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Abstract

The purpose of this dissertation is to model the self-heating effect in 3D transistors
and the keep-out zone of 3D-IC TSVs. 3D transistors provide better electrostatic as
compared to planar transistors. However, the junction temperature increases in 3D
transistors due to the increased power density and low thermal conductivity of materials.
The high junction temperature degrades device performance and reliability. Accurate
self-heating effect modeling can help to monitor the junction temperature for lifetime
prediction. 3D-IC has the larger bandwidth, shorter interconnect length, and is more
cost effective than 2D SoC. However, the through-silicon vias (TSVs) induce additional
strain in nearby Si substrate. The strain field leads to the performance variation in the
transistors neighboring to the TSV. Precise keep-out zone (KOZ) modeling is important
for the circuit design.

With the accurate modeling of the thermal resistance of back-end-of-line (BEOL)
by two-step pseudo isothermal plane, the intrinsic thermal resistances of FInFETs are
extracted with face-down and face-up configurations. The intrinsic thermal resistance
is affected by the direction of heat flow, and it is higher for the face-up configuration
than the face-down configuration. The free convection of the air leads to a large thermal
resistance. Due to the low thermal conductivity of SiGe S/D, the maximum temperature
of pFET is found higher than nFET in an inverter. The output capacitive loading and

X
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the current of the inverter can control the maximum temperature and the high

temperature duration. With AC input, the temperature in M1 layer and the residual

temperature in the channel are found too low as compared to the real device temperature.

Using the temperature on metal line as the T; indicator may overestimate the reliability

lifetime.

Two tc and one 1. models failed to predict accurate AC self-heating results, and a

thermal SPICE modeling with distributed Ran-Cin network is proposed in this

dissertation. In FinFETs, the thermal time constant of the hotspot is linearly dependent

to input frequency instead of a constant. Boundary scattering, alloy scattering, and

interfacial thermal resistance raise the temperature and are included in the SPICE. The

device layout and interconnect routing flexibilities are achieved by using modularized

components of fins, metals, and IMDs. The reported intrinsic electromigration

improvement of Co interconnect (5X) could be countervailed (5X—2.44X) by the

increasing Tmetat With the projection of Black’s theory. T; (FinFET) and Tmeta are

lowered by placing additional V2 on the power line of a ring oscillator. The predicted

EM MTTF of Co interconnect with the lowered Tmeta by V2 insertion is ~5.65X of

W/Cu interconnect. The R seor and Rimo,rinreT can be reduced by adding thermal via in

the BEOL and increasing via0Os on the multi-fin FinFETs, respectively.

The via-last TSV induced additional strain in nearby devices. The Ion variation is

doi:10.6342/NTU201801788



measured using 28nm node devices across 12 inch wafers. The stress field of TSV is

affected by the BEOL dielectrics, and an asymmetric stress field is observed and

modeled. The absolute value of radial stress (|o:|) does not equal to that of tangential

stress (|oe|) and leads to the asymmetric KOZ, different from previously reported. With

the help of experiment data and 3D finite element analysis (FEA) simulation, a

modified KOZ model with the asymmetric radial and tangential stress field is proposed,

fitted, and verified. Different internal stress in device channel leads to comparable KOZ

size for nFETs and pFETs.

Keywords: Self-heating effect, thermal resistance modeling, FinFET, BEOL, thermal

SPICE modeling, through-silicon via, asymmetric keep-out zone.
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Chapter 1 Introduction

1.1 Motivation

The improvements in device Performance, Power, Area, and Cost (PPAC) were

delivered by classic Dennard scaling over the past few decades. However, the Dennard

scaling met the limitation at about 15 years ago, and the performance of transistors

started to be boosted by transistor innovations (Fig. 1. 1) instead of simply shrinking.

Strained Si was introduced by SiGe stressor and contact-etching-stop-layer (CESL) for

pFETs and nFETs, respectively, at 90nm node. High-k metal gate was proposed to

lower the gate leakage by the large physical thickness as compared to the SiO; with the

same EOT at 45nm node. Since 2012, 3D transistors (Si FInFETs [1.1]) and 3D-ICs

(Integrated Fan-out, InFO [1.2]) have become the mainstream of semiconductor

industry in commercial products to overcome the short channel effects and to achieve

low cost and small form factor, respectively. Nowadays, Reliability (R) issues are eye-

catching in advanced technology nodes, and to meet the requirements of PPACR

simultaneously has become a must.

Thermal management is getting critical in ultra-scaled 3D transistors due to the

increasing device density, the confined device geometry, and the high thermal

resistivity of some materials. High temperature in the channel induced by self-heating
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effect (SHE) is reported not only to degrade the device performance [1.3]-[1.5] but also
to poison the reliability due to accelerated channel hot-carrier degradation [1.6]-[1.8],
bias-temperature instability [1.9], and time-dependent dielectric breakdown {1.10].
Therefore, precise device temperature is essential for accurate reliability lifetime
projection.

Transistor Innovations Enable Technology Cadence

2003 2005 2007 2009 2011

90 nm 65 nm 45 nm 32 nm 22 nm

ALY F

S5Ge T 56

1 - S0 . 90 = b 1 " =Y
! | LA I .
Invented 2™ Gen. Invented 2™ Gen. Firstto

SiGe SiGe Gate-Last Gate-Last Implement
Strained Silicon Strained Silicon High-k Metal Gate  High-k Metal Gate Tri-Gate

Strained Silicon
High k Metal gate
Tri-Gate

Fig. 1. 1 Transistor performance boosters since 90nm node (Source: Intel Corp.)

While InFO serves as a cost effective option of 3D-IC for the application processor

in mobile devices, Fig. 1. 2 shows the 3D super chip by using the through-silicon vias

(TSVs) to connect the vertical stacked chips for heterogeneous integration such as RF,

photonics, memories, and logics, etc, which is a promising choice for high-end 3D-IC

applications. However, the stress field induced by TSVs due to the mismatch of

materials’ coefficients of thermal expansion (CTEs) add additional strain in the

transistors, which changes the device current. Accurate keep-out zone (KOZ) modeling
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is needed for circuit design to avoid the performance variation.

=== MEMS chip
Super Chip B Sensor chip

: 3D
» CMOS RF-IC

MMIC

PowerIC : :
e Control IC New chip stacking

= Logic LSI technologies are
=Sl Flash memory required

L NNTS Different
materials devices

N
/ Metal microbump ~ Different Sh-laver chi stack
Through-Si via (TSV) chip size

Fig. 1. 2 3D Super chip by TSV [1.11]

In this dissertation, the SHE in scaled FInFETSs and the stress field induced by via-

last TSVs are simulated and modeled.

1.2 Dissertation Organization

The objections of this dissertation are to provide the temperature mapping both in

transistors and the BEOL with the modeling of the SHE in scaled FinFETs both for DC

and AC inputs, and to predict the proximity effects of via-last TSVs on nearby devices

by the proposed KOZ model with experimental verifications.

In chapter 2, the SHE of FinFETs is simulated using TCAD based on the

structure

of Intel 14nm FinFETs considering the reduced thermal conductivities of materials

suffering from alloy scattering and boundary scattering due to confined g

eometry.
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Thermal resistance (Rm) circuit consist of the FInFET, the BEOL, and the substrate is

schematically drawn. Non-flat isothermal plane is observed in the BEOL. A two-step

pseudo isothermal plane for BEOL Ry modeling is proposed and verified by the

simulation results. Method of enhancing the heat dissipation is demonstrated. The

direction of heat flow is affected by the large thermal resistance of the free convection

of air (Rnconvection). The intrinsic thermal resistances of a single channel (Rino device) in

the multi-fin FinFETs are extracted from the overall Rm. The Rino,device 1s dependent on

FinFET layout, geometry, and thermal boundary condition.

In chapter 3, the transient junction temperature (T;) response in an inverter with

capacitive loading is simulated by mix-mode electro-thermal TCAD simulation. The

cooling time is decided by the volume of hot spot in device channel. The capacitive

loading of the inverter in the real circuit is calculated by the output current

experimentally. The low thermal conductivity of SiGe S/D leads to the higher T; in

pFETs than in nFETs. The temperature in back-end interconnect and the dependence of

device temperature on the output loading are investigated with AC input. The residual

T; and the temperature on M1 are found too low to reflect the real device temperature,

which may lead to an underestimation of device temperature with transient AC input

during measurements.

In chapter 4, thermal SPICE Modeling of FinFETs and BEOL with distributed Rix-
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Cu network is demonstrated. The thermal time constant of the hotspot (Thotspot) in scaled
FinFETs is found to be frequency dependent instead of being a constant. Guideline for
determining the grid size is reported using fitted slope of the frequency dependence of
Thotspot- Lhe discretized fin is modeled with device geometry and material thermal
conductivity. The completely modularized fin is connected to the middle-end-of-line
(MEOL) and inter-metal dielectric (IMD) to form a FinFET. Rnodevice Values of the
multi-fin FinFETs implemented using our modularized model are verified by the TCAD
simulation results to ensure the layout flexibility of the model. Interfacial thermal
resistance can be considered in the thermal SPICE model, different from the device
simulation.

