although VFET is not the SOI structure, the drain is located at the bottom as mentioned
earlier, and heavily doped drain has low thermal conductivity due to the phonon impurity
scattering [12]. For these reasons, the heat dissipation characteristics to the substrate of
VFET are also poor. Furthermore, as the device downscaled, the dimensions of the
devices (Bulk/SOI FinFET and VFET) became smaller than that of the phonon
mean-free-path (100-300 nm). As a result, the thermal conductivity of the Si lattice is
influenced by phonon boundary scattering [12], which is lower than that of bulk Si (150
W - m? - K1) and deteriorates SHE. The lattice temperature (Tiatice) €levated by SHE
further aggravates the vibrations of the lattice, thereby reducing the mobility of the
carriers and thus causing performance degradation. In addition, the elevated T, further
aggravates the hot carrier injection (HCI) and bias temperature instability (BTI), causing

problems with reliability [13].
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Chapter 2

Thermal-Aware Shallow Trench Isolation
Design Optimization for Minimizing les In

Various Sub-10-nm 3-D Transistor

2.1 Introduction

In this chapter, based on ITRS 2015, Bulk/SOI FinFETSs that can be used up to 7-nm
node and VFETSs that appeared as new candidates in/under 5-nm node are made through
Sentaurus, a TCAD simulator. we have studied the method of decreasing the maximum
lattice temperature (TLmax) through shallow trench isolation (STI) engineering
considering lorr in each structure and also the improvement of HCI/BTI lifetime based on

temperature reduction by STI engineering solution in each structure.

2.2 Device Structure and Simulation Conditions

The Bulk/SOI FinFET and VFET structures used in this paper were made using

Synopsys Sentaurus [14], a TCAD simulator. Detailed specifications of structures refer to



the values of 5-/7-nm node presented in ITRS [15]. Fig. 2.1 shows the entire structure and
cross-sectional views of the FInFET. As shown in Fig. 2.1 (a), there is a heavily doped
local doping area under source (S)/drain (D) region to improve the logr characteristic in
the bulk FInFET. The shape of S/D bulk is made considering that the growth rate varies
depending on the lattice direction when growing epitaxially. Fig. 2.1 (b) shows the
structure of the SOI FinFET. SOI FinFET is all the same except that the STI-all-around
region of the Bulk FinFET is replaced with an insulator. The following is an introduction
to the structure of a VFET. Fig. 2.2 shows the entire structure and cross-sectional views of
the VFET. Fig. 2.2 (a) shows the entire structure of a VFET and includes back end of line
(BEOL) and large substrate, just like the entire structure of a FinFET. As mentioned in
Section introduction, the channel is vertically oriented and the S/D is made up and down
the channel. The shape of the S/D is made into a rectangular shape different from that of
the FinFET by referring to the papers [6]-[9] dealing with the fabrication of the VFET. In
addition, to improve the performance (lon) of the nanowire channel VFET, a VFET with a
sheet-shaped channel can be seen in the cross section. The structure specification such as
channel thickness (Trin/Tcn), effective oxide thickness, STI/BOX thickness (Tsti/Tbox),
doping concentration, and thermal conductivity of each region is shown in Table 2.1.
TCAD tool has a function to tune the thermal conductivity and dielectric constant value of
material inside. The thermal conductivity and dielectric constant value are added to the
parameter part to account for the difference of the STI material. Values for each substance

are obtained through various documents [10]-[12].
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Fig. 2.1 Entire structure and cross sectional views (a)Bulk and (b)SOI FinFETs. In the
Bulk FinFETs, there is a heavily doped local doping area in order to improve
characteristics of loff. Thermal contacts are set on the Source, Drain, Gate, and Substrate,
and thermal boundary conditions (temperature: 300K) are set for each contact. In case of
Back End of Line (BEOL), it is made up to 1 m (M10 layer height) refer to specification
of Table 2.2. (c) For Bulk/SOI FinFET, the heat dissipation from hot spot to thermal

contacts is shown by heat flux.
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Fig. 2.2 (a) Entire structure of VFET and (b) cross sectional views of VFET. In the
Vertical FETs, the channel is a vertically oriented structure. Thermal contacts, thermal
boundary conditions and BEOL specification is set the same as those of the FinFET. (c)

For VFET, the heat dissipation from hot spot to thermal contacts is shown by heat flux.

Table 2.1 Thermal and structural specifications.

Category FinFET Category VFET
Vpp (V) 0.7 Vpp (V) 0.65
EOT (nm) 0.7 EOT (nm) 0.7

S/D Doping (cm®) | 1x10% S/D Doping (cm?®) | 1x 10%
Channel Doping (cm=3) | 1 x 10%6 | | Channel Doping (cm3) | 1 x 106

Local doping(cm®) | 5x 1018 T (NM) 6
Tin/Lg (NM) 7/14 Wi, (nm) 46
Hrin/Lsa (NM) 40/6 L, (nm) 12.2
Tsti/Tbox(nm) 100 Lsd (nm) 11.9

Thermal Conductivity[Ref] Thermal Conductivity [Ref]

(W/m/K) (W/m/K)
Source/Drain [s, D] 16 Source [s] 3.8
- Channel [ch) 8.9
Fin [F] 19 ) -
Si Si | Drain [D] 5.6

STl-all-around [saa | 18 STl-all-around [saa]| 18

Substrate [sub] 148 Substrate [sub] 148

10 - SRR ki)



It is underestimated to verify Tiasice by SHE of single device except BEOL str
ucture. The reason for this is that in the case of modern devices, the BEOL form
s up to the maximum M10 layer, which not only lengthens the path of heat dissi
pation to the BEOL but also the dielectric surrounding the metal line has a low t
hermal conductivity. In order to consider contributing the increase of Tiaice Of BE
-OL, the BEOL height is briefly calculated by referring to the announcements of
companies and several papers [16], [17]. Table 2.2 shows the thickness of Via/Me
tal for each layer. It becomes approximately 1 um when it is raised up to M10 |

ayer. This height can also be seen in the entire structures of Fig.2.1 and 2.2.

Table 2.2 BEOL specifications.

Categor Metal
gory Thickness(nm)

W Contact/M0 27/38
M1~M3 (1xPitch) 20
V0~V3 (1xPitch)

M4(1.4xPitch) 28

V4(1.4xPitch)

M5(2xPitch) 40

V5(2xPitch)

M6(3xPitch) 60

V6(3xPitch)
M7~M8(4xPitch) 80
V7~V8(4xPitch)
M9~M10(4xPitch) 80
V9~V10(4xPitch)

11 - A 2- ‘_]l =18



Several factors have been taken into account for thermal analysis of the device. The
thermal contact is set in the area where the heat is dissipated. In [18] and [19] dealing
with SHE, source, drain, gate, and substrate are set to thermal contact. In addition, a
boundary condition is required when calculating the temperature in the device, and
accordingly, we have specified room temperature (300 K) for the thermal contacts. We
include equantumPotential and emobility (thinlayer) in the physics to account for the
guantum effect. In order to improve the electrical accuracy, the calibration was carried out
in the same way as in [23]. Finally, in the case of the hydrodynamic model, the change of
device temperature is directly taken into account in the current and can also improve the
accuracy of the simulation. For this reason, the hydrodynamic model is used for the

overall SHE analysis.

2.3 Results and Discussion

Depending on the material filling the STI, the interface trap density (Di) of the
Si/oxide interface is different. In the case of STI filled with a commonly used SiO;, Di
has a 2 x 10™ [cm™ - eV 1], whereas in the case of STI filled with Al203, Dit increases to
3 x10% [em2 - eV 1] referring to the paper [20]. Fig. 2.3 shows the I4—Vg curves that
reflect Dy according to STI materials in sub-10-nm devices. Depending on the material
constituting the STI, it can be seen that the off regions are different. There is little
difference in the on regions, which can be explained by the fact that the capacitance
according to the material in Fig. 2.4 has almost the same. The SHE analysis of this paper

proceeded at the current level in Fig. 2.3.
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Fig. 2.4 (a) Schematics of the STI process flow in sub -10nm devices and comparison of

capacitance according to STI material.

Fig. 2.5 shows a detailed analysis of the OFF current (lore, condition, V=0V, V4 = Vpp)
characteristics reflecting the difference in Di according to the STI material. As shown in
Fig. 2.5 (a), in the Bulk FinFET, not only lorr changes according to the STI thickness but
also the STI made of Al,Oz having a higher Dy than SiO, has a larger lorr value. In
addition, the lore tends to increase sharply as the thickness of the ST1 becomes less than
40 nm. As shown in Fig. 2.5 (b), there is no lors tendency depending on the STI thickness
because the bottom leakage path is blocked by the BOX and only the logr difference due
to Di: changes according to BOX material. As in the case of Bulk FinFET, STI made of
Al>O3 has a larger lorr value. Finally, in the case of VFETS, it can be confirmed that there

is no loer tendency depending on the STI material and thickness. As mentioned in [12],
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the current direction of the VFET is different from that of the Lateral FET, and therefore,

the lore characteristics are not affected by the STI specification and properties in the

VFET.
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In this section, we analyzed the thermal characteristics according to the difference in
thermal conductivity (k) between Al,Oz (k: 35 W -m™ - K1) and SiOx(k: 1. 4 W-m™ -
K™) used in STI, and then analyzed the SHE relaxation in each device through STI
composition considering lorr. SiO2/Al,03 stack are widely used in the semiconductor
industry from the gate-stack of logic device to the oxide—nitride—oxide layer of NAND
Flash [24]-[26]. Nevertheless, our group has again analyzed whether the SiO./Al;Os
interfacial characteristics (Dir: 1e13-1e14 [24]) are causing device performance problems.
As shown in the bottom left of Fig. 2.6 (b), there was no performance (losr) change. Fig.
2.6 also shows the thermal characteristics, which show the max lattice temperature
(TLmax) according to the STI composition [21]. Bulk/SOIl FinFET and VFET both show
the same temperature tendency according to the STI composition. In the case of #3, T max
is decreased much compared to #1, because the Al,O; with high thermal conductivity
efficiently dissipates heat to the substrate. In addition, the difference between #2 and #4 is
that the material order in the composition is changed. The reason why the T max Of #4 is
lower than that of #2 is that the heat flux to the STI region becomes larger as the material
having a higher thermal conductivity is located near the hotspot as shown in the top left of

Fig. 2.6 (b).
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Now, mitigation of SHE through the STI composition considering lorr in each device
is discussed. As shown in Fig. 2.7 (a), comparing the T maxfor the three cases in a Bulk
FinFET. The first is the case where the STI is made only with SiO,. The second is the
case where the upper part (20 nm) of the STI is made of SiO, and the lower part (80 nm)
is made of Al.O; based on the loer analysis of the Bulk FInFET in the front part. The third
case is that the entire STI is made of Al2Os. When the STI thickness is 100 nm, TL,max is
reduced by 13 K in SiO»/Al,O3; composition compared to using only SiO,. When STI is
made entirely of Al.Os, T max decrease to 25 K. Fig. 2.7 (b) shows that Ry is reduced by
20% in the case of SiO2/Al,O3 composition and about 42% in the case of only Al;Os.
Comprehensively, logr and lon degradation rate according to Timax for SiOz/Al;Os
composition and only Al,Oz are compared with ordinary case. As can be seen in Fig.
2.7(c), when ST1 only made of Al,Os with interfacial properties, lorr is increased by 36%,
but the lon degradation rate is reduced from 7.8% to 3% compared to ordinary case. In the
case of SiO2/Al,Oz composition considering lorr characteristic, the lore is slightly
increased to 2.4%, and the lon degradation rate is reduced from 7.8% to about 5%
compared to ordinary case. Therefore, in the case of a high-performance (HP) device
which focuses on the lon characteristics rather than lorr, it is expected that using only
Al>Os will minimize the lon degradation due to the SHE. Next, in the case of a low-power
(LP) device in which the lorr characteristics is important, it is expected that the
SiO,/Al,O3 composition can be used to maintain lorr While improving the lon

characteristic.
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In the case of SOI FinFET, lorr changed only by the number of Di at the BOX/Si
interface. Therefore, the analysis is carried out by making the upper part of the BOX with
SiO; and the lower part with Al>Os. As can be seen in Fig. 2.8 (a), when 1 nm of thin SiO,
is laid on the interface and the rest (99 nm) is made of Al;Os, Ty maxis reduced by about
32 K compared to all SiO,. Similarly, Fig. 2.8 (b) shows that Ry, is reduced by 31%. Fig.
2.8 (c) shows that the BOX made of all Al,Os; improves the temperature characteristics
and hence the lon degradation rate is decreased, but logs is increased by 53.5% compared
to all SiO,. On the other hand, when the BOX is composed of 1 nm (at interface) SiO, and
99 nm (rest) Al,Os, lorr can be kept at almost the same as that of all SiO, while keeping

lon as good as all AlzOs.
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In the case of VFET, there is no loer change depending on the thickness and kind of
material of STI due to the nature of the structure. Fig. 2.9(a) shows T, max depending on
the STI thickness and the material constituting the STI. In VFET, it can be seen that T max
is reduced by 30 K compared to all SiO, (100 nm) when STI is made with all Al,O3 (100
nm). In addition, since the thickness of STI does not affect lorr, if STI is made of Al;O3
with a thickness of 30 nm which can isolate drain region (20 nm) of VFET, it is possible
to reduce T max by 42 K compared to all SiO»(100 nm). Fig. 2.9(b) shows the change in
Ri. When the STI is made of all Al,Os (30 nm), it can be seen that Ry is reduced up to
19% compared to all SiO,(100 nm). As shown in Fig. 2.9(c), there is no change in lorr
depending on the material and thickness of STI. Therefore, when STI is made of all
Al;O3(30nm), the lon degradation rate is changed from 8% to 5%, while lorr is kept equal

to all SiO(100 nm).
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Finally, to organize at a glance, we compiled the best case of Bulk/SOI FinFET and
VFET by comparing standby power dissipation (SPD = Vg4 - lore) and Timax Change
according to STI composition. As can be seen in Fig. 2.10, in the case of Bulk FinFET,
there are two best cases: HP can minimize T max While increasing SPD, and LP can lower
TLmax a little while keeping the SPD almost the same. In the case of SOI FinFET and
VFET, all devices have the best case to minimize T, max While maintaining the same SPD,

respectively

10 ] v ] hl 1 hl 1
O Bulk FinFET Standby Power Dissipation
¥¢: SOl FinFET (SPD) =Vud - loft
8} v : Vertical FET -
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Fig. 2.10 Comparison of standby power dissipation and T_max according to STI

composition in Bulk/SOI FinFET and VFET.
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As mentioned in Section 2.3, when optimization of STI composition is performed
considering lorr in Bulk/SOI FinFET and VFET, respectively, T max decreases compared
to ordinary STI (only SiO,). Therefore, in this section, we study the change of HCI/BTI
lifetime of devices according to T max change. The HCI/BT]I lifetime of devices can be

predicted through (1) with Ea and n [22]. Lifetime is defined as the time to reach AVy ~

0.1 V. We compare three lifetimes: 7o, assuming no temperature rise due to SHE, i.e., T =
300 K; zordinary, for STI made only of SiO2; and z, for STI made with composition in each
device

AVth ~ exp(—Ea/K: Ty max) X t". (1)
Fig. 2. 11 (a) and (b) shows a comparison of HCI and BTI lifetime according to Ty max
using (1). The black star point represents the HCI/BTI lifetime when AT max is 0 K (i.e.,
without SHE). In addition, it is also confirmed that the lifetime is improved due to AT max
relaxation through STI engineering compared to the case of ordinary STI in Bulk/SOI

FinFET and VFET.
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Fig. 2.12 shows the quantitative improvement of the HCI/BTI lifetime when STI

engineering is applied compared to ordinary STI in each device. As shown in Fig. 2.12(a),

in the case of Bulk FinFET, the HCI lifetime increases up to 3x and the BTI lifetime

increases up to 5x. As shown in Fig. 2.12(b), when BOX is composed of SiO»(1 nm) and

Al>;03(99 nm), the HCI lifetime increases up to 4x and the BTI lifetime increase up to

12x. Finally, as shown in Fig. 2.12(c), when the ST1 is made only with Al,O3(30 nm), the

HCI lifetime increases about 5x and the BTI lifetime increases about 11x. For all

structures, the HCI/BT] lifetime can be significantly enhanced through STI engineering to

improve thermal properties of devices and minimize lorr degradation.
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2.4 Summary

In this chapter, we have analyzed SHEs in both FinFET (Bulk/SOI) and VFET, which
are presented as potential candidates in 7- and 5-nm node, respectively. More specifically,
we have studied the lattice temperature relaxation using high thermal conductivity STI
materials while considering the loge characteristic due to the difference in Di; according to
STI materials. In the case of Bulk FinFET, using all Al,O3 compared to using all SiOg,
reduces lon degradation rate from 7.8% to 3%, while lorr increases by 36%. Therefore,
using all Al,O3 for the STI material could be presented as an HP solution for Bulk
FinFET. In the case of using SiO, for upper 20 nm and Al,Osz for lower 80 nm, lon
degradation rate reduces from 7.8% to 5%, while logr negligibly increases by 2.4%.
Therefore, using SiO, for upper 20 nm and Al.O; for lower 80 nm could be presented as
LP solution for Bulk FinFET. In the case of SOI FinFET, when using all Al,Os instead of
all SiO,, lon degradation rate reduces from 7% to 3% but logr increases by 53.5%.
However, when using our STI design of SiO for upper 1 nm and Al,Os for lower 99 nm,
lon characteristic is kept similar to that of all Al,Os, while keeping the same lorr value as
that of SiO.. Finally, in the case of VFET, our investigation shows that using all 30-nm
Al,O3 is optimal solution, compared to using 100 nm all Al.Os; or all SiO; for STI
composition, because while lorr is independent of STI material and thickness for VFET,
lon degradation reduces from 8% to 5% when using 30 nm all Al.O; compared to others.
We also estimated the improvement of HCI/BTI lifetime due to T max relaxation through
STI engineering of each device. Depending on the device, the HCI lifetime can be

increased from 1.5x to 5%, and BT can be increased from 2x to 12x.
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Chapter 3

Analysis of Self Heating Effect in DC/AC
Mode in Multi-channel GAA-Field Effect

Transistor

3.1 Introduction

Continuous downscaling of semiconductor devices required the contacted gate pitch
(CGP) to be reduced as well. This resulted in reducing the gate length. However, when
the gate length decreases, it is difficult for transistors to scale down while maintaining the
electrostatic characteristics. As a solution to this problem, 3-D devices such as a fin field
effect transistors (FETs) or gate-all-around (GAA) nanowire-FETs have been introduced,
which improve the controllability of a gate significantly [1]-[3]. By using such multi-gate
FETs (MGFETSs), downscaling of devices became feasible. However, in MGFETS,
especially in nanowire-FETS, a gate dielectric with low thermal conductivity surrounds
the channel [4], making it difficult to dissipate heat from the hot spot in the channel. In

addition, due to the ultra-scale dimension, thermal conductivity is reduced, and then the
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heat transfer efficiency of the nanowire-FET is also decreased [5]. As a result, the
ON-current (lon) decreases and causes reliability problems due to the increased
temperature caused by self-heating effect (SHE). Therefore, thermal issues in nanowire
device structures are expected to be continuously addressed in the future. In this chapter,

analysis of SHE in a nanowire-FET is conducted in the dc/ac mode.

3.2 Multi-Channel Nanowire FET and Back End Of line

The multi-channel nanowire-FET structures used in this chapter were simulated using a
Synopsys Sentaurus [6], a TCAD simulator. For detailed specifications of structures, refer
to the values of the 5-/7-nm node presented in the International Technology Road Map for
Semiconductor (ITRS) [7]. Fig. 3.1 shows the entire structures and cross-sectional views
of a multi-channel nanowire-FET created by Synopsys simulation tools for the
self-heating study. Fig. 3.1(a) shows a 3-D nanowire-FET structure. Fig. 3.1(b) and (c)
shows the XZ plane of the 3-D nanowire-FET and the YZ plane of the channel region,
respectively. Table 3.1 shows the device specifications with referenced to ITRS 2015.
The supply voltage to the device is 0.75 V and the effective oxide thickness (EOT) is 1
nm. The source/drain doping concentration is 1 x 10%* cm™3, the channel doping is 10%
cm3, and the local doping for reducing the leakage current is 5 x 10 cm™. The channel
thickness (Tcn) is 6 nm and the STI thickness for isolation is 100 nm. The lengths of the
gate (Lg) and channel extensions (Lsp) are 10 and 5 nm, respectively. Fig. 3.1(a) also
includes a back end of line (BEOL) metal; the height of the M8 layer is 680 nm and the

height is calculated from [18, Table Il] based on the short course data on IEDM (2016)



and various articles [10]-[13].

DopingCencentiation (erm-3) [((8))] (c)
| R Metal gate
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:680nm 70350412
Thermal contact 1841e+13 Si chan.nel
Boundary Condition:300K SiO,+HfO,

9.599e+15
I -5.001e+18

Fig. 3.1 (a) Three-dimensional nanowire FET structure with thermal contact, boundary

condition and BEOL. (b) X-Z plane of three-dimensional nanowire FET. (c) Y-Z plane of

mulita-channel region.

Table 3.1

Electrical / Thermal specification of Nanowire-FET

Category NWFET N
Voo V) 0.75 Thermal Conductivity (W/m/K)
EOT (nm 1
(nm) (© Source/Drain 79
S/D Doping (cm3) 1x 1024
Channel Doping (cm3) 1x 10 @ Channel 8.9
Local Doping(cm-3) 5x108 . '
T, (m) 6 Si | @Local doping 24.6
Tsn (nm) 100 @STl-all-around 25
Ly (nm) 10
Lep (nM) 5 (® Substrate 148
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3.3 Work Flow and Calibration Process

Fig. 3.2(a) shows the total work flow in the study. The calibration of the
nanoplate-FET is performed and then the channel width is reduced to convert to the
nanowire structure. Finally, SHE analysis is performed on the nanowire-FET. Quantum
corrections are conducted for -V calibration under 3-D TCAD simulation provided by
Synopsys [6]. We use the density gradient quantization model (quantumPotential) to
consider the quantum effect and use the mobility model (thin
layer/phumob/Enormal(lombardi)) to account for Coulomb scattering and interfacial
surface calibration roughness scattering for accuracy. First, 1-V simulations are
performed with the quantum model and the gate work function (WF) and the saturation
velocity are carefully adjusted to match the I-V characteristics with the measured data
[24]. Second, the thermal conductivity, heat conduction paths, and thermal boundary
condition (300 K) to each heat path are considered to reflect the thermal characteristics of
the nanoplate-FET. Fig. 3.2(b) shows that our simulation result is well fit with the
measured data of the three-channel nanoplate-FETs [24]. The calibrated TCAD models

are used to predict the electro-thermal characteristics of the 5-nm node nanowire-FET.
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Fig. 3.2 (a) Overall work flow for analysis of SHE in nanowire-FET structures, (b) Ip-Ve

calibration results based on the nanosheet FET structure.
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3.4 More Detailed Thermal Simulation of Nanowire-FET

Fig. 3.3(a) shows the device divided into five regions; Fig. 3.3(b) shows the thermal
conductivity graph, which is calculated by considering the doping type, doping
concentration, and region thickness from the previous articles [8], [14], [15] about
modeling the thermal conductivity of silicon by phonon Boltzmann transport equations.
Using this graph, we set the thermal conductivity value of the regions. Table 3.1 shows
the thermal conductivity of each region. The thermal contact is set in the area where the
heat is dissipated. With reference to the articles [9], [16]-[18] dealing with SHE, the
source, drain, gate, and substrate are set to thermal contact. In addition, a boundary
condition is required when calculating the temperature of the device, and accordingly, we
have specified room temperature (300 K) for the thermal contacts. Finally, the
thermodynamic model is used for the overall SHE analysis because in the case of
thermodynamic model, the change in the device temperature is directly taken into account

in the current [17].