In chapter 5, the validity of the thermal SPICE model with AC input is ensured by
the similar results with device simulation. The CsroL is calculated by the extended
two-step pseudo isothermal plane model with identical correction factors for the non-
flat isothermal plane in BEOL. Thotspot, TFinFET+MEOL, and tBeoL+sub are extracted from the
envelope of transient Tj evolution by the time when AT; increases to 1-e™! of the final
value. A ring oscillator (RO) with stacked power line and V2 bundles is assembled using
our modularized SPICE model. Nodal temperatures at the VO/MI1 interface are
extracted for BEOL reliability evaluation. The effect of Co incorporation on BEOL EM

MTTF considering its low thermal conductivity as compared to Cu and W is
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demonstrated. The EM MTTF can be improved by the layout design of BEOL.

In chapter 6, the performance variation caused by the stress field near a through-
silicon via (TSV) is measured using 28nm node devices across 12-inch wafers. The
TSV is fabricated by a via-last process. The back-end-of-line (BEOL) dielectrics on
TSV cause the asymmetric stress field, i.e., the absolute value of radial stress (|oy|) does
not equal to that of tangential stress (|ce|) on silicon and leads to the asymmetric keep-
out zone (KOZ), different from previously reported. A modified KOZ model with the
asymmetric radial and tangential stress field is proposed and verified by 3D finite
element analysis (FEA) simulation and experiment data. The physics behind the
asymmetry is also described. Comparable KOZ size for nFETs and pFETs is observed.

Finally, chapter 7 summarizes the conclusions and the contributions of this work.
The further improvements of thermal SPICE model of scaled FinFET and circuit level
reliability evaluation are discussed in the future work.
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Chapter 2 Thermal Resistance Modeling of

Intrinsic FinFETs and Back-end-of-line

2.1 Introduction

Self-heating (SH) in scaled FinFET circuits retards the performance, degrades

device reliability, and accelerates the electro-migration (EM) in back-end-of-line

(BEOL). Temperature mapping with high accuracy is essential for precise reliability

lifetime prediction.

Several methods have been reported for SHE measuring:

1. Resistance thermometry structure [2.1],[2.2]: the electrical resistance changes

of the device metal gate and the M1 metal are measured. However, the extracted

temperature is the average temperature of the entire metal line, and the junction

temperature (Tj) projection needs to be carefully calibrated by device simulation.

2. Heater-sensor structure [2.2]: changes in the electrical properties of the nearby

device are measured. In this case, the T of device under test (DUT) is not measured

directly. The estimate Tj of DUT could be affected by device layouts and boundary

condition. Device simulation is also needed for the Tj projection.

3. Thermoreflectance image [2.3]: it images the top surface temperature of

transistors. However, the different boundary condition and heat dissipation path

10
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between conventional measurement and flip-chip packaging will lead to the T;

difference between measurement and real circuit. These two configurations will be

discussed in 2.2.2.

4. Scanning Thermal Microscopy [2.4]: the local temperature of the top surface of

the sample is measured by a nanoscale sharp tip through the mechanical contact. This

method suffers from the similar boundary condition issue as thermoreflectance image

does.

Moreover, it has been reported that none of the existing SHE measurement

methods can provide precise AC response of spatial and temporal temperatures, which

are essential for accurate reliability lifetime projection in circuit level. Therefore, device

simulation is the only way to know the exact temperature distribution and time

evolution in the channel. Device simulation of the SHE in FinFET was reported

[2.3],[2.5], but the difference between measurement and real circuit was not considered,

and the intrinsic thermal resistance was not decoupled.

In this chapter, a two-step pseudo isothermal plane model of the thermal resistance

of BEOL (R,Be0L) 18 proposed and verified by numerical simulation. With R geoL, the

intrinsic thermal resistance of FinFET (Rindevice) 1S decoupled from the thermal

resistance circuit. The dependence of intrinsic thermal resistance of a single channel in

FinFETs (Rodevice) On the device geometry and layout are discussed.

11
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2.2 Electro-thermal Simulation and Boundary Conditions
2.2.1 FinFET Structure and Simulation Settings

The simulation structure is composed of the FinFET, S/D contacts, gate metal,
via0s, and part of the Si substrate with the thickness of 250nm. (Fig. 2. 1). Diamond
shape S/D structure and the taper fin are considered according to the cross-sectional
TEM images. Table 2. 1 shows the geometry parameters which follow the reported
14nm FinFET technology by intel [2.6]. The bottom side of FinFETs is connected to
the chassis temperature (Tchassis) by the thermal resistance of Si substrate (R sun) and
the viaOs are connected to Tchassis through R gror ( Fig. 2. 1 (a)). The Tehassis 1s assumed
to be 40°C. The four sidewalls of simulation structure are set adiabatic to represent the
boundary condition in the hot spot of a chip (no heat flux between two turned on device).

Top views of FinFETs with 1-fin-1-finger, 2-fin-1-finger, and 1-fin-2-finger are
shown in Fig. 2. 1 (b). The tungsten M0 of source and drain, TiN metal gate, and copper
via0s are implemented in the structure. The extension of metal gate is considered
following the design rule.

Note that in multi-fin FinFETs, e.g. the 2-fin-1-finger device, the number of viaOs
remains three as compared to the 1-fin-1-finger device. On the other hand, the number
of via0s increases with the increasing finger number in multi-finger FinFETs. For

example, there are five viaOs for the 1-fin-2-finger device.

12
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Thermal conductivities of materials used in the simulation are shown in Table 2.
2. It is reported [2.7],[2.8] that the thermal conductivity of SiGe S/D and silicon fin are

lower than that of bulk Si due to alloy scattering and boundary scattering, respectively.

(a) Tehassis (b) 1-Fin-1-Finger

?

Conduction/ Convection
(Flip-chip) | (Measurement)

Via0

2-Fin-1-Finger
€l ]

Iy (1m0

e T

Pl [pead]

| IC L

1-Fin-2-Finger

Convection/ Conduction
(Flip-chip) l (Measurement)

Tchassis

Fig. 2. 1 (a) FinFET structure and thermal resistances of BEOL and substrate,
and (b) device layouts
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Table 2. 1 14nm FinFET Parameters [2.6]

Gate length (Lg) 22 nm Contact poly pitch 70 nm
Fin height (Hfin) 40 nm Ip 42 (uA/fin)
Average fin width
~10 nm Vbbp 0.7V
(Wﬁn, avg)
Fin pitch (FP) 42nm
Table 2. 2 Thermal conductivities of materials
Kth Kth
Material Material
(Wm''K™) (WMIK™)
Si (bulk) 148 Tungsten 174
Si (10nm) 13 TiN 19.2
Si0, 1.4 Copper 401
SiGe 2

2.2.2 Conventional Measurement and Flip-chip Packaging

In the common SHE measurements, the samples are placed face-up on the stage

and only the devices under test are turned on. On the other hand, the ICs such as the

application processors (AP) in mobile phones are usually packaged in the face-down

14
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configuration (flip-chip), and many devices are turned on.

Dissipating the heat through the free convection of the air is way less efficient than

the conduction [2.9], and leads to an additional thermal resistance (Rin,convection) at the

boundary. The R, convection 18 much larger than Rupeor and R suw. Most of the heat

(>99.99%) dissipates by conducting through the Si substrate to the stage for face-up

configuration (Fig. 2. 2 (a)). For the face-down configuration, most of the heat

dissipates by conducting through the BEOL mounted on PCB using p-bumps (Fig. 2. 2

(b)).

With Tehassis = 40°C, the four sidewalls of simulated FinFETs are set to be adiabatic

(no heat flux between two on devices). For face-up configuration, the FinFETs are

connected to the calculated R sub for the area size of Sum x Sum through the substrate

side to represent the single turned on device during the measurement (Fig. 2. 3 (a)). For

face-down configuration, the FinFETs are connected to the modeled RugrorL with the

device layout size through the via0s, just as the hotspot in the circuit of a flip-chip

packaged die (Fig. 2. 3 (b)).

15

doi:10.6342/NTU201801788



(a) Face-up configuration

High R,, due to
free convection

(0<0.01%)

T
BEOL Heat
800pm Substrate l
Stage (©>99.99%)

(b) Face-down configuration

High R, due to
free convection

(Q<0.01%)

T
152um Substrate Heat
BEOL ‘
PCB (©>99.99%)

Fig. 2. 2 Heat dissipation paths in (a) conventional measurement (face-up) and (b)

flip-chip packaging (face-down)
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2.

@) 40°C ®) 490¢
Rth,convection Rth,convection

Rin,se0L $ Rih,sub

Follow the ‘ . .
layoutsize | Adiabatic

Adiabati

—— 5um

Adiabatic (5pm x 5pm) Adiabatic

Rth,Sub % Rth,BEOL

40°C 40°C

Fig. 2. 3 Simulation structure, boundary condition, and thermal resistances of (a)

face-up and (b) face-down configurations

3 Thermal Resistance Modeling of BEOL

2.3.1 Thermal Resistance Circuit

The thermal resistance circuit is schematically drawn for both face-up and face-

down configurations (Fig. 2. 4). The total thermal resistance (Ri,tota) can be calculated

by:

Rintotar = % (2.1
, where
Q = Ion X Vps (2.2)
is the Joule heat of device.

The corresponding intrinsic thermal resistance of device (R device) can be

17
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decoupled from the Rintotal by:

Rth,device = Rth,total - [(Rth,BEOL+Rth,convection)/ / Rth,Sub] (23)

, and

Rth,device = Rth,total - [Rth,BEOL/ / (Rth,Sub+Rth,convecti0n)] (24)

for face-up and face-down configurations, respectively.

Tchassis
Rth,convection
Ty o Ty o
Face-down Face-dow
Rin,BEOL Rih,sub

Device joule heat
Q= I,, XVps

Fig. 2. 4 Thermal resistance circuit of device, BEOL, substrate, and free convection

While R sub can be simply calculated by:

1 thickness

Rth,Sub = (2.5)

Ken,si (bulk) area
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,precise Rupeor modeling is needed to extracted the Ringdevice from the thermal

resistance circuit based on equation (2.3) and (2.4).

2.3.2 Two-step Pseudo Isothermal Plane Modeling

Fig. 2. 5 shows the isothermal plane in the simulated BEOL structure. Both of the
thicknesses of via layer and metal layer are 100nm. The metal line and via are made of
Cu, and the IMD is assumed pure SiO. Non-flat isothermal plane in BEOL is observed,
different from the physical structure. The spacing between isothermal plane in SiO;
outside the via is wider than near the via due to the thermal conductivity difference

between metal and dielectric.

40(°C)

Narrower Wider spacing

. 37.5(°C)

- 35(°C)

Fig. 2. 5 Simulated temperature contour in BEOL

‘ Metal ‘ '

A two-step pseudo isothermal plane model with the corrected oxide thicknesses x

and y for SiO; outside the metal layers and SiO> between the metal layers, respectively,
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is proposed based on the simulation results (Fig. 2. 6). With the physical thickness of
via layer (hi) and metal layer (h2), thermal resistances are calculated layer by layer
based on the via densities and metal densities. In via layers, the thermal resistance 1is:

Rth,via: Rcu/ / RSiOZ_between metal layers/ / RSiOZ_outside the metal layers (26)

In metal layers, the thermal resistance is:

Rth,metalz (Rcu+RSiO27between metal layers)/ / RSiOZfoutside the metal layers (27)

The total R sror is the series of all R via and Rin, metal.

x = corrected thickness of SiO,
outside metal layer

Metal Cu  y = corrected thickness of SiO,
Al $i0, between metal layers

----isothermal plane

| Via
‘ &A‘:}/Iayer: Rcu %Rsmz‘y Rsio, - X

pERL X Rih via
vriser Y retsihs N
1 Metal

h 21 layer: Rcy

Rsio, - (R —¥)

Rsio, - (i + h2 =) S Ry Metal

Fig. 2. 6 Two-step pseudo isothermal plane modeling of R seoL with the corrected

IMD thickness

To verify the proposed model, BEOL structures (Fig. 2. 7) consist of five metal

layers with different via densities are simulated. The top contact and the bottom contact
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are set to be at 35°C and 40°C, respectively. The thermal resistance is calculated by the

temperature difference (5°C) and the simulated heat flow through the contacts. There

are some dummy metals in the BEOL in real products, which has also been considered

using parts of none connected metals in the cases with low via density (<1%).

The two-step pseudo isothermal model with hi=ho=1pm, x=0.14pum, and

y=0.098um is verified by the simulation results (Fig. 2. 8). The model can provide

accurate R eoL as compared to the flat isothermal plane model.

With the Ra,Beor model, the specific thermal resistivities (p, thermal resistance per

unit area) are calculated for both BEOL using listed metal density and Si substrate, and

compared to the free convection (Table 2. 3). The pih,convection 18 over five orders of

magnitude lager than pmgeor and pin,sub.

35°C
Rth,SimuIation
_ 5(K)
Q (uw)
40°C

R, (unit: K/IpW)

Fig. 2. 7 Simulation structure and settings for R gror extraction
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1.0

Ry (K/pW)
=
o

o
»

o

Fig. 2. 8 Comparison of Riu,seor models with simulation results

Table 2. 3 BEOL metal densities and specific thermal resistivity

A Two-step pseudo

® TCAD Simulation

Via density (%)

'Y isothermal plane model
i (h,=h,=0.1um,
u x=0.14um, y=0.0976m)
m Flat isothermal plane
[ )
u
X )
" e
R |
0 05 10 15 20 25

BEOL metal densities

Via layers 5%
M1~M6 60%
M7 and M8 80%

Specific thermal resistivity (Kepum?/W)

PiBEOL 4.8E4

P sub (152pm) 1.0E6
P sub (800um) 5.4E6
Pin,convection 2.0E11
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2.4 Thermal Resistance Modeling of FinFET
2.4.1 Intrinsic Thermal Resistance of FInFET

The intrinsic thermal resistance of the entire device Rindevice decreases with the
increasing device layout due to the enlarged heat dissipation area. To evaluate the SHE
in FinFETs with different layout size, the intrinsic thermal resistance of a single channel
(R¢ho,device) should be used for the convenience (Fig. 2. 9). Given the R device Value of a
multi-fin or multi-finger FiInFET, the Ro device Of a single channel is obtained as:

Riho,device™ Rin,deviceX (ﬁn #)X (ﬁnger #) (28)

Fingers

A
IR

Fins

Fig. 2. 9 Thermal resistance of the entire device and a single channel
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= t_=800um
s 4 o t_=700um z
v A t =400um = N
© 4| v t,=152um 4 Y
X 5 v
- A
ﬁ v
a2 5 3
0 1 2 3 4 5 6 7
(b) Finger #
- o t_=800um
é 4 o t_=700pm
‘é At =400pm
X 4| v t,=152um
s B
< o 4
¥ 2f W
0 1 2 3 4 5 6 7
# of Finger

Fig. 2. 10 (a) Ruo,tota1 and (b) Rino,device With different substrate thickness
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It is important to extract the Rnodevice from the Rmotoal. The typical substrate
thickness of a Si wafer is about 800 um. However, to achieve small form factor of the
mobile phone, the AP dies are usually thinned down to 6 mils (152um). The simulated
Rino totat under face-up configuration is observed to be highly dependent on the substrate
thickness (Fig. 2. 10 (a)). Using the measured or simulated Rino,total With the substrate
thickness of 800um could overestimate the device T; after the thin down process.

The Rino,device 1S decoupled using equation (2.3), and shows no substrate thickness
dependence (Fig. 2. 10 (b)). It is the intrinsic characteristic of the device and would not

be affected by substrate or BEOL.

2.4.2 Layout and Geometry Dependence of Intrinsic Thermal

Resistance

The device Tj can be predicted by the following equation:

T; — Tenassis = Ren X Qrotar = Reno X Qsingle channel (2.9)
, where Quprq; is total power of the device and Qe channer i power of a
channel.
To see the layout and geometry dependence of SHE in FinFETS, Rino,device 1S
extracted and fitted for both face-up and face-down configurations.
The Rino rinreT 1S Observed to be linearly dependent on the fin number (Fig. 2. 11)

and can be fitted by:
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. K
Reno pinpsr = 1.98 x [0.13(fin #) + 0.87] (#—W) (2.10)

, and

Renorinesr = 1.85 X [0.13(fin #) + 0.89] (=) (2.11)

X
uw
for face-up and face-down configurations, respectively

On the contrary, the Ruo rinreT Saturates as the number of finger increases (Fig. 2.

12) and is fitted by:
Reno pinrer = 1.98 X [1.35(1 — e=135x(finger #))) (HLW) (2.12)
, and
Reno pinrer = 1.85 X [1.08(1 — e=230xUinger #))] (“LW) (2.13)

for face-up and face-down configurations, respectively.

The difference trends of Rio rinrer With increasing number of fin and increasing

number of finger is due to the number of via0 on the FinFETs. As fin number increases,

the number of via0 remains three. For fixed three via0s, the Ruo,rinreT increases linearly

with the incrasing total area. On the other hand, the number of via0 increases with the

increasing finger number. The enhanced heat dissipating ability by additional viaOs

makes Rino rinFET tO saturate.

The results reveals that adding additional viaOs can ease SHE, and will be further

discussed in chapter 6.
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F — y=1.98%[0.14x-+0.89]
F y=1.85%[0.13x+0.89]
[ A Faceup

[ o Face down

Line: fitting
Symbol: simulation

6
RthO, Device (X10 KIW)
O = NWPAROOONOWOOO

5 10 15 20
# of Fin

o

Fig. 2. 11 Rno,device fitting as a function of fin number for face-up and face-down

configurations

Line: fitting

Symbol: simulation

- —y =1.98*%1.35%(1-¢1-3%)
| —y =1.85*%1.08*(1-e>%)
A Face up

o Facedown

.
;

Ao
o v o

o
o

N
3

(m)

Rth(), Device (X1 06 KIW)
w
(8}

g
(=)

8 10

-
18))

o

4 6
Finger #
Fig. 2. 12 Rino,device fitting as a function of finger number for face-up and face-down

configurations
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The contact area of metal gate increases with the increasing fin height, leading to

the decreasing Rino,rinreT 1n both cases.
The fitted Rno FinrET are:
Renorinesr = 1.98 x [-0.88 (222 + 2.31] (ﬂiw) (2.14)
, and
Renorineer = 185 x [-1.2 (22) + 2.59)] (HLW) (2.15)

for face-up and face-down configurations, respectively.