()  BulkSi > 148 Win/K

120

Boron_Doping
80t 1x10%5 cm-3
Boron_Doping
5x1018 cm-3

40t
As_Doping
1x10%cm

Thermal Conductivity [W/m/K]

10°

10° 10°
Si Thickness [um]

Fig. 3.3 (a) The five region for setting of thermal conductivity, (b) Thermal conductivity

according to doping type, doping concentration, region thickness.
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3.5 Performance Analysis by Number of Channels

First, we explain why the study is conducted using three-channel nanowire-FETs
instead of a single-channel nanowire-FET. Nanowire-FETs with multiple channels (three
channels) are very attractive compared to single-channel nanowire-FETS, because they
exhibit a better performance [20]. Fig. 3.4(a) shows the structure created by simulation
(Synopsys) for single-, two-, and three-channel nanowire-FETs. Fig. 3.4(b) shows a
comparison of the lon and l.n degradation rate for each channel number. As the number of
channels increases from one to three, the lon increases almost three times for the same
CGP. The reason why the current does not increase linearly according to the number of
channels is because the source and drain sheet resistances increase with the number of
channels. Also, as the channel number increases, the lo, degradation rate due to SHE
increases. In other words, as the number of channels increases, the degradation due to
SHE becomes worse. For this reason, SHE studies are conducted on three-channel

nanowire-FETSs rather than single-channel nanowire-FETSs.
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Fig. 3.4 (a) Nanowire-FET structures from one channel to three channels. (b) The
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3.6 DC Characteristic of SHE in Three Channel Nanowire-FETs

Next, the analysis of dc characteristics of SHE in a three-channel nanowire-FET is
conducted. Fig. 3.5(a) shows the 14 —V4 curve when Vg is 0.75 V, the lo, degradation rate
by SHE, and the percentage of heat flux to the heat paths at V4 = Vg = 0.75 V. The lo
reduces by approximately 3.8% caused by the decrease in electron mobility. Fig. 3.5(b)
shows the maximum lattice temperature (Tmax) Of the three-channel nanowire-FET with
the BEOL (M8 layer height :680 nm). ATmax, Which represents the Tmax —300 K (the
boundary temperature), is approximately 65 K. Fig. 3.5(c) shows the ATmax curve
according to the dc power. We can extract the thermal resistance (Rw) from the slope of
the straight line. As shown in Fig. 3.5(c), it can be analyzed that how much the thermal
properties of a three-channel nanowire-FET are worse compared to a single-channel
nanowire-FET. Ru is 3.34 K/uW for the single- channel and Ru is 4.875 K/uW for
three-channels. That is, the thermal characteristics are worsened when a three-channel

nanowire-FET is used.
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Fig. 3.6 shows the reason why the thermal characteristics of a three-channel

nanowire-FET are worse than that of a single channel nanowire-FET a. Fig. 3.6(a) shows

the structures when the channel-to-channel distance (Hin) is 18 nm and Hix is 40 nm,

respectively. When Hiq is extended to 40 nm, Tmax decreases. As shown in Fig. 3.6(b), the

effect of Hiq variation on the thermal properties of the three-channel nanowire-FET is

analyzed through Ru. As the Hint becomes narrower, the heat generated per channel is

further coupled with each other, adversely affecting heat dissipation, resulting in an

increase of Ry, On the other hand, if Hix is high, the thermal coupling between the heat

generated in each channel is weakened, resulting in a decrease in Rw. Therefore, in a

three-channel nanowire-FET, the thermal properties are degraded by the large lon and

thermal coupling between channels.
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Fig. 3.6 (a) The structures when Hix is 18 nm and 40 nm, (b) Ri when Hinc is from 8 nm

to 40 nm.
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3.7 AC Characteristic of SHE in Three Channel Nanowire-FETSs

Finally, we analyze the SHE characteristics in the ac mode. Fig. 3.7(a) shows the
method of setting the gate voltage to the ac mode. The pulse voltage consists of the rising
time (RT), pulse time (PT), and off time (OT). One cycle consists of one PT and OT. The
definition of the duty cycle is PT/OT. Fig. 3.7(b) shows the drain voltage. For pulse
signals, the drain voltage must be in the dc mode to prevent any overshoot [21]. Therefore,
the drain voltage was in the dc mode through ultrashort RT. In the ac mode, we can
obtain various frequencies by adjusting the PT and the OT of the gate voltage. Before
studying SHE according to the operating frequency, we proceeded to the study of T Latice
according to pulse heating time and cooling time. Cooling time is related to heat
dissipation capacity (1/Rw) and thermal capacitance (Cw). Cw is proportional to the total

heat generated by the device [22].

(a) voltage (b) Voltage
RTLpT RTL OT | Vemae0T5V R Vama=0.75V
: 3 H PT R
Vol >
} Duty Cycle:
i Pulse Time (PT)/Off Time (OT)

Time Time

Fig. 3.7 (a) Gate voltage for AC mode including RT (Rising Time), PT (Pulse Time) and

OT (Off Time), (b) DC Drain voltage using ultra-short RT.



Changing the heating time at the transient input (pulse voltage) makes the difference in
total heat in the same device. Fig. 3.8(a) shows the temperature contour of the
three-channel nanowire-FET for different heating times. Fig. 3.8(b) shows the difference
in Tmax according to the heating time and shows each required cooling time accordingly.
Here, the heating time is the same as the PT, which means the gate voltage is ON and the
cooling time is the time required for T auice t0 return to 300 K after the gate pulse is off. In
conclusion, the longer heating time result in a greater Tmax and accordingly, a longer

cooling time, as shown in Fig. 3.8(b).
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Fig. 3.8 (a) Temperature contour of the three-channel nanowire-FET for different

heating times, (b) the transient data of device Tyauice and cooling time.
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Fig. 3.9 shows the SHE of the device when the gate voltage is set to the ac mode. Fig.
3.9(a) shows the temperature characteristics of the lattice when the gate voltage is 50%
duty cycle (that is, PT = OT) and the frequency is 100 kHz (that is, PT and OT are 5 ps
each, and RT is set to about 5 ns, which is about 1/1000 times that of PT and OT). At 100
KHz, the temperature rises almost up to 365 K, which is the temperature rise in the dc
operation. Fig. 3.9(b) shows the temperature characteristics of the lattice when the
operating frequency is 4 GHz (that is, PT and OT are 0.25 ns each and RT is set to
0.25x107? s) and the duty cycle is set to 50%. At 4 GHz, it is observed that Tmax Saturates
to 340 K, which is 25 K less than the temperature in the dc mode or at a low operating
frequency. The reason why Tmax Saturates at a low value when the frequency is high can
be explained by the heating time and the cooling time illustrated above [Fig. 3.8(b)]. As
the frequency increases, the heating time becomes shorter and the temperature rise
becomes less. Also, since the cooling time is short, the temperature of the lattice cannot
be reduced to 300 K and the residual temperature is generated. For this reason, at high
operating frequencies, the temperature characteristic is as shown in Fig. 3.9(b). Fig. 3.9(c)
shows the ATmax Value according to various frequencies. As the operating frequency rises,
it is observed that ATmax decreases and saturates to approximately 40 K. As the device
becomes smaller, the operating frequency increases in an inverse proportion to Lg. When
the device operates in the circuit level, it is driven in the ac mode, and the temperature

increasing due to SHE is expected to be reduced compared to the dc mode.
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Fig. 3.10(a) shows l,n when the frequency is fixed at 1 GHz and the duty cycle is
different. To analyze the effect of only the duty cycle on lo,, the results of Fig. 3.10(a) are
carried out with the exception of SHE. It is confirmed that lo, is constant according to the
duty cycle and has the same lon as the dc condition illustrated above [Fig. 3.5(a)]. Fig.
3.10(b) shows Tiaice according to the duty cycle. When the duty cycle is 50%, it is the
same as 1 GHz in Fig. 3.9(c). As shown in Fig. 3.10(b), as the duty cycle increases, the
Tratice increases. This is because as the duty cycle increases, the heating time increases
and the cooling time decreases. Fig. 3.10(c) shows ATmax according to the duty cycle of
the gate voltage. Similar to the results of Fig. 3.10(b), ATmax increases as the duty cycle
increases. Therefore, if the duty cycle is reduced at the same operating frequency, the
ATmax decreases without affecting the 1o, characteristics, so the SHE-induced temperature
rise will be alleviated if the duty cycle of the gate voltage is reduced. As a result, it is
expected that the lon degradation rate will be reduced and the reliability problem due to

heat will be reduced.
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A comparison of the HCI/BTI lifetime is shown in Fig. 3.11, where 1 is normalized
with the HCI/BTI lifetime at 300 K (t300). The Ea and the n of the nanowire-FET were
assumed to be the same as [18], [19], and [23]. The t/t300x ratio was significantly changed,
from 1x10°* to 7x10°3, according to the operation mode and the duty cycle of the ac
mode. Therefore, in the ac mode, the SHE can be mitigated, as compared with the dc
mode. In the ac mode, the performance can be maintained according to the duty cycle,
while HCI and BTI lifetime can be increased up to two times and three times,

respectively.
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Fig. 3.11 A comparison of HCI (black) and BTI (red) lifetime as a function of Ti max.

The Ty max is determined by SHE with operation mode and various duty cycle
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3.8 Summary

In this chapter, we analyzed the SHE of dc and ac for a three-channel nanowire-FET.
When using a three-channel nanowire-FET over a single-channel nanowire-FET to
increase the performance (lon), ATmax in the dc mode increases from 50 to 65 K, resulting
in an lon degradation rate of 3.8%. Also, the Ry increases from 3.34 to 4.875 K/uW
compared to the single channel. In the ac mode, when the heating time (PT) becomes
longer, the total heat amount increases and the maximum temperature increases. Thus, a
longer time is required for cooling to 300 K in the same device. Next, it was confirmed
that ATmaxdecreases as the device operating frequency increases with the duty cycle set to
50% and ATmax Saturates to about 40 K at 4 GHz. Finally, when the operating frequency is
at 1 GHz, the temperature characteristics are analyzed while changing the duty cycle. As a
result, ATmax is reduced when the duty cycle is short. In the ac mode, the performance can
be maintained according to the duty cycle, while HCI and BTI lifetime can be increased

up to two times and three times, respectively.
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Chapter 4
Self-Heating and Electrothermal
Properties of Advanced Sub-5-nm node

Nanoplate FET

4.1 Introduction

Reliability of modern field effect transistors (FET) emerged as one of the most
important factors in the semiconductor industry to satisfy the increasing demand of stable
computing performance. At the same time, industry continuously targeted to downscale
devices by a few nano-meter range to improve integrated circuit performance. Race to
downsize transistor introduced new innovative device structures such as Fin-shaped
transistor (FinFET) [1-3], nanowire transistor and stacked nanoplate GAA transistor [4].
However, as a result of aggressive downscaling, current FinFET showed high thermal
resistance and lattice temperature due to SHE, putting thermal reliability at stake [5,6].
SHE ultimately leads to performance and other reliability issues including, but not limited
to, on-current degradation, hot carrier injection (HCI), Bias-temperature instability (BTI)

and reduction of device’s lifetime [7-9]. Being considered as a successor of FInFET,
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GAA nanoplate-FET has growing concerns for self-heating effect as well [10]. Many
suggests that especially for nanoplate-FET, SHE could be worse than FinFET due to
confined geometry, where gate dielectric with low thermal conductivity fully surrounds
the channels [11,12]. In this paper, based on ITRS 2015, nanoplate-FET that appeared as
a new candidate in/under 5-nm node [4] is modelled through Sentaurus, a Technology
Computer-Aided Design (TCAD) simulator. We have analyzed the temperature
characteristics by manipulating several architecture parameters such as number of
channels, channel width, and inter-layer metal thickness. And lastly, HCI / BTI lifetime
according to maximum lattice temperature (TL,max) fluctuations by varying gate metal

thickness is analyzed.

4.2 Device Structure and Simulation Condition

The multi-channel nanoplate-FET structure used in this paper is simulated using a
Synopsys Sentaurus [13], a TCAD simulator. Detailed specifications of structure are
referred from the values of the 5-nm node in the International Technology Road Map for
Semiconductor (ITRS) [14], listed in Table 4.1. Fig. 4.1 shows the entire structures and
cross-sectional views of a multi-channel nanoplate-FET for the self-heating study [8-10].
Source (S) and drain (D) structures are modelled as cuboid [4], and the size of S/D bulk is
changed according to channel width (Tw) and metal thickness (Twm) [21]. S/D is doped
with phosphorus (P) as other materials such as arsenic (As) can easily damage the silicon
Epi. A metal contact is contacted over the S/D bulk, where S/D bulk is composed of

Silicon.
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~7e12 ~ W{,

Fig. 4.1 (a) 3-D nanoplate-FET structure with the thermal contact, boundary condition,

(b) XZ plane of a 3-D nanoplate-FETs, (c) YZ plane of a multi-channel region.

Table 4.1

Structural / Thermal specification of a nanosheet-FET

Value - Value
Structural Parameters (Unit: nm) Thermal Conductivity (Unit: WK-m)
Gate Length (Lg) 12 ® Channel 7.5
Spacer Length (Lgp) 5 (@ Source/Drain (Phosphorus) 9.4
Gate Pitch (Lp)) 48 (3 Local doping 45.4
Channel Thickness (T 5 @ STl-all-around 46
STI Thickness (Tsy) 100 (® Substrate (Bulk silicon) 148
Channel Width (T,y) 25 Oxide (SiO,) 14
Effective Oxide Thickness (EOT) 1 Interconnect (Cu / W) 400/ 175
Gate metal thickness (T,,) 4.45  Metal gate (W) 175
Substrate Width 5000 Thermal Contact Resistance , Y alue
(Unit: cm2-K/W)
. . Value SiSiO, interface 2x10*
Doping Concentration ., "% gack End Of Line (BEOL) 1.7%x104
Source/Drain Doping 1x10%* Thermal Contact Resistance (Sub) 2x108
Local Doping 5x10'® Thermal Boundary condition (BEOL, Sub) 300K
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Fig. 4.2 (a) shows the active area divided into five regions. Fig. 4.2 (b) shows

calculated thermal conductivity curve based on doped impurity type, doping

concentration, and region thickness with reference to the previous research [19] on

modelling thermal conductivity of silicon using the Phonon Boltzmann transport equation.

We used this curve to determine thermal conductivity of each region in the parameter

section.

(b)
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Fig. 4.2 (a) Five regions for setting thermal conductivity. (b) Thermal conductivity

according to the doping type and concentration versus Si thickness.
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Fig. 4. 3 (a) shows the overall experiment process. Firstly, calibration of the
nanoplate-FET is performed to match the published on-current data [4]. Next,
optimization of thermal characteristics is done by adjusting the channel width, which is
then illustrated in respect to the number of stacked channels [15]. Finally, optimization by
varying gate metal thickness, is performed considering the fabrication limitations, to
analyze SHE under more realistic circumstances [15-17,20]. For I-V calibration to reflect
true performance measurement of the data, adjustments in both quantum model using gate
work function (WF) and saturation velocity are made [18]. And for realistic reflection of
thermal and electrical properties, density gradient quantization model (quantumPotential)
[13] and mobility model (thin layer / phumob / Enormal(lombardi)) [13] are utilized to
consider the quantum effect, Coulomb scattering and interfacial surface roughness
scattering. Thermal conductivity of each region, contact resistance, and boundary
condition (300 K) to each heat path are also considered as shown in Fig 4. 1 (a), and
Table 4. 1.

Fig. 4. 3 (b) shows that our simulation result is well calibrated with the measured data
in [4]. This calibrated TCAD model is ultimately utilized to analyze the electro-thermal

characteristics of the sub-5-nm node nanoplate-FET.
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4.3 Thermal characteristics by channel number and width

As shown in Fig. 4.4 (a) and inset of Fig. 4.4 (b), when using a stacked three-channel
nanoplate-FET over a single-channel nanoplate-FET to increase the performance (lon),
ATmax increases from 61 to 78 K for channel width (Tw) of 20 nm due to heat coupling
between channels. Also, when channel width (Ty) is increased from 20nm to 45nm in the
three-channel nanoplate-FET to obtain better performance (higher on-current), ATmax
increases from 78K to 103K as Joule heat increases with high performance. However,
only examining lattice temperature does not show meaningful analysis of thermal
characteristics on nanoplate-FET and should further examine thermal resistance (Rw),
which is a parameter that shows the correlation between DC power and temperature as
shown in Fig. 4.4 (c). From a macroscopic point of view, if rise of temperature is lower
than the improvement of performance, overall it could be considered as a good device.
Therefore, further analysis on Ry is conducted for nanoplate-FETs with varying number
of channels where Ry is not normalized against the number of channels. As shown in Fig.
4.4 (d), as Tw widens, Ry decreases since the heat generated in the channel is easier to
dissipate through the source and drain bulk. Following this Ry trendline, stacked
three-channel nanoplate-FET with T, of 45nm has the lowest Ry characteristics. Due to
this R characteristics, as shown in Fig. 4.4 (b), the lon degradation rate is also the lowest
in the three-channel nanoplate-FET with T, of 45nm. Therefore, further analysis of SHE
is simulated with variations of inter-layer metal thickness (Twm) in the nanoplate-FET
while having T of 45nm constant, which had the most reliable thermal characteristics out

of all options explored for channel width above.



300 — T T T T v 120

c T2 charinel
Solid line: w/o SHE SCéa) 100 ( ) N 5 T ]
Dashed line: w/ SHE _ sol ésq’gz PP~ g
X N A A
= 60l T,, [nm]:20~45
= 4ol @Vgs = Vs = 0.65V.
20k = Thermal
resistance [K/pW]
S —= OO 50 100 150 00
——+ @Ves=Vps=0.65V f—y 2.4 e RG IFQWES f“W‘ ,
6f A—A@LEZ\Q)) (d) Ty [nm
g A\A\A\lcz ol 1335
g 4, 15 16} =
s 0 2ch | & 520
i 1212
o % 80 / 3ch Q:E
S ol5 w e | " ost
- 20 2530 35 40 45 3ch
) T, [nm] ) . 04F, T
20 25 30 35 40 45 20 25 30 35 40 45 50 55 60 65
T, [nm] T, [nm]
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4.4 Thermal characteristics by inter layer-metal thickness (Twm)

Many studies indicate that various Tm is used when presenting nanoplate-FET
structure [15-17,20]. For the analysis on impact of inter-layer metal thickness (Tm) on
SHE, TM is reduced from 25nm to 4.45nm. As TM increases, as shown in Fig. 4.5 (a),
total capacitance (Crowi) and resistance (Ruta) also increase. This is due to the increased
area of the metal and source/drain on both sides of the inner spacer and increased
source/drain vertical resistance. Depending on the structure of the device, various
resistance components such as vertical resistance, sheet resistance, and contact resistance
are responsible for the increase with different contributions. Vertical resistance mainly
accounts for the increase of total resistance. Because sheet resistance and contact
resistance are the components that make the total resistance smaller as the S/D epi size
increases. As shown in Fig. 4.5 (b), RC time delay, a performance indicator, increases
with increasing Tu. On the other hand, as Tw increases, thermal indicator of ATmax and R
decrease as shown in Fig. 4.5 (b) and (c). This illustrates that performance measurement
of RC time delay is compensated in return of a better thermal reliability when increasing
Twm. Therefore, we defined Figure of Merit (FoM) factor to evaluate the technology trend
of both performance and thermal characteristics.

FoM = 1/ (RwxRC time delay). (1)

As shown in Fig. 4.5 (d), as the Tw decreases, the overall performance improved in
the three channel nanoplate-FET. Where FoM is for each Twm condition and FoMs is when TM

is 25 nm.
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Fig. 4.5 Thermal characterization by Twm in multi-channel nano-plate FETs. (a) Total
capacitance and resistance, (b) Time delay and ATmax, (C) R, (d) Figure of Merit (FOM)

to determine overall performance.

4.5 Life Time Prediction

The HCI / BTI lifetime of nanoplate-FET can be predicted through AV~ exp(—Ea/ k-
Timax) X t" with E; and n. Lifetime is defined as the time to reach AV = 0.1V. As shown
in the inset table in Fig. 4.5, the Es and n of the nanoplate-FET are assumed to be the
same as [7, 18]. The t/t300k ratio is changed per gate metal thickness, where T3k Means

lifetime when no temperature rises due to SHE, i.e., T = 300K and 7 is the lifetime for

each of the Tm when the temperature rises due to SHE. As can be seen in Fig. 4.6, for
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HCI, as the interlayer metal thickness is increased based on Twm: 4.45nm, the life time
increases up to 2.33 times due to the decreasing device temperature. BTI life time also
increases the life time by 3.63 times compared to 4.45 nm for the same reason. Therefore,
it is advantageous to increase the Tm to increase the life time and prevent thermal

degradation of the device (i.e. temperature increase).

Thermally @Vgs= Vps = 0.65V

-

ideal case

=
o
o

Avth =0.1Vv
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3L HCI BTI
10 n 0.3 0.155
E.[eV] 0.14 0.11
10 = : : : : : :
300 320 340 360 380 400 420
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Fig. 4.5 A comparison of HCI / BT lifetime as a function of T max according to Tp.
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4.6 Summary

In this chapter, we analyzed SHE of nanoplate-FET according to active area
specifications used at the sub-5nm node including number of channels, channel width T,
and metal thickness Tm. When stacked three-channel with Ty of 25nm is chosen over a
single-channel nanoplate-FET with same Ty to increase the performance (lon), ATmax
increases from 61 to 78 K due to heat coupling between channels. Extending the
performance measurement by increasing Tw from 20nm to 45nm in the three-channel
nanoplate-FET, ATmax increases further from 78K to 103K as Joule heat increases with
high performance. However, when investigating thermal resistance Rw, which is more
comprehensive measurement to understand thermal reliability of a device, three-channel
nanoplate-FET with Ty, of 45nm has the lowest Ri. Both lon and Ry characteristics are
improved with increased Tw, and R tends to be saturated when Tw is 45nm or higher.
Then, SHE is analyzed with variations of Ty from 25nm to 4.45nm, and constant T, of
45nm. As Tw increases, performance parameter of RC delay increases but thermal
parameter of Ry decreases. Therefore, this is judged comprehensively using FoM factor
and suggests that overall, the device improves as Ty decreases. However, designing a
multi-channel nanoplate-FET with a lower Ty should be carefully adjusted because HCI /
BTI life time, which is affected by temperature, can be reduced significantly due to

increased lattice temperature.
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Chapter 5
Study on Self Heating Effect and life time
N Vertical-channel Field Effect

Transistor

5.1 Introduction

In this chapter, self-heating effect in newly introduced Vertical-channel Field Effect
Transistors (VFETS) is investigated and discussed, and several architecture parameters
such as channel width, number of channels affecting thermal reliability of VFET are
studied through simulations. In addition, a study on the change of thermal properties is
conducted when air gap/spacer is used to reduce the influence of the parasitic capacitance.
It is illustrated that VFET shows high lattice temperature and thermal resistance increase
from changes in such architecture parameters, air gap in BEOL (Back End of Line), and
air spacers. Additionally, the lattice temperature imbalance between channels can be

mitigated by adjusting the inter-channel spacing of a multi-channel VFET.

5.2 Device Structure and Simulation

Following device specification of ITRS Roadmap for 5nm node technology [14], a

three-dimensional structure of single channel VFET is constructed using TCAD
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SENTAURUS as shown in Fig. 5.1. The height of the BEOL (Back End of Line) is
calculated as suggested in the preceding paper [8]. Thermal and electrical specifications
of this device are shown in Table 5.1. The details of the thermal conductivity setting for
each region are described later. To verify the accuracy of the predicted temperature
through SENTAURUS simulator, First, using SENTAURUS, the SOl MOSFET structure
[9] in the inset of Fig. 5.2 was made in the same way. Second, the basic model
(thermodynamics [13]) was specified for the electro-thermal simulation and compared
with the measurement data [9] of the planar SOl MOSFET. We confirmed that the
simulation predicts the gate temperature well according to the power, as shown in Fig. 5.2.
Then, to accurately reflect the change in thermal properties as the device shrinks, thermal
conductivity of each region is calculated with taking account of phonon boundary and

phonon impurity scattering [7].

Thermal contact(S, D, G) A iNm=mm=— T,:46nm
Boundary Condition:300K

Tep: 60m
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Fig. 5.1 (a) Entire structure of VFET, (b) Cross sectional views of VFET, (C) An enlarged

view of a region highlighted by a dotted line in (b).
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Table. 5.1

Thermal / electrical specifications of single-channel Vertical Field Effect Transistor

Structural Parameters

Gate Length (L)

(VFET) following ITRS roadmap for 5nm node.

Spacer Length (Lgy)
Channel Thickness (Tg)

STI Thickness (Tsr))
Channel Width (T,)

Effective Oxide Thickness (EOT)

BEOL Height
Substrate Width

Voo (Vs Vbs)

Doping Concentration

Source/Drain Doping (As)
Channel Doping (Boron)

Fig. 5.2 Comparison of simulation and measured data to clarify the accuracy of the thermal
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1000 Interconnect (Cu/ W)
5000 )
0.65V Thermal Contact Resistance

(U\rﬁta'-lg:ﬁ) SUSIO, interface [2,3]
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1x1016
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analysis of the simulation.
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Thermal conductivity of VFET, separated into five section is shown in Fig. 5.3 (a). Area
1 to 4 are small and thin so they are mainly affected by phonon boundary scattering, and
area 5 is less affected by phonon boundary scattering because it is bulk silicon. In
addition, since area 1 and 3 have a high doping concentration of 10%, they are greatly
affected by phonon impurity scattering. The thermal conductivity according to the phonon
impurity scattering and phonon boundary scattering for each area was calculated with
reference to [10] and is shown in Fig. 5.3 (b). Based on fig. 5.3 (b), the thermal conductivity
of five active regions is determined. It is also stated in Table.5.1. In TCAD SENTAURUS,
hydrodynamic model [13] is utilized to analyze SH [8,11,12]. And density gradient
guantization model (quantumPotential) [13] and mobility model (thin layer / phumob /
Enormal(lombardi)) [13] are utilized to consider the quantum effect, Coulomb scattering
and interfacial surface roughness scattering. Contact resistance and boundary condition

(300 K) to each heat path are also considered as shown in Fig 5.1 (a), and Table 5.1.

—_—
\'4 T T T
(a) @ = Impurity and Boundary E (b) Bulk Si > 148 W/m/K
Scattering < 100}
f Pcr;onon o @)= Boundary Scattering ;
T \./7 :
«_Impurity Atom Impurity and Boundary =2 Boron_Doping
Phonon Impurity Scattering Scatterin > —
’ 5 80 1x10% cm3 .
N 5 Boron_Doping
18 -3
Tsi Ph(gnon A (@)=~ Boundary Scattering -8 5x10'% cm
(@}
Phonon Boundary Scattering @) 40 I )
T As_Doping
= 1x10% cm3
(®=> Boundary 5
Scattering c 0 3 L 1 5
= 10 10 10

Si Thickness [um]
Fig. 5.3 Thermal conductivity of this device is calculated with taking account of phonon
boundary and phonon impurity scattering. Thermal conductivity of each region, separated

into five section according to doping concentration and dimension.
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5.3. Temperature and RtH according to channel width(Tw)

To evaluate the extent to which temperature adversely affect the single channel
Vertical FET performance, on-current (lon) is calculated without SH and with SH. Then,
these data are plotted into Fig. 5.4, which clearly illustrates that due to SH, the device
cannot fully perform at its maximum as there is on-current degradation of 5.5% when
Vpp =0.65V. Also, through the heat flux of each heat path, the main heat path is the

substrate [5,6,8].

| | I I I —W/OISHE
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= 120F
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| l,_Degra: 5.5%
0350 0.2 0.4 0.6

Drain Voltage[V]

Fig. 5.4 On-current (lon) degradation rate and heat flux in each heat path in VFET. Max
Lattice temperature rises to 98K in single-channel VFET. And lo, degradation rate is

5.5%.