—y=1.98*[-0.88*(x/40)+2.31]
— y=1.85%[-1.2%(x/40)+2.59]
A Face up

o Face down

(x10° K/W)
w A
(o2} N

w
o

| Line: fitting
Symbol: simulation

th0, Device

N
»

R

20 25 30 35 40 45 50
Fin height (nm)

Fig. 2. 13 Rino,device fitting as a function of fin height for face-up and face-down

configurations
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The summarized final equations are:
Face-up:
Rino,aevice = 1.98 X [0.13(fin #) + 0.87] x [1.35(1 — e~ 135XUinger )| x
|-0.88 (-L2) + 2.31 (ﬂiw) (2.16)
Face-down:
Rino,gevice = 1.85 X [0.13(fin #) + 0.89] x [1.08(1 — e~230xUinger )] x
|-12(222) + 2.59] (Hiw) (2.17)
The face-down configuration has a lower Rino.device because the FInFET is not a
vertically zygomorphic structure. With face-down, the heat flux flows through the via0s
which have a smaller thermal resistivity as compared to the channel stopper and STI of

the FInFET.

2.5 Summary

In this chapter, the intrinsic thermal resistance of 14nm FinFETs is simulated using
TCAD and extracted from the thermal resistance circuit. To decouple the Rino FinrET,
accurate thermal resistance of BEOL is essential. A two-step pseudo isothermal plane
model is used to calculate the RusroL based on the non-flat isothermal plane in the
BEOL observed in the simulation results. The extracted RmorinreT has no substrate

thickness dependence and is the intrinsic characteristic of FinFETs.
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The free convection of air has a large thermal resistance and should be considered

for both face-up (conventional measurement, heat flow from the channel to substrate)

and face-down (flip-chip, heat flow from the channel to metal contact) configurations.

The FinFET is not a vertically zygomorphic structure and the heat flow direction

affects Ruo,rinreT. The layout and geometry dependence of Ro,FinreT 1S SUmmarized by

fitted equations. The face-up Ruo,rinreT 18 higher than face-down Rino FinFET.

Device temperature with arbitrary BEOL metal density can be predicted by the

proposed Rino,device and R geor model. The Rino deviee model can also be adopted in the

circuit simulation for IC design.
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Chapter 3 Transient Thermal Simulation of

Inverters with Capacitive Loading Effects

3.1 Introduction

AC self-heating effect in scaled FInFET circuits retards the performance, i.e. dark

silicon. It was reported that about 20% of the chip area will be dark at 22nm node and

more than 50% of the chip cannot be utilized for technology nodes beyond 10nm [3.1].

Circuit level thermal management and self-heating awared design rules are the keys to

achieve robust circuit design.

In chapter 2, we’ve pointed out that the embedded SH measurements such as

resistance thermometry structure [3.2],[3.3] and heater-sensor structure [3.3] can only

provide the average temperature near the DUT instead of device Tj, and the precision

of temperature is suffering from the difference of boundary condition between face-up

and face-down configurations. To monitor DC SHE in scaled FinFETs, the intrinsic

thermal resistance (Rino,rinFeT) model is proposed in chapter 2.

In this chapter, transient SHE in FinFETs and inverters will be investigated using

TCAD simulation. Capacitive loading effects of the inverter on T; and the temperature

distribution in the metal layer of an inverter are investigated with AC input.
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3.2 Self-heating Effect in FinFETs with Transient Input

The transient SHE in scaled FinFET is simulated by transient input with different
pulse width. Fig. 3. 1 (a) shows the simulated cross-sectional temperature contour with
different heating times. It is observed that different heating times lead to different hot
volumes. With the pulse width of 25ns, the hotspot is localized in the drain extension.
It could be even more difficult to measure the SHE with transient input than DC input.
The high temperature region extends to the substrate and MEOL with the pulse width
of 150ns.

The Cooling time relates to the heat dissipating ability (Rw), and thermal
capacitance (Cw). The Cy is proportional to the hot volume in the device. As a result,

the short heating time (small hot volume) leads to short cooling time (Fig. 3. 1 (b)).

3.3 Electrical Characteristics of the Inverter

Capacitive loading is essential for the mix-mode electro-thermal simulation. An
inverter consists of a four-fin-one-finger nFinFET and a four-fin-one-finger pFinFET
is experimentally measured by a square wave input with the frequency of 3GHz and the
amplitude of 1.1V (Fig. 3. 2 (a)). The corresponding output voltage and output current

of are shown in Fig. 3. 2 (a) and (b), respectively.
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Fig. 3. 1 (a) Cross-sectional temperature distribution and (b) transient Tj response

with different input pulse width
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Fig. 3. 2 (a) Measured input and output voltage of an inverter and (b) the transient

responses of output current and simulated Tj of the inverter
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The amount of charge/discharge is obtained by integrate the output current in a
period:
Q= [1I(t) xdt = 2.38E — 14(C) (3.1)
The output capacitive loading is calculated by:

Cloaa = & = == = 2.164E — 14 = 21.64 (fF) (32)

3.4 Self-heating and Output Loading Effect in Inverters

The transient response of the Tj in the inverter consist of 4-fin-1-finger
n/pFinFETs with output capacitance of 21.64 fF is investigated by mix-mode TCAD

simulation.

chassis

% Rin BEOL

Rth,sub

Rth,convection

T

chassis

Fig. 3. 3 Simulation structure of the inverter with face-down configuration
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The simulation structure is shown in Fig. 3. 3, and the simulated Tmax in the
inverter is located at the channel of turned on device (Fig. 3. 4). Due to the low thermal
conductivity of SiGe S/D, the highest temperature during transient input is with pFET

turned on (Fig. 3. 5).

pFET just turnedon, T,,,,=107°C

UM BRI UM N Temperature(°C)
R m 125

source drain

Fig. 3. 4 Cross-sectional temperature distribution in the inverter

9}

—nFET TmaX 4120
— pFET

)

w

T

Power (a.u.)
S
)
channel(

x J 2 x 40
0.1 0.2 0.3

Time (ns)

oo
o

Fig. 3. 5 Transient responses of input power and the Tmax in the inverter
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3.4.1 Output Capacitive Loading Effects on T;
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nFET on — C=10.8fF
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Temperature (

00 02 04 0.6
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Fig. 3. 6 The device temperature of inverters with different Cioad

Inverters with 4-fin-1-finger n/pFinFETs are simulated with different capacitive
loadings under 3GHz square wave input. Fig. 3. 6 shows the simulated transient
temperature response. With the low output capacitance of 10.8fF, both the Tmax and the
high temperature duration decreases due to the reduction of charge and discharge time.
Lowering the parasitic capacitance could help to gain benefits not only from reducing
the latency but also from lowering the temperature to maintain the performance and

improve the reliability.
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3.4.2 Drive Current, T, and High Temperature Duration

Tmax In an inverter consists of 2-fin-1-finger n/pFinFETs with the capacitive
loading of 10fF is simulated with different I,, by intentionally changing the channel
mobility.

Increasing Tmax 1s found with the increasing Io, due to the increased Joule heating
(Fig. 3. 7 (a)). The degradation mechanisms could be accelerated by the increased
temperature. However, the degradations are also proportional to the duration of stress
condition. Decreasing Ion can help decreasing the Joule heating and Tmax, but the charge
time is extended which results in an increased hot volume and longer high temperature
duration (Fig. 3. 7 (b)). The drive current of the inverter affects not only the Joule heat
but also the time for charge/discharge, and should be designed carefully from the aspect

of reliability.

3.4.3 Layout Size Effects of Inverters

Tmax decreases with the increasing layout size when charging and discharging a
5fF output loading (Fig. 3. 8 (a).) The reduction of Tmax 1s due to the reducing Ru,geoL
by increasing device area. However, in real circuit, the layout sizes of connected
inverters are usually the same, i.e. the output capacitive load is proportional to the

layout size, and the charge/ discharge time increases as the output load increases.

40

doi:10.6342/NTU201801788



(a) ”
1401 pFET on
— 130 & NFETon
o(J 120
~. 110} ° m
= 100}
- 90 .
80 ®
ol " | C.oad-_1 OfF
0.5x1_ IXI ~ 2XI,
b
( )120
2-Fin-1-Finger
100¢ — 2X1_
— X1

o
o

« |I-V-AT

005 010 015
Time(ns)

Temperature(°C)
(0]
o

S
(==
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temperature evolution
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Fig. 3. 8 Tmax vs finger number with (a) the capacitive loading of 5fF and (b) the

capacitive loading proportional to layout size
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Output capacitive loads of 2.5fF, 5fF, and 10fF are applied to inverters with one
finger, two fingers, and four fingers, respectively. The simulated Tmax increases with the
increasing output load (Fig. 3. 8 (b)), meaning that the increased output load outweighs
the reduction of Rin,Beor 0n Tmax. This results limit the maximum fin number and finger
number of the FinFETs in an inverter.

3.5 SHE of Inverters with AC input
3.5.1 Temperature Distribution on M1 Layer

Snap shots of the temperature distribution on the top surface of M1 layer in one

operation are shown in the figures below. At the very beginning, the devices are not

turned on yet, and the temperature equals to the chassis temperature (Fig. 3. 9)

t=0ns
N P .

P 40.07(°C) 10

0.8

0.6

40.035(°C)

Voltage(V)

0.4

02}

B 20 (C) o

L L " L L "
000 005 0.10 0.15 020 025 0.30

Time(ns)

Fig. 3. 9 Snap shot on the M1 layer at t= 0 ns

Fig. 3. 10 shows the temperature distribution in the half of the period. The nFET

is just turned off, and the rising of temperature could be observed on drain extension of

nFET and the metal gate. However, due to the short heating time, the temperature
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difference is only 0.01°C on the metal line.

t=0.165 ns
12 :
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. 40 (°C) 0.0 . . ;

0.00 0.05 010 015" 020 025 030
Time(ns)

Fig. 3. 10 Snap shot on the M1 layer at t= 0.165 ns

At the end of the operation, the hot spot in M1 layer is found localized, and the AT

is only 0.07°C (Fig. 3. 11).

t=0.33 ns
N P 12 1
I I
M 40.07(°C) 1.0 .
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> I
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I
. 00}
40 (°C) e
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Time(ns)

Fig. 3. 11 Snap shot on the M1 layer at t= 0.33 ns

The resistance of a metal line changes with its average temperature. The simulation

results show that with a transient AC input, the resistance change of the metal line

cannot reflect the temperature evolution in the device.
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3.5.2 Residual Temperature in the Channel

AC simulation of 1-fin-1finger n/pFinFETs inverters with the loading capacitance
of 2.5fF and 5fF are simulated. Low residual temperature of 13.5°C (Fig. 3. 12) and
21°C (Fig. 3. 13) is observed in the channel of the inverters after 1500 and 1000 Vg
cycles, respectively (square waves with the duty cycle of 50% and the frequency of 3
GHz). In every single cycle, the high Tj over 80°C is observed in both cases. However,
the hot volume is small due to the short heating time and most heat dissipates at the end

of the period. With AC input, the increased Tj by SHE is hard to be measured.

87°C
1Fin C=2.5fF 1500cycle

o
o

(o]
o

~
o

N
o

13.5°CI

0 01 02 03 o4
Time(us)

Temperature(°C)

H
oo

Fig. 3. 12 Residual temperature in the channel of an inverter with Cioaq = 2.5fF after

1500 cycles
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Temperature(°C)

Fig. 3. 13 Residual temperature in the channel of an inverter with Cioaq = SfF after
1000 cycles

3.6 Summary

In this chapter, SHE of inverters with AC input is simulated. The Cioaa affects the
charge/discharge time. Cioad of an inverter consists of a four-fin-one-finger nFinFET
and a four-fin-one-finger pFinFET is extracted from the experimentally measured
output current.

The maximum temperature and the high temperature duration can be controlled
by output capacitive loading and the drive current of the inverter.

With AC input, the temperature in M1 layer and the residual temperature in the

channel are found too low as compared to the device Tj, which may lead to an
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underestimation of device temperature if the M1 is temperature indicator.

Both the maximum temperature and the high temperature duration are important

for device reliability with transient input and capacitive loading. The temperature

evolution can only be obtained by mix-mode electro-thermal simulation.

3.7 References

[3.1] Hadi Esmaeilzadeh, Emily Blem, Rene’e St. Amant, Karthikeyan

Sankaralingam, and Doug Burger, " Dark Silicon and the End of Multicore

Scaling," IEEE Micro, vol.32, no.3, May/June 2012, pp.122-134.

[3.2] C.W. Chang, S.E. Liu, B.L. Lin, C.C. Chiu, Y.-H. Lee, and K. Wu, " Thermal

Behavior of Self-heating Effect in FinFET Devices Acting on Back-end

Interconnects," Reliability Physics Symposium (IRPS), 2015 IEEE International,

pp. 2F.6.1- 2F.6.5.

[3.3] E.Bury, B. Kaczer, D. Linten, L. Witters, H. Mertens, N. Waldron, X. Zhou, N.

Collaert, N. Horiguchi, A. Spessot, and G. Groeseneken, " Self-heating in

FinFET and GAA-NW using Si, Ge and III/V channels," in IEEE [EDM Tech.

Dig., Dec. 2016, pp. 15.6.1-15.6.4.

47

doi:10.6342/NTU201801788



Chapter 4 Comprehensive Thermal SPICE
Modeling of FInFETs and Back-end-of-line

4.1 Introduction

Precise AC response of spatial and temporal temperature distribution is essential
for accurate reliability lifetime projection for devices and BEOL. Several methods have
been reported for SHE measuring, but none of them can provide sufficient resolution
of spatial and temporal temperature [4.1]. Therefore, the device simulation is the only
way to know the exact temperature distribution and time evolution.

In the previous chapters, device simulation is adopted to evaluate the SHE in
scaled FinFET. Intrinsic thermal resistance of FInFETs (Ruo rinreT) 1S decoupled to
model the DC SHE. Transient device simulation is demonstrated with inverters.
However, the computational cost is the shortcoming of TCAD which makes it
unsuitable for circuit design. For example, it took us one month to simulate the transient
temperature response of an inverter to 1500 cycles using a PC with the 8" generation
intel core-i7 processor.

Instead of device simulation, compact thermal model (CTM) is usually used with
their high computational efficiency. CTMs consist of Ry networks [4.2]-[4.5] and

lumped Rn-Cin [4.6]- [4.8] were reported to simulate the steady state and transient SHESs,
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respectively. However, the element size, which is essential for transient simulation, is
decided not precisely either by the heat loss in a material (e.g. characteristic thermal
length=30nm for the channel [4.5]) or by arbitrarily discretizing the physical
dimensions of the device. Note that CTMs with large element size could miss the details
of SHE, particularly for AC input.

In this chapter, a SPICE model is proposed and validated by 3-D electro-thermal
TCAD. Guideline for determining the element size is reported using the frequency
dependence of Thotspor. Multi-fin FInFETs can be assembled easily with our modularized
model, no additional device simulation is needed. Device-device interaction and
interfacial thermal resistance can be considered in the thermal SPICE model, different
from the CTM with lumped elements.

4.2 Frequency Dependent Thermal Time Constant in
FinFETs
4.2.1 Issues of Lumped Ru-Cin models

The lumped Rn-Cihn model (one tc model) used in BSIM underestimates the device
T; with AC input. A two 1. model [4.8] was reported to deal the AC SHE in scaled
FinFET by adding an additional lumped R-Cih with a small thermal time constant (~ps)
to the one tc model of BSIM. However, the ATmax predicted by two 1. model has no

frequency dependence in the range of interest (Fig. 4. 1), different from our
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TCAD/SPICE results.
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Q__ 22
Vm (Predicted by 21,)

% 20 B —A- ZTC ; :i — two 1, model
h -O- 1T = ogf — one 7, model
< c g

] 185 - 0.6 =

é 24 O € 04

) I 0.2

s :

1 -6 - \ 0'0 6 7 *48 JQ 10 1" 12
Iz Underestimated. O 1% eequency iz """
0.8} (Pr:adicte.d by 1.1:0) . Q

123456789 1011
Frequency (GHz)

Fig. 4. 1 ATmax-ATavg calculated by H(f) (differential Ra) times (Pymax-Pavg) versus

frequency. (inset) H(f) of a FinFET by lumped Ri-Ci [4.8]

3GHz 6GHz 9GHz

0.0 01 02 0.3

Fig. 4. 2 AC thermal response of a 14nm FinFET (inset) AC response in one period
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The transient temperature evolution of a 14nm FinFET is simulated by TCAD with
1.1V square input at 3, 6, and 9 GHz under face-down configuration. Both the envelope
of the temperature evolution (Fig. 4. 2) and the device Tj in one period (inset of Fig. 4.
2) show clear frequency dependency. The penalties of using lumped R-Ci models are
the loss of accuracy and the time consumption on FEM simulations for different device
geometries and circuit layouts, (e.g. different isolation spacing between n/pFETs in an

inverter).

4.2.2 Thermal time constant of scaled FinFETs

A FinFET with MEOL, R eor, and Rusuw (inset of Fig. 4. 3) is simulated by
TCAD. The R geor model has been discussed and verified in chapter 2. With the 1.1V
square wave input at 3GHz, localized hot spot is observed in the simulated temperature
distribution (inset of Fig. 4. 3).