Fig. 5.5 (a) shows the YZ cross section view of VFET. Fig. 5.5 (b) shows Ppoc-AT max

curve according to channel width (Tw). Rw is obtained from slope of this curve. As a
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result, as shown in inset of fig. 5.5 (b), R decreases according to cases from 1 to 5. The
reason why the Ry, decreases as the Ty increases is that the main heat path of the VFET is
the substrate and the efficiency of the heat dissipation to substrate increases as the Ty
increases. Thus, even if the performance (lon) is improved by increasing the Ty in the
VFET, the thermal characteristic is not deteriorated. Therefore, in the later analysis, Tw is

carried out in a fixed at 46nm.

[ (b) " @V,=Ve=0.65V |
| m— Tu[nm]: case_1=¥» case_5
||I [ '
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;5 1.4 u
- _Therrnal 1.2 " B Case_5{
Resistance | -
25 30 35 40 45
[K/uW] Tl

0 10 20 30 40 50 60
DC Power[uW]

Fig. 5.5 (a)Y-Z cross sectional views of VFET, (b) DC Power (Ppc) — AT max curve for

Riaccording to Tw.

5.4. Thermal properties according to air spacers and air gap

As the length of the channel becomes shorter, the influence of drain and source on the
channel increases, and thus parasitic capacitance is an issue. Therefore, to reduce parasitic

capacitance between source/drain and channel, vacuum with low dielectric constant is
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used as spacer. Meanwhile, in the case of vacuum, the thermal conductivity is close to
zero. Therefore, analysis of current and temperature according to the use of vacuum
spacer is conducted.

Fig. 5.6 (a) and (b) show the structure and temperature contours when SiCOH spacer
and vacuum spacer are used. In the case of the vacuum spacer, the temperature rises about
5K higher than that of the SiCOH spacer due to the very low thermal conductivity
characteristics. In addition, as shown in Fig. 5.6 (c), the l,n degradation rate increases
from 5.5% to 7% due to the increased temperature when vacuum with a very low thermal
conductivity is used as spacer. Thus, when the vacuum spacer is used, the subthreshold
slope characteristics of the device may improve by reducing the parasitic capacitance, but
the temperature and lon degradation rate characteristics are deteriorated. Therefore, the
use of vacuum spacers, which can affect the reduction of l,n and deterioration of
temperature characteristics, should be handled carefully depending on the desired
performance condition.

In 7 nm node BEOL and beyond, the Cu interconnect faces a sharp increase in line R.
The reasons are, first, the line width is smaller than that of Cu electron MFP. Second, it
has a limited Cu volume fraction due to the presence of a barrier/wetting layer with
limited scaling [15]. Therefore, in the sub 7nm node device, the BEOL time delay
increases due to the increased R of BEOL. Accordingly, SiICOH having a lower dielectric
constant is recently used in Inter Layer Dielectrics (ILD) [15]. In addition, a method of
reducing parasitic capacitance in a layer where metal is densely processed has been

proposed by using air gap [16]. Based on these facts, the thermal characteristics of device



are analyzed according to the use of SICOH and air gap in BEOL.
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Fig. 5.6 Temperature contour and Tmax When using (a) SICOH spacer and (b) vacuum

spacer, (c) Each Ip-Vp curve and lo, degradation rate.
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Fig. 5.7 (a) and (b) show 3D and XZ planes, respectively. SiCOH is used as ILD with
reference to [15], and the properties of the materials are also reflected. In addition, layers
with air gaps are determined by referring to [16], and the heights of the layers are
calculated by referring to [8]. Fig. 5.7 (c) shows the ATmax Of the hot spot according to the
thermal conductivity of the ILD material, where 1.4W/K-cm corresponds to the general
SiO, and shows a temperature rise of about 89K. And when SiCOH with 0.6W/K-cm is
used, it can be seen that the temperature rises about 10K higher than that of SiO.. In
addition, when air gaps are used in the M3 and M5 layers, the temperature increases by
1~2K additionally. Therefore, when using SiCOH and air gaps to reduce the time delay of
BEOL, it is necessary to recognize that the temperature characteristics are degraded, and

SiCOH is the main case.

ILD:SiCOH

Interconnect
Height (um)
=1.0(M10)

M5 Vacuum

M3 Vacuum
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Fig. 5.7 Structure when using air gap in M3 and M5 layers (a) 3D, (b) XZ plane. (c)

ATmax Of hot spot according to thermal conductivity of inter layer dielectric.

5.5. lon boosting according to Channel numbers

To improve lo, characteristics, this single-channel VFET is modified into three and five

channels by arranging the channel horizontally. Five channel VFET is shown in Fig. 5.8.

Fig. 5.8 (a) Entire structure of multi-channel VFETs, (b) XZ plane of multi-channel

VFETs.
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As shown in Fig. 5.9, the structure can be confirmed when increasing from 1 channel to 3
or 5 channels, As the channel increases, lon also increases logarithmically. This is better
than LFETs (for example, multi-channel NWFETS, NanoplateFETs [11,12]). In the case
of Lateral FET, as the channel is stacked, S/D bulk sheet resistance (Rex) increases, and
lon boosting tends to saturation. However, in the case of VFETS, the drain metal can affect

the multi-channel equally, so that the 1o, can be logarithmically increased.

4001

300¢

200F

Drain Current[uA]

X3 lgy
100r "m @V=V=0.65V -
3 Channel 5 Channel 1 1 1 1 .

1 2 3 4 5
Channel Number

Fig. 5.9 (a) Structure of VFETSs according to channel number (1,3,5) and (b) l.n change

according to channel number.

5.6. Temperature imbalance of multi-channel VFETSs

Fig. 5.10. (b) shows the temperature of channels when using five-channel VFET for
performance (lon) improvement. When using five channels compared to single-channel
VFET (ATmax: 98K), it can be seen that the temperature increases up to 135K by thermal
coupling. Also, as shown in Fig. 5.10 (a), the STI is extended to the right to reduce the
fringing capacitance between the gate via and the drain bulk. As a result, effective area

below the first channel is reduced, which reduces the heat path to the substrate (refer to
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the heat flux vector in Fig.5.11 (a)). For this reason, the temperature decreases from first

to fifth channel as shown in Fig. 5.10 (b).
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Fig. 5.10 (a) Cross sectional view of five channel VFETS. the STI is extended to the right
to reduce the fringing capacitance between the gate via and the drain bulk, (b)
Temperature of channels when using five-channel VFET for performance (lon)

improvement.
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In addition, the temperature in the fifth channel is further reduced, which can be
explained in Fig.5.11 (b). Fig. 5.11 (b) shows the top view of the VFET. Due to the
nature of the structure, the drain metal is located beyond the right side of the fifth channel
and there is an un-coupled heat flux to the side, which results in an additional temperature
decrease of 2K in fifth channel. To further confirm above claim for the additional
temperature reduction of 2K in fifth channel, we have created 3-channel, 5-channel,
6-channel VFETs and analyzed the temperature profile as shown in Fig. 5.11 (c).
Additional temperature reduction occurs in the third and sixth channels in the 3-channel
and 6-channel VFETs. When multi-channel is used to increase the performance (lon) of a
VFET, thermal coupling between channels causes the temperature increase of the
channels more than that in the single channel, as well as the temperature variation
between the channels. Therefore, when the device is used for a long time, SH may cause
performance difference or life time difference between channels. we proposed a method

to mitigate the temperature imbalance between channels.
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Fig. 5.11 heat flux in VFETSs (a)XZ plane, (b) the top view of the VFET. (c) Additional
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5.7. Mitigation of the channel temperature imbalance

Fig. 5.12 (a) shows the adjustment of channel gap to mitigate temperature imbalance
between channels. In the XZ plane, we compared the structures where the gap between
the channels is uniform and non-uniform. In the case of the non-uniform gap, the gap
between the channels is made larger toward the first channel having the highest
temperature in order to reduce the thermal coupling. The size of the active region from
the first channel to the fifth channel is same. Fig. 5.12 (b) shows that performance (lon /
lorf) is not adversely affected when a device is fabricated with a non-uniform gap because
the active region has the same size. Fig. 5.12 (c) is a comparison of R, which shows that

R in the non-uniform gap is slightly smaller than the uniform gap.
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Fig. 5.12 (a) Simulation structure for 5 vertical channel arrangement for VFETs and XZ
plane for uniform/non-uniform gap in channels. (b) performance (low/lor) for

uniform/non-uniform gap. (¢) Rrw for uniform/non-uniform gap.

The maximum temperature is reduced by 2K as shown in Fig 5.13 (a). Finally, Fig.
5.13 (b) shows the temperature imbalance mitigation between channels when the thermal
coupling is controlled by using a non-uniform gap. In a uniform gap VFET, the
temperature difference between the channels is up to 5K, but the VFET with non-uniform
gap has a constant value of about 0.8K. Therefore, it is possible to prevent differences in

performance or reliability between channels when non-uniform gap is used.
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Fig. 13 (a) Temperature profiles of uniform/non-uniform gap. (b) Temperature uniformity

of uniform/non-uniform gap.
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5.8. Life time depending on various analysis conditions

The HCI/BTI lifetime of VFET can be predicted through Vrn~exp(—Eo/KT L max)*t".
Lifetime is defined as the time to reach V4= 0.1V. The Ea and n of the VFET are
assumed to be the same as [4], [8], [11,12]. ts00x Means lifetime when no temperature
rises due to SH, i.e., T = 300K and 7 is the lifetime for each analysis condition when the
temperature rises due to SH. HCI/BTI lifetime according to various analysis conditions is
confirmed. As shown in Fig. 5.14, it can be seen that the HCI/BTI life time continues to
decrease due to the increase in temperature as SICOH ILD is used and the air gap is
added to SICOH ILD than when SiO: ILD is used. In addition, it can be seen that the life
time is reduced when the air spacer is used. Therefore, the conditions used for
performance improvement may shorten the life time, so it would be good to consider it
according to the design goal. And, as shown in the circles of the inset in Fig. 5.14, in case
of uniform gap, the lifetime of each channel is different. But, if the device is made with a
non-uniform gap, it can be seen that the channels have almost the same lifetime as the star

symbol of the inset.
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Fig. 5.14. A comparison of HCI / BT lifetime as a function of T max according to

analysis conditions.

5.9. Summary

Our work has analyzed the lattice temperature and o, degradation rate by SH in VFET.

The lattice temperature (hot spot) is increased by 98K and the lo, degradation rate is 5.5%.

When using materials with low dielectric constant used to reduce parasitic capacitance in
the active and BEOL area, the thermal characteristics of the device may deteriorate and
the life time affected by HCI/BTI may be shortened by about 1/2 times. Therefore, it
would be used carefully according to design requirements. Furthermore, in case of using
multi-channel to increase lon, temperature imbalance occurs between channels due to its
structural feature. Non-uniform gap process can lower T max by 2K and lower the
temperature imbalance between channels from 5K to 0.8K. Accordingly, the HCI/BTI

lifetime of channels can be made similar.
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Conclusions

In this dissertation, first, we have devised on shallow trench isolation (STI) design
considering leakage current (lore) in Bulk/silicon on insulator (SOI) FinFET and vertical
FET (VFET). The lorr tendency is considered in terms of the interface trap density (D)
difference depending on the STI material type and STI thickness. In the case of Bulk
FinFET, the STI design for each of high performance (HP) and low power (LP) is
presented. On the other hand, in the case of SOI FINFET and VFET, STI designs which
do not distinguish HP/LP are presented. Max lattice temperature (T, max)/thermal
resistance (Rm)/on current (lon) degradation rate according to STI design in each structure
are also analyzed. We compare the hot carrier injection (HCI)/bias temperature instability
(BTI) lifetime as a function of the device temperature which is varied depending on STI
design. Second, the (SHE of both dc and ac for a three-channel nanowire-field effect
transistor (FET) is investigated and analyzed. In the dc mode, as AT max (definition: Tmax
—300K) increases to 65 K, the transistor suffers from an lo, degradation of 3.8% along
with a Ri of 4.875 [K/uW]. In the ac mode, as the heating time (same as the pulse time)
increases, the heat is accumulated more and the cooling time increases accordingly. It is
confirmed that ATmax decreases as the device operating frequency increases and AT max
saturates to about 40 K at 4 GHz. The thermal characteristics and the lifetime are
analyzed while changing the duty cycle to 25%, 50%, and 75%. It shows that AT max

increases to 38, 42, and 45 K, respectively, and HCI and BTI lifetime can be increased up



to two times and three times, respectively. Third, SHE of Gate-All-Around (GAA)
nanoplate field effect transistor (FET) with variations of active area specifications
including number of vertically stacked channels,metal gate thickness, and channel width,
is investigated using TCAD simulations. Our research suggests that varying these
architecture parameters not only affect overall performance of sub-5-nm node GAA
nanoplate FET such as on-current degradation and time-delay, but also greatly impact
thermal reliability such as lattice temperature and thermal resistance, which are
comprehensively analyzed using the Figure of Merit (FoM). Furthermore, thermal
reliability of GAA nanoplate-FET is analyzed from perspective of Hot Carrier Injection
(HCI) / Bias Temperature Instability (BTI) lifetime variation using maximum lattice
temperature (TiLmax) and metal gate thickness (Twm). Finally, SHE in newly introduced
Vertical channel Field Effect Transistors (VFETS) is investigated and discussed, and
several architecture parameters such as channel width, number of channels affecting
thermal reliability of VFET are studied through simulations. In addition, a study on the
change of thermal properties is conducted when air gap/spacer is used to reduce the
influence of the parasitic capacitance. It is illustrated that VFET shows high lattice
temperature and thermal resistance increase from changes in such architecture parameters,
air gap in BEOL (Back End of Line), and air spacers. Additionally, the lattice temperature
imbalance between channels can be mitigated by adjusting the inter-channel spacing of a

multi-channel VFET.