The Thotspot, Which is calculated by the time when AT; decreases in value to e! in
one cycle, is inversely proportional to the input frequency in the range interested (Fig.
4. 3). The fitted slope of Thotspot Versus input frequency is -0.71 ps/GHz. To have the
SPICE model at an input frequency resolution of 1GHz, the thermal time constant of

an element (Telement) Should be smaller than 0.71ps.
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dt/df = -0.71 (ps/GHz)

T

chassis ]
: Ry BEOL Device

sl NI | on
Q=1xV L

o

6F ‘
% Rth,sub " 1
chassis 17 42 67 AT(°C)

1 2 3 4 5 6 7 8 9 10
Frequency(GHz)

Fig. 4. 3 Thotspot Versus input frequency. (inset) Simulated FinFET with corresponding

thermal resistances and the localized hotspot in AC simulation

4.3 Thermal SPICE Modeling of FinFETs
4.3.1 Equivalent Circuit Models in SPICE

To achieve precise temperature mapping in device channel and interconnects, 3D
heat flow is considered in the equivalent circuit model of fin and metal (Fig. 4. 4). The
in-plane heat flow is considered by Rin,vertical and Rinhorizontal, and the out-of-plane heat
flow is considered by the connection with neighboring regions, e.g. channel to HKMG.

On the other hand, to reduce the number of element and simulation time. 2D heat
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flow is adopted for STI and IMD (Fig. 4. 5). In a multi-fin FinFET, The STl and IMD

are sandwiched by fins and metals, respectively. The heat flows from hot fins or hot

metals are modeled by the equivalent model (Fig. 4. 5). The thermal conductivity of

Si0; is low as compared to Si fin and metal, and the heat flows in the STI and IMD are

ignored.

o) (out-of-plane port)
r===—y - - === I
: / Rth,horizodltal
O— WN—-O X !
1 h =
: ——Cu T Kol
Rth,ver‘,tical | : Cin=0C,V
i - : T= Ry X Cepy

Out-of-plane

[ orizontal
along channel)
Vertical
ong fin height)

Fig. 4. 4 Equivalent circuit models and simplified color symbols of fin or metal

Distributed Ri-Cin network is implemented in the SPICE. The R and Cin are

calculated by the equations in Fig. 4. 6. The element size in the channel region is 2nm

x 5nm X Wi, which has a calculated Teiement ~ 0.5ps
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STI between fins/
IMD between metals

Fig. 4. 5 Equivalent circuit models and simplified color symbols of STI between fins

or IMD between metals

(a)

b
A:Area (b) Ch=cpx4;xL

L=2nm

Ai(cp: specific heat capacity)

Horizontal Vertical

A; e L , _H
’ th1 = KA, thl kfl’l
Out-of-plane , _'A} Ryys = L Rinz =757
| — Az t kA, kA;

A RAMAS L ' H
s Ripz = 77— th3 = kA,

— A, kA, 3

Vertical Rovs = L Rips = kA
(along tha kA4 4

Fig. 4. 6 (a) Element size in a FiInFET channel and (b) the thermal capacitance,

horizontal, and vertical thermal resistances to form a distributed R-Cin model

54

doi:10.6342/NTU201801788



Fig. 4. 7 (a) schematically shows the SPICE module in the MEOL. The picking

up of heat flow which depends on the position of viaOs is considered. Gate extension

on the STI is implemented by the discrete elements based on the physical geometry.

Fig. 4. 7 (b) shows the TCAD counterparts of the MEOL interconnects.

Via0
q

ia0

02

2
Vertical heat flow (1)
b Horizontal heat flow(<)

Via0 ViaOH

s lls. &

Fig. 4. 7 (a) SPICE modules of source, gate, and drain as well as corresponding

MEOQOLs, and (b) TCAD counterparts

4.3.2 Modularized Fin and Power Distribution Matrix

The frequency dependence of Thotspot 1s implemented by charging different amounts

of elements with different input frequencies (Fig. 4. 8 (a)). The discretized fin is
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modeled with device geometry and material thermal conductivities (Fig. 4. 8 (b)). The

completely modularized fin (Fig. 4. 8 (¢)) is then connected to the MEOL and IMD to

form a FinFET.

(a) Channel Hotspot GHz

Rth,horizontal

\ N
Rihverticar N
: \

-l
-k

BN

*

Hot

A\ N N\ (b)Drain

Channel __ Drain |
extension

&\\k\%&\\\j .- i\%&\\\-\\%\\\\}%&\\\ 1ource

Sourge
extension

(€) = Modularized Fin — —
HK, f (t5i02tH702 Ly Ksioz Kupoz)
HEEEEEBEN- """ == == BB EEEEEN
Source m Drain
fWep, ||~ - TR f (Wsps
HSD’LSD! Channel y f( Wﬁn’ Lg’Hﬁn’ KSl) HSD:LSDJ
Ks/Ksice) | mEEE: - - m m EE- - cmmEn |5/ Ksice)

5 E S/D Extension| S (W LSPHﬁn’KSi)-E

Fig. 4. 8 (a) Ru-Cu network of channel region with schematically drawn hotspot at

3GHz and 9GHz (b) Geometry of fin including the SiGe S/D, and (c) the geometry

based modularized fin

The Joule heat in device channel is also distributed instead of a point power source.

The distribution depends on the applied voltage. However, the Joule heat at Vg=0.5V

(Fig. 4.9 (a)) is 0.1X of the Joule heat at Vc=0.7V (Fig. 4. 9 (b)).
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(@) ve=0.5v, (b) vg=vy=0.7v

Vp=0.7V Joule heat

(W/pm3)
-30
15
hannel Drain
extensio . 0

Fig. 4. 9 Joule heat distribution by TCAD at (a) Vg=0.5V and Vp=0.7V, and (b)

Ve=Vp=0.7V

Table 4. 1 shows the extracted power distribution matrix at Vg=Vp=0.7V from
TCAD. The total Joule heat is distributed to the nodes in a region with the area of 16nm

x 30nm at the interface of channel and drain extension.

Table 4. 1 Extracted nodal power distribution for SPICE

0.09|0.52(0.85(1.22|2.92|3.77(0.49|0.05

0.21(1.26|2.05|2.93(7.02|9.07|1.17|0.12

0.19(1.13|1.85|2.64|6.33|8.18|1.05|0.11

30nm
0.18(1.04[1.69|2.41|5.79|7.48|0.96 | 0.10

0.15(0.881.43|2.04(4.90|6.33|0.82|0.09

0.040.260.43|0.61(1.46|1.89|0.24|0.03
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4.4 DC Validation of Thermal SPICE Model

4.4.1 Distributed R, Verification

The FinFET SPICE model is verified by TCAD, and the comparison between

SPICE and TCAD is shown in Fig. 4. 10. The steady state nodal temperature

distribution is extracted from a I-fin-1-finger 14nm pFinFET under face-down

configuration with DC bias of Vg=Vp=0.7V. The root-mean-square temperature

ATTcap—ATspicE

difference is ATtcap-ATspice= 1.73°C, and the corresponding error = v
TCAD

is less than two percent.

The correctness of the Ry, values in the distributed Rin-Cin network is validated by

the small error.

AT AT \ (g\g\’\\gg) .Kgg’\gl ég\i\\\\\ (\\\{\\\;f
( SPICE » TCAD) o " R H{
= — . \ ;\ o N N\ bl \
N\ T e e @9
\\\ 02, 047 300, o8 T: N
\ \\\’\\\Q) |96, 98 ?(?8\\?\\8 ) \(;\\\\\9\5)
\\\ > go_o_& N L NN -
\ (\\\\’\\\\) Q\g\\\g\{’ \Q\Q\\g\:\s) \g\g{\\\\)
N

\\\\\

A

\ \____
: : Dra|n.

Channel extension

Fig. 4. 10 Nodal temperature near the hot spot with the comparison between SPICE

and TCAD
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4.4.2 Temperature on MEOL

2D heat flow is adopted for STI and IMD to reduce the number of element and
simulation time. The connection between fins and MEOL metals is schematic drawn in
Fig. 4. 11 to form a 2-fin-1-finger pFinFET.

Small temperature difference on the metal line is observed to make sure that
ignoring the heat flow in STI and IMD won’t affect the precision of temperature

mapping both in T and interconnects.

w_/ F (ATSPICE ’ ATTCAD)
Y (77,79) (73,74)
Sourc¢e :j////:: ._Z' /1

L m /

Y

Fig. 4. 11 Nodal temperature on MEOL in the complete SPICE model with the

comparison of TCAD
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4.4.3 Layout Flexibility of Thermal SPICE Model

To demonstrate the layout flexibility of our thermal SPICE model, multi-fin
FinFETs are implemented by using the modularized fins, MEOL, STI, and IMDs based
on physical geometry of the FinFETs.

Rino.rinreT 18 extracted for different fin numbers for both SPICE and TCAD. The
extracted intrinsic thermal resistance can be fitted by the same equation. By using the
proposed SPICE model with discrete elements for different device layouts, there is no

additional TCAD simulation needed for the calibration.