Appendix A. A Simple and Accurate Modeling
Method of Channel Thermal Noise using BSIM4

Noise Models

A.l Introduction

The continuous scaling of complementary meta-oxide semiconductor (CMQS) devices
has resulted in major performance improvements, and CMOS has become a viable
candidate for radio frequency (RF) applications [1-3]. Thus, the accurate modeling of the
channel thermal noise characteristics of CMOS RF devices is important for predicting RF
circuit and system performance. This is because the thermal noise of the transistor is the
largest source of noise at high frequencies [4-6], which fundamentally limits the
achievable signal-to-noise ratio. The channel thermal noises of advanced devices in
sub-200-nm nodes increases compared to the theoretical predictions made by the
conventional models [7-8] for long channel devices, since the long channel model does
not account for short channel effects, carrier heating effects [9], and velocity saturation
[10-12]. Several analytical models have been proposed to predict the channel thermal
noise [6, 13-15]. However, given the complexity of the equations that require voltage
information on the internal nodes and externally inaccessible parameters, it is difficult for
circuit designers to use these models simply in Simulation Program with Integrated

Circuit Emphasis (SPICE) simulation. On the other hand, in the thermal noise model
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implemented in Berkeley Short-channel IGFET Model 4 (BSIM4) models [16] of a
process design kits (PDK), the default parameter of NTNOI (noise enhancement factor)
[16] does not match the experimental bias dependency or the measured noise parameters
in short channel devices, which can compromise simulation accuracy. In this chapter, we
propose a modeling method that can be applied simply by designers and that can achieve
high accuracy under various operation conditions. The primary focus is to develop and
implement a model based on the measured noise parameters of a transistor. The contents
of this paper are organized as follows. In Section Il, the SPICE modeling process is
briefly introduced in terms of the DC (I-V) and AC (S-/Y-parameters) measurements of
130-nm MOSFETSs as well as their noise parameters. In Section 11, we extract the valid
noise spectral density (Sig) from the noise parameters (NFmin, Gopt, Bopt, and Rn) [4, 5]
measured under various voltage and frequency conditions as well as different numbers of
fingers for the charge-based model (when the noise model select parameter, TNOIMOD is
set 0) in BSIM4. A bias-dependent empirical formula is proposed for modeling the excess
noise. Then, the noise parameters are compared with the measurements obtained under
various conditions to verify the accuracy of the proposed model. In addition, a modeling

technique for the holistic model (TNOIMOD = 1) is discussed.



A.2 Overall Schematic of the RF MOSFET Model

Throughout this paper, HSPICE (circuit simulator) [22] and a BSIM4 (version 4.5)
model were used for simulation. The device-under-test (DUT) of an n-type MOSFET
with a channel length (Lg) of 0.13 um and a channel width (Wy) of 4.5 um was connected
in a common-source configuration. All values of the model elements (capacitance,
resistance, diode, etc.) in the transistor model were obtained from HSPICE simulation
using BSIM4 models.

The equivalent model of a MOSFET is shown in Fig.A.1. It consists of an intrinsic
MOSFET (mo), intrinsic R’s and C’s, and a body R-C network (Rsv, Rab, Csb, Cab, Rsub,
Csun). Here, Cgs i and Cgyq_r represent the capacitances of the sidewall spacer, and they are
bias-independent elements. Ry, Rs, and Ry each represent a terminal resistance. Using the
body network model is necessary to achieve an accurate simulation of the output
characteristics and RF noise of a MOSFET. All components of the MOSFET model were
set to vary according to device specifications such as Wy, Lg, and the number of fingers
(nr). The accuracy of the MOSFET model was verified by comparing the simulation

results with the measured DC Ips versus Vgs characteristics and Y-parameters.



Fig. A.1 The full MOSFET model including an intrinsic MOSFET (blue box), intrinsic

parasitic components, and a body R-C network.

A.3 Verification of the DC Characteristics of the

RF MOSFET Model

First, the I-V measurements were carried out with Vps = 1.2 V and nr ranging from 16
to 64. Fig.A.2 shows the measured and simulated (using the HSPICE BSIM4 model) Ips
versus Vgs characteristics. Several DC parameters were used, such as low field bulk
mobility (UO) and mobility degradation factors (UA, UB, UC, etc.). Other parameters
were also used, including saturation velocity (VSAT), ETA for the threshold voltage,

NFACTOR for subthreshold swing, PCLM for the length modulation equation, and both
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RDSW and PRWG for the Rgs [16], a gate bias dependent resistor in the lightly doped
drain (LDD) region. The remaining DC model parameters were set to default values
provided by the foundry. As shown in Fig. A.2, the MOSFET model fits well with the

measured Ips versus Vgs for different nr.

10° ¢~ ' . . — 200
, fSymbol: measurement @ Vps=1.2

10" fLine: DC model {160 o
z 102 HNMOS) S
= 10°} -120?)
= 107} =
O 180 o
- 107} =
'© -6 =)
S 10°F 140 3
- 107} 1o =

10° ' ;

0.0 0.3 0.6 0.9 1.2
Gate Voltage [V]

Fig. A.2 Measured and simulated Ips versus Vgs characteristics of 4.5 ym/0.13 um n-type
MOSFETS biased in strong inversion region under Vps= 1.2 V with the number of fingers

(nr) of 16, 32, or 64.
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A.4 Verification of the MOSFET Model with

Measured Y-parameters

Secondly, S-parameters were measured for various bias conditions, frequencies, and nr
ranging from 16 to 64. Then, the S-parameters were mathematically converted to
Y-parameters using conversion equations (1) ~ (4) [17]. The simulated Y-parameters of
the MOSFET from HSPICE are shown in Fig. A.3. The figure shows the characteristics
of the measured and simulated Y-parameters when nr = 64 and Ips= 2 mA. The results
indicate that the simulated and measured Y-parameters accurately match under all bias

conditions.

_ (1' Sy )(1+ S, )+ S125,1

y =
1 (1+5;,)(1+5,,)—S1,5, @
-2s,,
Yo S s )M s,) s,
11 22 12921 (2)
-2s,,
Vo1 = (105, ) (T4 5,0) - 5,8
11 22 12921 3)
_ (1+5;,)(1=5,,)+5;,5,;
22 (1+511)(1+522)_312521 (4)
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Y12(R) [10°S], Y12(l) [mS] Y11(R) [10*S], Y11(1)[mS]

shown.

In the previous sections, we confirmed that the MOSFET model fits well to both 1-V
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A.5 Verification of the MOSFET Model

Measured Noise Parameters
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Frequency [GHz]

Fig. A.3. Converted Y-parameters (symbol) from the measured S-parameters and
simulated (line) Y-parameters of the MOSFET biased at Ips= 2.0mA. (Vps= 1.2 V and

Ves = 0.33 V and nr = 64). Real and imaginary of (a) Y11 (b) Y21 (c) Y12 (d) Y22 are

and Y-parameters. In this section, the results of the noise parameter simulation using the

with



charge-based channel thermal noise model (TNOIMOD = 0) implemented in BSIM4 [16]
are discussed. This model (TNOIMOD = 0) is given by (5) and (6) [16], and NTNOI, a
noise enhancement factor, which is equivalent to vy, has the default value of 1. The other

parameters of W, L, Cox and Rgs are the same as they were in previous settings.

5 =K T-Af NTNOI=4KT -G, -y

id 2 (5)
R+ Cf
lua‘f ’ |Qinv

Qinv :Wactive ) Lactive 'Coxeff -NF -

V B Avuk Vaser N APbuk -V 2asef ©)
g steff V
2 12.(V _ A dseff)
g steff 2

Fig. A.4 shows the measured and simulated noise figure parameter data. While the
accuracies of the 1-V and Y-parameters were respectively verified in Section Il B and C,
the default NTNOI is not suitable for fitting the measured noise parameters. The NTNOI
value of about 1.52 is required to match the measured data when nr =64 and Vgs=0.33 V.
In addition, different NTNOI values are required for different bias conditions. Many
previous studies [3, 5-7, 14, 15, 21] have modeled y, a thermal noise enhancement factor,
as bias dependent, implying that NTNOI, which is the same as y, should be dependent on
bias. Therefore, the next chapter introduces a series of procedures that are used to model

the bias-dependent NTNOI, and also verifies with measured noise data
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Fig. A.4. Comparison of the measured (symbols) and BSIM4-simulated (lines) (a) r, and
(b) NFmin both at VDS = 1.2 V and VGS = 0.33 V. For simulation, the default model

(TNOIMOD = 0 using NTNOI = 1) was used.

A.6 Thermal Noise Extraction and Modeling

(TNOIMOD = 0)

The modeling sequence that consists of five steps is described in detail in Fig. A.5.

For RF noise modeling, it is imperative that the measured data be accurately

1 O
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de-embedded parasitics associated with interconnection lines, vias, and pad structures.
Accordingly, the de-embedding process must be conducted in Step 1. Then, in Step 2, the
SPICE model parameters (e.g. BSIM) is fitted to the measured S-parameters. In this work,
the open-short method was used for de-embedding [18-20], and it shows a good match

between the de-embedded measured and the PDK-simulated Y-parameters (see Fig. A.3).

Step 1. De-embedding Step 3. Thermal Noise (S) Extraction ~ Step 5. Comparisonwith
M - v Measured Noise Figure Data
Parasitic De-Embedding (— Using DC parameter )« 1 g
DUT Noise Figure ( :
Using <.param> J
(=MOSFET) Parameters .
7 ‘ S, Implantation
PAD in BSIM4 Model

S,4 Extraction

v

(__Using Enhanced Model )
‘ Noise Figure

Step 2. S- &JY— parameter

Each Sy
Matched?

( Using DC model )+ Parameters

‘ S-parameter Extraction \ Yes
- Step 4. ThermaiNoise Modeling
[ Using S-/Y- relation J Physics (TNOIMODO0)  J«
‘ Y-parameter Conversion ‘ Gate Bias Dependent ’
NTNOI

v

Sid
Matched?

imulated and measure
S/Y match?

Yes |

Fig. A.5. Procedure diagram of thermal noise and noise parameter modeling.

We extracted the Sis from the noise figure data, using (7) ~ (10) [5]. Each analytical
equation consists of Y-parameters, Rq, and DC parameters. In (7) ~ (10),  represents [Gao

x NTNOI]. Therefore, since the measured noise figure, Y-parameter, and Ry are all given,
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x can be extracted from each equation. Then, multiplying y by 4kT [5] yields Sis, where kT

is the thermal energy.

R (=1, x50 =R, +—%

2
Y

()

Y. Y./ xR
Relf,,.f =G, bl R L 8)
Rg -|Y21| +
opt opt 2
P S

2 {Y11||Y21|\/X : Rg + Re[Yll]' X} (10)

NFE. =1+

min

2

Often, high-frequency noise-figure data show fluctuations that are attributable to the
influence of the varied measurement environment. Therefore, it is important to assess the
reliability of the y value extracted from each noise parameter. Fig. A.6 (a) - (d) shows
equations (7) - (10) expressed in terms of Y-parameter values and Rq values when nr = 32,
frequency = 1GHz, Vgs = 0.33 V, and Vps = 1.2 V. The general solution of y, which is
always real and positive, can be expressed in terms of Y-parameters and Ry (as
represented by blue letters and lines in Fig. A. 6. In addition, the gray box in the Fig. A.6

shows the variation in the measured data.
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Fig. A.6 (a) shows the Gop expression. In the ase of Gepe > |Y11]/2, the ideal value of
Gopt, the y solution cannot be obtained from the measured Gop Value. If Gopt < |Y11)/2, two
x solutions are obtained from the measured G Vvalue. Fig. A.6 (b) shows the By
expression. Most of the measured Bop: Values are greater than —Im{Y1:}. In this case, one y
solution can be obtained from the measured Goy Vvalue. However, since the slope of the
function is near zero, even if Boy is measured to be slightly different from the ideal value,
the y solution will be more than 10 times greater than the correct solution. In addition,
some Bopx have a value under —Im{Y1}, resulting in negative y, which is physically
contradictory. On the other hand, Fig. A.6 (c) shows the R, expression. It should be noted
that R, is a linear function, and the measured data set is always greater than Ry. Hence,
even if Ryhas some variation, y does not change substantially. Therefore, a y solution that
is reliable can always be obtained from the measured R,. Lastly, Fig. A.6 (d) shows the
NFmin expression. Similar to the R, function, one reliable y can be extracted from the
measured NFnin. Table A.1 presents a description of the reliability of y extracted from
four noise-figure parameters.

The values of Sig extracted from R, and NFni, are almost similar within a 1 % error. In
the subsequent modeling steps, the average value of Siy was used. As will be discussed
later, both Gep: and Bop: can be accurately calculated from Sig extracted from two other

reliable noise-figure parameter (R, and NFmin).
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Fig. A.6. Plots for describing the reliability of y solutions extracted from the measured

noise parameters (a) Gopt (b) Bopt (C) Rn (d) NFmin. The gray box in the figures shows the

variation of the measured data.
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Table A.1

Reliability of Extracted y from Noise Figure Parameters

el FLE Case | Measured DataRange x Solution Reliability
Parameters
1 Gop > a2 No solution Very low
Gopt Two solution
2 Gopt < ‘Yll‘lz (surjective) Very low
3 Bopt >- Im{Y,} Highly variablesolution low
Bopt Negative solution
4 Bupt <-Im{Yy} (phygsical contradiction) Extremely low
R, 5 R, >R, Oneto(t())ijr;CetiTe?pplng Very high
NFpin 6 NF i > 1 Oneto one mapping High

Fig. A.7 shows the Siy extracted using the method described earlier. The symbol
represents the average value of Sig extracted from the measured data, red box for nr = 64,
and black box for nr = 32. The lines show the value obtained from the MOSFET model
using TNOIMOD = 0, the charge-based thermal noise model, with NTNOI set at a default
value of 1. As shown in Fig. A.7, the value of Si; reproduced by the model is insufficient
compared to Sig from the measured noise parameter data under different drain current, Ips

(or the gate voltage, Vgs). As expected, the NTNOI values for fitting the measured Siq are

bias-dependent.
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Fig. A.7 Channel thermal noise versus Ves (= Ips) of MOSFETs with different finger
number, nr = 32 / 64. Symbols and lines represent the Sis extracted from the measured r,

& NFnin data and Siq of the default model, respectively.

As shown in Fig. A.8, the black box symbol represents the NTNOI value for fitting the
measured Sig from low to high biases. In addition, the circle symbols are taken from [21]
and reproduced here for comparison. This shows the required noise enhancement factor
for all bias conditions from 200 nm to 40 nm nodes. Compared with the data in [21], the
extracted NTNOI value is confirmed to be reasonable for the given node. The black line
represents the model to fit the required NTNOI values for the overall bias conditions. The
enhanced NTNOI model equation and parameters for the 130 nm node MOSFET are

summarized in Table A.2.
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[Erllhancea modél] 1
NTNOI(Vgs) = A*exp[-(V4stB) [+C

Gamma (y)

NTNOI

04 06 08 10 12 14
Gate Voltage [V]

Fig. A.8 Extracted (black box symbol) and modeled (lines) NTNOI value versus Vgs in
saturation region under Vps= 1.2 V. The various circle symbols are shown, after [21]. It is

shown that extracted NTNOI value is reasonable considering the y values in [21].

The enhanced NTNOI model is expressed as a function of gate voltage. Those
parameters are not derived from device physics, thereby presenting no correlation with
physical meaning. However, the proposed formula has a simple functional form, which
can cover the required NTNOI not only for different gate voltages, but also for various
technology nodes. For a given tech node, the role of parameters A and C is to determine
the maximum and the minimum range of NTNOI, while i adjusts the sensitivity of
NTNOI at low gate bias and B reflects the changes in V.. Thus, by adjusting the parameter
set, designers can easily reproduce NTNOI values for each bias and node. The solid lines
in Fig. A.8 illustrate the proposed model’s flexibility and reproducibility. The

gate-bias-dependent enhanced NTNOI model can be implanted into TNOIMOD = 0 by
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using Verilog-A. Typically, however, modifying the model through Verilog-A involves a

complicated process and often slows down the simulation. Therefore,

in our

implementation, the model equation and parameters were declared through <.param>, a

command in HSPICE, and the simulation was performed quickly.

Table A.2

Modified BSIM4 Thermal Noise Model Parameters for 130 nm MOSFETSs

Charge-based model (TNOIMODO) parameter set
[ Sigerrorrate: 1% ]
NTNOI (V) = A-exp[-(Vy+B) ]+C
A 1.0 B 0.65 i 8 C 1.0
Holistic model (TNOIMOD1) parameter set
[ Siyerrorrate: 1.5% |
Biroi Default | Modified 0.0i Default | Modified
RNOIA | 0.577 0.8 RNOIB 0.37 0.37
TNOIA | 1.5e6 2.7e7 TNOIB | 3.5e6 3.5e6

Fig. A.9 shows the accuracy of the enhanced NTNOI model for both nr = 32 and 64. The

figure shows that the measured and simulated Sis are well fitted. Note that the enhanced

NTNOI model can reproduce Sig of all nr using the same parameter values.
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Fig. A.9 Channel thermal noise versus Ves (= Ips) of MOSFETs with different finger

number, (a) nr = 32 (b) nr = 64. Symbol and line represent the Siy extracted from the

measured r, & NFnin data and Siq of the enhanced models respectively.

A.7 Verification of the Enhanced Model with Noise

Parameters

We simulated the noise figure parameters using the enhanced NTNOI model. Since
there are multiple measurement data sets, we have constructed them in Fig. A.10 to
compactly show that the enhanced model fits well for all cases. Fig. A.10 (a) shows ryin
all nr cases when the frequency is 4GHz. While the error rate varies slightly depending

on nr, for Ry, the maximum error rate is reduced from 41 % down to only about 4 % when
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the enhanced model is used. Fig. A.10 (b) shows NFminat nr = 64 when the frequency is 4

GHz, and it can also be seen that the accuracy is improved by the enhanced model. Fig. A.

10 (c) and (d) show both Gepx and By Versus frequency, and they show low and high bias

conditions, respectively. Therefore, the reproducibility for all noise parameters is greatly

improved by the enhanced model for different nr, frequency, and bias.

(2) tofymt messwemin ] (0) | o[ Sy e
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Fig. A.10 Comparison of measured noise parameters (symbol) and BSIM4 simulation

using default (dash lines) and modified (solid lines) thermal noise models. (a) rn

according to finger number (b) NFmin according to Ves (C) Gopt & Bopt according to

frequency at low Vgs and (d) Gopt & Bopt according to frequency at high Ves.
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A.8 Holistic Model (TNOIMOD = 1)

In this section, a modeling technique using TNOIMOD = 1 is discussed. The holistic
model is given as (11) ~ (13) [16], and four fitting parameters are used: RNOIA, TNOIA,

RNOIB and TNOIB.

= M : [(Gds + ﬁmoi(Gm + Gmbs))2 - ngiZ (Gm + Gmbs + Gds)z]

Si
I (11)

Vv 2
Proi = RNO|A-|:1+TNOIA- Leg (gmﬁj ]
eff

SAT *

(12)

2
Vv
0,, = RNOIB-|1+TNOIB - L, | — =
SAT Leff
(13)

Here, RNOIA and TNOIA, which are factors for channel thermal noise, are mainly
optimized, while RNOIB and TNOIB, which are induced gate noise correlation factors,
make little contribution to the overall S;q change. Some versions of the BSIM manual have
default values of 1.5 and 3.5 for TNOIA and TNOIB, respectively, while other versions
have 1.5x10°and 3.5x10° by default. The set of constants multiplied after TNOIA and
TNOIB in (12) and (13), respectively, are about 1x107". Therefore, the latter is suggested
to be correct. Based on these investigations, we optimized the RNOIA and TNOIA to

match Siq first. As shown in Fig. A.9, the accuracy for the Siq is found to be similar to that
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of the enhanced NTNOI model. In addition, as shown in Fig. A.10, the model accuracy
for the noise figure parameters is also very close to the enhanced model. The holistic
model parameter values are summarized in Table A.2. If holistic model is required to use,
adjusting both RNOIA and TNOIA to appropriate values will result in an accurate thermal

noise component.

A.9 Evaluation the validity of the model

we evaluate the validity of the model for drain bias. The effect of channel length
modulation is applied in I-V model and Lt in eq. (5). Eq. (A.1) is the 1-V model of
BSIM4 [16], and the Ceum term in eq. (A.1) represents channel length modulation (CLM).
Eq. (A.2) represents the Cum of BSIM4 [16]. Many of the parameters are described in the

BSIM4 manual, so there are only two important expressions:

Vs (A1)

X[“%H“%H“%j
VADIBL VAD|TS VASCBE

(A2)
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= lin Anf ——*1 (A-3)

Fig. A.11 shows the measured and simulated (using the HSPICE BSIM4 model) Ips
versus Ves characteristics. It can be seen that the model reproduces well for measured
data that showing increasing trends by CLM. Eq. (A.3) is the BSIM equation [16], which
represents the channel length variation due to channel length modulation, and is reflected
in Lewr 0f €. (5).  Fig. A. 12 shows the Siq of the model according to the drain bias, and it

can be seen that model is reasonable compared with data in [5].

r r r r r r 1 (b) 40 r r r
(a) 24 Symbol : Measurement (0) 35| Symbol : Measurement
20l Line: SPICE 1 Line: SPICE
@nr=32 30r @ nr =64
Vgs =0.33, 0.37, 0.44, 0.52, 0.6
= 16}'CS ’ ' ' ) = 25|
< <
£ 12 | E 20f
_8 gt _A 151
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41 5|
0 = = 0
00 02 04 06 08 10 1.2 0.

Vs [V
Fig. A.11 Measured and simulated Ips versus Vps characteristics of 4.5 pm/0.13 pum

n-type MOSFETS with the number of fingers of (a) 32, or (b) 64.

- 116 - -":lx_i ""l::.' 1..i



T ' ' ' ' T V= 1.0V
@:O~o-o—o—-o—g——o
0—0-0—0—0V,= 05y
N 0.13um node ~10mA
I 1E-21F w=64x4.5um _(__)A
= A—A—2
< Our work 0.18um node
o
0p)]
- — 8 im o
Vy = 1.0V 0.42um node
W=6x10um
0.97um node
Asgaran [5] \@f—a—8———n
1E-22

0406 0810121416 18
Drain Voltage [V]

Fig. A.12 Channel thermal noise versus Vps of MOSFETSs with nr = 64. Blue represents

the Sig from the enhanced model and red represent the Siq from [5].

A.10 Conclusion

In this chapter, a simple and effective method for the SPICE compact modeling of
thermal noise is presented. Analytical expressions for MOSFETSs’ noise parameters such
as R, and NFnin were used to extract the spectral density of thermal noise. In order to
match the noise spectral density obtained from measurement and SPICE simulation, we
modeled the excess mnoise factor ‘NTNOI’ in the charge-based model.
Gate-bias-dependent NTNOI is implanted in the SPICE model, and it was shown to be
consistent with the measured noise parameters. We also matched noise spectral density
using the holistic model, and then the noise parameters were well-matched. Both the

charge-based model and the holistic model were found to be suitable for matching noise
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spectral density and noise parameters. This method can also be applied to other node
devices by adjusting the coefficients of the NTNOI equation (A, B, C, and i) in the former
or the fitting parameters (RNOIA, RNOIB, TNOIA, and TNOIB) in the latter. It is expected
that modeling time and effort can be significantly reduced while keeping the high
accuracy of the compact model for sub-micron MOSFETSs through the use of these simple

modeling steps.

References

[1] M. Je, I. Kwon, H. Shin, and K. Lee, “MOSFET modeling and parameter extraction
for RF-IC’s,” in CMOS RF Modeling, Characterization and Applications. Singapore:

World Scientific, 2002, pp. 67-120, DOI: 10.1142/S0129156401001040.

[2] T. Manku, ‘“Microwave CMOS—Device physics and design,” IEEE J. Solid-State

Circuits, vol. 34, no. 3, pp. 277-285, March. 1999, DOI: 10.1109/4.748178.

[3] K. Han, J. Gil, S-S. Song, J. Han, H. Shin, C-K. Kim, and K. Lee, “Complete
High-Frequency Thermal Noise Modeling of Short-Channel MOSFETs and Design of
5.2-GHz Low Noise Amplifier,” IEEE J. Solid-State Circuits, vol.40, no. 3, pp. 726-735,

March, 2005, DOI: 10.1109/JSSC.2005.843637.