LN
o N A~ O OO O

o

A SPICE
- o TCAD
y=1.85%[0.13x+0.89]

A

.éééé

J

Symbols: simulation
Line: fitting

5 10 15 20
# of Fin

Fig. 4. 12 SPICE and TCAD yielding the similar Ro rinrer With the same fitting

Riho device (X10° KIW)

equation for face-down configuration
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4.5 Including Interfacial Thermal Resistance into SPICE

The performance of advanced transistors is boosted by high-k materials, SiGe

stressor, and silicides...etc. However, phonon mismatch and scattering at material

interfaces lead to additional interfacial thermal resistance (ITR).

Table 4. 2 Interfacial thermal conductivity at material interface

Interfacial Thermal Conductivity

Material interface h (GW/K/m?)
Si/Ge (Si/SiGe) 0.331491
TiN/W 0.401410
Si/TiN (SiGe/TiN) 1101101
TiN/SiO2 1.0314-10]
WiSiO: 0.65410]
Si/Si0> 110111
SiO2/TiN (HfO2/TiN) 1.031410]
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Distributed ITR; = A,

Si AQ/SiGe

A ,
Drain ; : Drain

Fig. 4. 13 Distributed interfacial thermal resistance between two different materials in

SPICE model

Interfacial thermal conductivities for material interfaces are listed in Table 4. 2.
The additional AT appears at the interface of two different materials due to ITR is
adopted into our SPICE model using the value calculated with discretized cross-
sectional area, A; (Fig. 4. 13).

ITR effects on the temperature will be discussed in the next chapter using AC input.

4.6 Summary
In this chapter, a SPICE model is proposed and validated by 3-D electro-thermal
TCAD. Guideline for determining the element size is provided using the frequency

dependence of Thotspot. TO have the SPICE model at an input frequency resolution of
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1GHz, the thermal time constant of an element (Teiement) sShould be smaller than 0.71ps.

The SPICE model has the layout flexibility to implement FinFETs with different

number of fin and number of finger. 3D heat flow and 2D heat flow is considered for

fin/metal elements and STI/IMD elements, respectively, to achieve accurate

temperature mapping in device channel and to speed up the simulation simultaneously.

The ITRs lead to abrupt AT at material interfaces, and are considered distributedly in

our SPICE.
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Chapter S Circuit Level Reliability Evaluation of
Ring Oscillators using 10nm FinFETs

5.1 Introduction

Circuit level reliability evaluation and self-heating aware design can be achieved

with accurate temperature mapping in devices and interconnects with AC input. The

transient SH behavior of scaled FinFETs can only be modeled with distributed Rin-Cin

elements with thermal time constant small enough. The Ry, values in the distributed Rn-

Cu network of the proposed CTM of FinFETs has been verified in chapter 4.

In this chapter, AC input will be applied to the CTM to check the Cy settings.

Precise model of Cwpeor is needed to simulate the transient behavior of the entire

circuit. The two-step isothermal plane model for Cw will be compared with TCAD

results. Transient SHE on ring oscillator (RO) and BEOL will be simulate by our

modularized SPICE model.

Cobalt interconnect has the intrinsic benefit of long electro-migration (EM) mean

time to failure (MTTF) as compared to Cu. The circuit level Co effects on SHE and

corresponding reliability prediction will be demonstrated.

With the accurate SHE simulation and modeling for device and BEOL,

innovations for improving the heat dissipation and lowering the SH are proposed.
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5.2 AC Validation of Thermal SPICE Model and ITR Effects
on Temperature

The validity of Cy, in the SPICE is ensured by similar transient T; responses in the
first period with the AC input at 3 GHz, 6 GHz, and 9 GHz by TCAD (Fig. 5. 1).

The thermal time constant of an element in the FinFET channel is with the volume
of 2nm x 5nm X Wi, which results in a Telement ~ 0.5nm. The Telement 1S confirmed to be
small enough to present the frequency dependence of Thotspot.

Fig. 5. 1 (d) shows the similar envelope of transient T; evolution at 3GHz by
TCAD and our SPICE. The ramping of the lower bound of the envelope is decided by
the total Cu value of the distributed Cu in every element. The correctness of Ci from
FinFET to MEOL is verified by the simulation results.

Fig. 5. 2 shows the ITR effects on the SH in a 2-fin-1-finger pFinFET with 0.7V
square wave input. With ITR, significant ATj of 42°C is observed. Using lumped R-
Cw models and device simulation without considering the ITR effect will lead to

underestimated device temperature and overestimated lifetime.
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Fig. 5. 1 Transient T; of a 1-fin-1finger pFinFET in the first period with 0.7V square
wave input at (a) 3GHz, (b) 6GHz, (c) 9GHz, and (d) envelope of transient T;

evolution at 3GHz by TCAD and our SPICE
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Fig. 5. 2 Envelope of transient Tj evolution at 3GHz with and without ITR in the

SPICE model
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5.3 Transient Self-heating Effects in FinFETs
5.3.1 Thermal Capacitance Modeling of BEOL

Fig. 5. 3 shows the effective thermal resistance/capacitance circuit including the
FinFET, MEOL, BEOL, and substrate. To simulate the transient SHE in FinFET circuits,
accurate model of BEOL Ci is as important as using CTM consists of distributed Rn-

Cu network for FiInFET+MEQOL.

2 Ground-> Ty

£\

Free convection
= ~

Face Face
-down © -down O

%Rth,BEOL g Rth sub
BEOL §1C __I_C
‘_L__ th,BEOL th,sub

Joule heat
= I

Device | FinFET+MEOL CTM
Joule heat

g with distributed Ry -

Ci, network

Fig. 5. 3 Ri-Ci circuit of the FinFET, MEOL, BEOL, and substrate

The effect of non-flat isothermal plane on the R seoL have been modeled using

the two-step pseudo isothermal plane in chapter 2. It is extended by including the Cih,via

and Ci,metal calculated layer by layer to form the Ru-Cin network in BEOL.

69

doi:10.6342/NTU201801788



Ch=coxV

(cp = specmc heat capacity)

(V volume)

Metal
i

}/‘

£ }’\

A: area, m%: metal density, Vv
x =corrected thickness of SiO, outside the

v%: via density

via

y =corrected thickness of SiO, near the via

u
Sloz Rth_via
Via  Cheu Cp sioz XA
layer: x A x V% Cp sioz X A x (1-m%) x x

x (M%-v%) xy

-—) L
Rth_metal g Rth metal ?
Metal Cp_cu Cp_sio2 XA
layer: X P;x m% x (1-m%) x (h;+h,-x)

T Cp sio2 XA
x (M%-v%) x (hi-y)

l

—
e

Rth_via

th_metal

Fig. 5. 4 Extended two-step pseudo isothermal plane model of R pror and Cin oL

400

380¢

W

Cypy (FI/K)
N
2

300¢

280t

w O
B O
o O

with the corrected thicknesses of SiO»

e Simulation
A Two-step pseudo
isothermal plane model

2

R

' Simulation structure
w/ metal density =50%
and via denS|ty-0 45%

15 20 25 30 35 40 45 50 55

Metal Density (%)

Fig. 5. 5 Modeling Cw eoL with the comparison of simulation results

70

doi:10.6342/NTU201801788



Five metal layers with the via density of 0.45% is simulated with metal densities
from 17%-50%. The modeled Cu,seoL has been verified by TCAD simulation up to the

metal density of 50% (Fig. 5. 5) using the same correct oxide thickness of x=0.14um,

and y=0.098um with the Rn,ror modeling in 2.3.2.

5.3.2 Thermal Time Constants in FinFET, MEOL, BEOL, and

Substrate

(a) — 1-fin-1-finger pFINFET (b) go | —0-1ns ~ 200ps

[ (face down

AT(°C)

20 20 (~— TBEOL+Sub ——=
Input: 1.5GHz, square wave oF . .
R R T R T BT 50 100 150 200
(C) — 0~100ns (d)
60
|
—~ aqf Thotspot "10P5
|
E 2
<A ~30ns
i
I
T -
_20 FinFET+MEOL _ _ * TREOL+Sub ..150115
[ 20 40 60 80 100

Time (ns)

Fig. 5. 6 (a) Envelope of transient Tj evolution at 1.5GHz including the BEOL and
substrate to extract thermal time constants of (b) BEOL+substrate (c) hotspot and

FinFET. (d) Summarized thermal time constants
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Complete Ri-Cih model of a 1-fin-1-finger pFinFET, MEOL, BEOL, and substrate
is simulated with 0.7V square wave input at 1.5 GHz with face-down configuration (Fig.
5. 6). A fast ramping of T is observed in the beginning as compared to the slow
increasing lower bound of the envelope of temperature evolution (Fig. 5. 6 (a)). The
slow increasing of the lower bound from 0.1pus~200us reveals the thermal time constant
of the BEOL and substrate with the large volume (Fig. 5. 6 (b)). The thermal time
constant of the hotspot and FinFET+MEOL can be extracted from the 1% period and the
fast ramping, respectively (Fig. 5. 6 (¢)). Fig. 5. 6 (d) summarized the extracted thermal
time constants. The teeoL+sub Of a 1-fin-1finger FinFET for face-down configuration is
~150 s, 7 order of magnitude larger than Thowspor and 4 order larger than TrinrFET+MEOL

due to the difference in volume.