[4] M. J. Deen, C.-H. Chen, S. Asgaran, G. A. Rezvani, J. Tao, and Y. Kiyota,
“High-Frequency Noise of Modern MOSFETs: Compact Modeling and Measurement
Issues,” IEEE Transactions on Electron Devices, vol. 53, no. 9, September, 2006, DOI:

10.1109/TED.2006.880370.

[5] S. Asgaran, M. J. Deen, and C.-H. Chen, “Analytical Modeling of MOSFETs Channel

- 118 - A ""l::' 1! {


https://doi.org/10.1142/S0129156401001040
https://doi.org/10.1109/4.748178
https://doi.org/10.1109/JSSC.2005.843637
https://doi.org/10.1109/TED.2006.880370

Noise and Noise Parameters,” |IEEE Transactions on Electron Devices, vol. 51, no. 12,

December, 2004, DOI: 10.1109/TED.2004.838450.

[6] K. Han, H. Shin, and K. Lee, “Analytical drain thermal noise current model valid for
deep submicron MOSFETSs,” IEEE Transactions on Electron Devices, vol. 51, no. 2,

February, 2004, DOI: 10.1109/TED.2003.821708.

[7] M. J. Deen,, C.-H. Chen, and Y. Cheng, “MOSFET modeling for low noise, RF
circuit design,” in Proc. Custom Integrated Circuits Conf., 2002, pp. 201-208, DOI:

10.1109/CICC.2002.1012797.

[8] T. W. Kim and K. Lee, “A simple and analytical design approach for input power
matched on-Chip LNA,” J. Semicond. Technol. Sci., vol. 2, no. 1, pp.19-29, 2002, DOI:

JAKO20021192220619.

[9] R. P. Jindal, “Hot-electron effects on channel thermal noise in fine-line NMOS
field-effect transistors,” IEEE Trans. Electron Devices, vol. ED-33, pp. 1395-1396, Sept.

1986, DOI: 10.1109/TED.1986.22680.

[10] A. A. Abidi, “High-Frequency noise measurements on FETs with small
dimensions,” IEEE Trans. Electron Devices, vol. 33, pp. 1801-1805, Nov. 1986, DOI:

10.1109/TED.1986.22743.

[11] P. Klein, “An analytical thermal noise model of deep submicron MOSFETSs,” IEEE

Electron Device Letter., vol. 20, pp. 399-401, Aug. 1999, DOI: 10.1109/55.778156.

[12] D. P. Triantis, A. N. Birbas, and D. Kondis, “Thermal noise modeling for
short-channel MOSFETs,” IEEE Transaction on Electron Devices, vol. 43, pp.

1950-1955, Nov. 1996, DOI: 10.1109/16.543032.

- 119 - A


https://doi.org/10.1109/TED.2004.838450
https://doi.org/10.1109/TED.2003.821708
https://doi.org/10.1109/CICC.2002.1012797
https://doi.org/10.1109/T-ED.1986.22680
https://doi.org/10.1109/T-ED.1986.22743
https://doi.org/10.1109/55.778156
https://doi.org/10.1109/16.543032

[13] C.-H. Chen, and M. J. Deen, “Channel Noise Modeling of Deep Submicron
MOSFETs,” IEEE Transaction on Electron Devices, vol. 49, no. 8, August, 2002, DOI:

10.1109/TED.2002.801229.

[14] J. Jeon, J. D. Lee, B. G. Park, and H. Shin, “An analytical channel thermal noise
model for deep-submicron MOSFETS with shor channel effects, Solid-State Electronics,

52, 2008, DOI: https://doi.org/10.1016/j.sse.2007.05.004.

[15] J. Jeon, 1. Song, I. M. Kang, Y.Y. Yun, B. K. Park, J. D. Lee, and H. Shin, “A New
Noise Parameter Model of Short-Channel MOSFETs,” IEEE Radio Frequency Integrated

Circuits (RFIC) Symposium, 2007, DOI: 10.1109/RFIC.2007.380964.

[16] BSIM4 model is described at web address. [Online]. Available:

https://bsim.berkeley.edu/models/bsim4.

[17] D. A. Frickey, “Conversions between S, Z, Y, H, ABCD, and T parameters which
are valid for complex source and load impedences,” IEEE Transactions on Microwave

Theory and Techniques, vol. 42, issues. 2 February, 1994, DOI: 10.1109/22.275248.

[18] R. T. Torres, R. M. Arteaga, and J. A. Reynoso-Hernandez, “Analytical Model and
Parameter Extraction to Accout for the Pad Parasitics in RF-CMOS,” IEEE Transactions

on Electron Devices, vol. 52, no. 7, July, 2005, DOI: 10.1109/TED.2005.850644.

[19] I. M. Kang, S-J. Jung, T-H. Choi, J-H. Jung, C. Chung, H-S. Kim, H. Oh, H. W. Lee,
G. Jo, Y-K. Kim, H-G. Kim, and K-M. Choi, “Five-Step (Pad—Pad Short-Pad

Open-Short-Open) De-Embedding Method and Its Verification,” IEEE Electron Device

Letters, vol. 30, no. 4, April, 2009, DOI: 10.1109/LED.2009.2013881.

[20] H. Cho and D. Burk, “A three step method for the de-embedding of high frequency

- 120 - A


https://doi.org/10.1109/TED.2002.801229
https://doi.org/10.1016/j.sse.2007.05.004
https://doi.org/10.1109/RFIC.2007.380964
https://doi.org/10.1109/22.275248
https://doi.org/10.1109/TED.2005.850644
https://doi.org/10.1109/LED.2009.2013881

S-parameter measurements,” IEEE Trans. Electron Devices, vol. 38, no. 6, pp.

1371-1375, Jun. 1991, DOI: 10.1109/16.81628.

[21] G. Smit, A. J. Scholten, R. M. Pijper, L. F. Tiemeijer, R. Toorn, and D. Klaassen,
“RF-Noise Modeling in Advanced CMOS Technologies,” IEEE Transactions on Electron

Devices, vol. 61, no. 2, February, 2014, DOI: 10.1109/TED.2013.2282960.

[22] Synopsis, HSPICE, http://www.synopsys.com/tools/.

1 O
- 121 - AT g


https://doi.org/10.1109/16.81628
https://doi.org/10.1109/TED.2013.2282960
http://www.synopsys.com/tools/

xz =

o] o= thkd Sub-10nm == HAA &3 EWAA Y (FET)ol A
TCAD Alg#oldS Abgste] A od &3 (SHE)E AU ==71
ok wel =2 #X+= Fin-FET °| 4 Nanosheet-FET & 3D MOSFET %=
23}g<5 Uk 3D MOSFET ¢ 4% i) A de d=r) 28 ii) Sio2 &

el AE FE, Qi) F42E Qd AAFor o dHE EAY =

cewt ge olfm o A4 A devth @, 2e =g
device 4] SHE of o1& 2= goe] ¥4 2 d=2 Alsn &= 4

&3kl y&S ANIE = A9 flsyth webA Fin-FET 9] STI
(Shallow Trench lIsolation) -4 3-8}, nanowire-FET 2] DC / AC / FE] Alo]& 9
w2 & 4, nanosheet-FET ol A 4Ae] o AlCIE =5 54, Ad
=, A Ms )Y AASE Sl Hd AA 2R (TudE 25T
eSS Agsynh. =3 1 Yo}z HCI (Hot Carrier Injection) / BTI

(

(Bias-Temperature Instability)®] 3= e FHE AAE vt I &3}
el wet EAske] Axpe] Al Fe] o] dA 5 FHES FA4 M=

AxE AAFUE .

2ol @ A F WA mw A AY, L%, ARAA, AT Horgy

(BTI), & AA &3} (HCI).

3 ¥ :2016-20893

- 122 - A ""l::' 1! {



	Chapter 1 Introduction
	1.1. Development of Semconductor structure 
	1.2. Self-Heating Effect issues in semiconductor devices

	Chapter 2 Thermal-Aware Shallow Trench Isolation Design Optimization for Minimizing Ioff in Various Sub-10-nm 3-D Transistor
	2.1. Introduction 
	2.2. Device Structure and Simulation Condition 
	2.3. Results and Discussion 
	2.4. Summary 

	Chapter 3 Analysis of Self Heating Effect in DC/AC Mode in Multi-channel GAA-Field Effect Transistor
	3.1. Introduction 
	3.2. Multi-Channel Nanowire FET and Back End Of Line
	3.3. Work Flow and Calibration Process 
	3.4. More Detailed Thermal Simulation of Nanowire-FET
	3.5. Performance Analysis by Number of Channels
	3.6. DC Characteristic of SHE in Nanowire-FETs
	3.7. AC Characteristics of SHE in Nanowire-FETs
	3.8. Summary 

	Chapter 4 Self-Heating and Electrothermal Properties of Advanced Sub-5-nm node Nanoplate FET
	4.1. Introduction 
	4.2. Device Structure and Simulation Condition 
	4.3. Thermal characteristics by channel number and width
	4.4. Thermal characteristics by inter layer-metal thickness (TM)
	4.5. Life Time Prediction
	4.6. Summary 

	Chapter 5 Study on Self Heating Effect and life time in Vertical-channel Field Effect Transistor
	5.1. Introduction 
	5.2. Device Structure and Simulation Condition 
	5.3. Temperature and RTH according to channel width(TW)
	5.4. Thermal properties according to air spacers and air gap
	5.5. Ion boosting according to Channel numbers
	5.6. Temperature imbalance of multi-channel VFETs
	5.7. Mitigation of the channel temperature imbalance 
	5.8. Life time depending on various analysis conditions
	5.9. Summary

	Chapter 6 Conclusions 
	Appendix A. A Simple and Accurate Modeling Method of Channel Thermal Noise Using BSIM4 Noise Models
	A.1. Introduction 
	A.2. Overall Schematic of the RF MOSFET Model
	A.3. Verification of the DC Characteristics of the RF MOSFET Model
	A.4. Verification of the MOSFET Model with Measured Y-parameters
	A.5. Verification of the MOSFET Model with Measured Noise Parameters
	A.6. Thermal Noise Extraction and Modeling (TNOIMOD  0)
	A.7. Verification of the Enhanced Model with Noise Parameters
	A.8. Holistic Model (TNOIMOD  1)
	A.9. Evaluation the validity of the model for drain bias
	A.10. Conclusion

	Abstract in Korean 


<startpage>10
Chapter 1 Introduction 1
 1.1. Development of Semconductor structure  1
 1.2. Self-Heating Effect issues in semiconductor devices 3
Chapter 2 Thermal-Aware Shallow Trench Isolation Design Optimization for Minimizing Ioff in Various Sub-10-nm 3-D Transistor 7
 2.1. Introduction  7
 2.2. Device Structure and Simulation Condition  7
 2.3. Results and Discussion  12
 2.4. Summary  27
Chapter 3 Analysis of Self Heating Effect in DC/AC Mode in Multi-channel GAA-Field Effect Transistor 32
 3.1. Introduction  32
 3.2. Multi-Channel Nanowire FET and Back End Of Line 33
 3.3. Work Flow and Calibration Process  35
 3.4. More Detailed Thermal Simulation of Nanowire-FET 37
 3.5. Performance Analysis by Number of Channels 38
 3.6. DC Characteristic of SHE in Nanowire-FETs 40
 3.7. AC Characteristics of SHE in Nanowire-FETs 43
 3.8. Summary  51
Chapter 4 Self-Heating and Electrothermal Properties of Advanced Sub-5-nm node Nanoplate FET 56
 4.1. Introduction  56
 4.2. Device Structure and Simulation Condition  57
 4.3. Thermal characteristics by channel number and width 62
 4.4. Thermal characteristics by inter layer-metal thickness (TM) 64
 4.5. Life Time Prediction 65
 4.6. Summary  67
Chapter 5 Study on Self Heating Effect and life time in Vertical-channel Field Effect Transistor 72
 5.1. Introduction  72
 5.2. Device Structure and Simulation Condition  72
 5.3. Temperature and RTH according to channel width(TW) 76
 5.4. Thermal properties according to air spacers and air gap 77
 5.5. Ion boosting according to Channel numbers 81
 5.6. Temperature imbalance of multi-channel VFETs 82
 5.7. Mitigation of the channel temperature imbalance  86
 5.8. Life time depending on various analysis conditions 88
 5.9. Summary 89
Chapter 6 Conclusions  93
Appendix A. A Simple and Accurate Modeling Method of Channel Thermal Noise Using BSIM4 Noise Models 95
 A.1. Introduction  95
 A.2. Overall Schematic of the RF MOSFET Model 97
 A.3. Verification of the DC Characteristics of the RF MOSFET Model 98
 A.4. Verification of the MOSFET Model with Measured Y-parameters 100
 A.5. Verification of the MOSFET Model with Measured Noise Parameters 101
 A.6. Thermal Noise Extraction and Modeling (TNOIMOD  0) 103
 A.7. Verification of the Enhanced Model with Noise Parameters 112
 A.8. Holistic Model (TNOIMOD  1) 114
 A.9. Evaluation the validity of the model for drain bias 115
 A.10. Conclusion 117
Abstract in Korean  122
</body>