5.4 Transient Self-heating Effects on Ring Oscillator

V2 Bundle

Fig. 5. 7 RO with stacked metal line and V2 bundle
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<— Simulated segment of the ring oscillator

Fig. 5. 8 (a) One stage of the ring oscillator with stacked power line, (b) the V2

bundles on the power line of a ring oscillator, and (¢) simulated segment of the ring

oscillator and the definitions of via # and 1/2 V2 bundle pitch (1/2 V2BP). Only the

first stage has the V2s (see the left end) on the power line as shown in (c)

SPICE module of a stage in a ring oscillator (RO) is shown in Fig. 5. 8 (a). Stacked

power lines (M1 and M2, Fig. 5. 7) and the inter-stage heat flows are considered. The

V2 bundles on the M2 power line of a RO (Fig. 5. 8 (b)) and the simulated segment of

the RO (Fig. 5. 8 (¢)) are schematically drawn with the definitions of via # and 1/2 V2

bundle pitch (1/2 V2BP). A RO can have hundreds of stages. However, only the stages

in the 1/2 V2BP are simulated with the consideration of the symmetry of heat flow

across the boundaries of the segment.
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Fig. 5. 9 Tj and the temperature at M1/VO0 interfaces for a segment of the RO with 1/2
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Fig. 5. 10 T; and the temperature at drain M1/VO0 interface for a segment of the RO

with 1/2 V2BP of 11 and different via numbers
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The highest Tj 0f 219.4°C is found in the last stage of the simulated segment of the
RO (1/2 V2BP =11, via # =1) with Tchassis=40°C (Fig. 5. 10). The highest nodal
temperature in the BEOL is 98.8°C at the M1/V0 interface of the drain (Fig. 5. 10).

SHEs can be eased with the designs of V2 placement (Fig. 5. 11). Tj and Tmi/vo_drain
in the segment of the RO with 1/2 V2BP =11 are reduced by ~4°C at the 1* stage with
the increasing via # from 1 to 2 and 3 in the V2 bundle. However, the nodal temperatures

after the 6 stage merely change (<2°C) due to the long distance to the V2 bundle.

5.5 Cobalt Interconnect and Electro-migration Mean Time to

Failure Prediction

The segment of a RO (1/2 V2BP =11, via # =1) using pure Co MEOL/V0/M1 is
simulated and compared to W MEOL and Cu VO/M1 (inset of Fig. 5. 11). The SHE is
deteriorated due to the low K _co. ATj, last stage =+9.2°C and ATm1/v0_drain, last stage = +5.2°C
is observed for Co case (Fig. 5. 11). The intrinsic EM improvement of Co interconnect
as compared to Cu is countervailed.

Reducing the 1/2 V2BP and increasing the via # are effective to improve the
worsened SHE (Fig. 5. 12). ATM1/vo_drain, last stage= -8°C 1s achieved by the reduction of
1/2 V2BP from 11 to 5. TM1/vo_drain, last stage can be further improved by -2.6°C with the

increasing via # from 1 to 2.
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MEOL and M1 with different stage numbers and via numbers

76

doi:10.6342/NTU201801788



The EM MTTF is modeled by Black’s empirical equation [5.1]:

EM MTTF = A/J™ x exp(E,/kT) (5.1)

The EM MTTF of Co technology is reportedly at least 5X longer than Cu

technology [5.2]. Ea o is calculated to be 0.9416eV with respect to Ea c,=0.9¢V for EM

MTTF prediction. The intrinsic EM benefits of Co interconnects is retarded to be 2.44X

by the increasing temperature in BEOL as compared to W MEOL and Cu VO/M1 (Fig.

5.13). The EM MTTF can be improved by circuit design. By the reduction of 1/2 V2BP

from 11 to 5, the MTTF is extended to 4.58X. An EM MTTF improvement of 5.64X

with respect to W MEOL and Cu VO/M1 is achieved by increasing the via # from 1 to 2

with SHE considered.

N

Co MEOLL and M1

[ 4 )

Cofill o, via# =2

5X w/o SHE
, reported by Intel

o pure Co
i w/ SHE (v, .. =0.17X«

th_Co th_Cu)
244X only
- 0]

. WMEOL and Cu M1
(stage # =11,via # =1)

Relative EM MTTF (a.u.)
© = N W O O

Fig. 5. 13 EM MTTF prediction based on different designs as compared to Cu

technology
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5.6 Innovations to Improve Heat Dissipation of Device and

BEOL

The improvement of EM MTTF achieved by circuit design is demonstrated in 5.5.
Lowering the temperature in device and interconnect can slow down the degradation
and extend the lifetime. Two designs of device and BEOL are proposed to enhance the
heat dissipation in the following parts.

5.6.1 Additional Via0 to Lower Intrinsic Thermal Resistance
The Rumo,rinreT 15 fOund linearly dependent to the number of fin and saturates with

the increasing number of finger in multi-fin and multi-finger FinFETs, respectively.

(a)

1 channel 2 channels 4 channels
1 channel 2 channels 4 channels

[C QL 10 ]
I----l
I

Fig. 5. 14 Top view of multi-fin FinFETs (a) remain three viaOs and (b) adding

additional viaOs
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Fig. 5. 14 (a) shows the top views of multi-fin FinFETs. The contact via0 remains

three with the increasing number of fin, different from multi-finger FinFETs. The total

heat increases with the increasing fin number, and the via0Os are the bottleneck of heat

dissipation. It is possible to add additional viaOs on the source contact and drain contact

without the violation of design rules (Fig. 5. 14 (b)).

Fig. 5. 15 shows the Rumorinrer With and without additional via0Os. By adding

additional viaOs, the Ruofrinrer of multi-fin FinFETs saturates with the increasing

number of fin, similar to the Ruorinrer of multi-finger FiInFETs with the increasing

finger number.

m 3 vials

v Vials >3

B
(=)

Fin #

Via0 # Vv

o
o

RthO,FinFET (K/IJW)
N W
3] 3]

4 5
Fin #

Fig. 5. 15 Reduced Rorinrer With the increasing fin # by additional via0Os
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5.6.2 Highly Thermally Conductive Via in BEOL

In face-down configuration, most of the heat dissipates through the BEOL. The
via layers are the bottleneck of heat dissipation, due to its low metal density as
compared to metal layers.

Fig. 5. 16 shows the calculated R eor with different via density using two-step
pseudo isothermal plane modeling. 40% Ru,seoL reduction is achieved by increasing
the via density from 2% to 5%. However, it will violate the design rules to further
increase the via density above 5%. The constrain of via density is due to the difference
of material CTE between Cu and SiO» (Table 5. 1). The stress induced by Cu vias leads

to reliability issues in BEOL.

1.4} * Calculated Ry, ;(,
®
—~ 1.2 Thermal conductivity
; ] k, .,.=401 Wim/K
= Ko si0o= 1-4 WIm/K
1.0F ®
3 N
F ()
Y 0.8F Metal density \
M1~M6: 60% ®
M7~M8: 80%
0.6}

0 1 2 3 4 5 6 7
Electrical via density (%)

Fig. 5. 16 Ry, seor with different via densities
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Table 5. 1 Thermal conductivity and coefficient of thermal expansion of materials

Material | ka(W/m/K) | CTE(ppm/K)
Cu 401 18
SiO2 1.4 0.6
Si 148 2.8
Diamond 2000 1.0
AIN 285 53
BeO 330 7.4~8.9

Dielectrics such as the diamond, AIN, and BeO are highly thermally conductive

(Table 5. 1). CTE of these materials are smaller than that of Cu and will add less stress

if they’re implemented in the BEOL.

Fig. 5. 17 shows the reduced Ru,geoL with the incorporation of BeO thermal vias.

The RuroL with 2% Cu via can be reduced by 0.42X with 10% thermal vias. The

simulated AT; of a 4-fin-1-finger pFinFET can be dramatically reduced from 245°C to

155°C.
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Fig. 5. 17 Ru,seor with different thermal via densities
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Fig. 5. 18 Reduced T;j with increasing thermal via densities
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5.7 Summary

The Ci values in the SPICE affect the precision of transient SHE simulation in
FinFETs. The correctness has been verified by the similar results with device simulation.
ITR at material interfaces lead to an abrupt temperature change, and must be included
in the SPICE in case of underestimating the Tj. Accurate Cigeor modeling is also
essential for the transient SHE simulation, and the validity of extended two-step pseudo
isothermal plane model is confirmed by TCAD. The BEOL and substrate has a large
thermal time constant as compared to FEOL FinFETs due to the large volume.

The intrinsic electro-migration (EM) improvement of Co interconnect (5X) is
countervailed (5X—2.44X) by the increasing Tmetat due to the low thermal conductivity
of Co. Different V2 placements on the power line of a RO are proposed to lower both
the Tj (FINFET) and Tmeta. The predicted EM MTTF of Co interconnect with the
additional heat dissipation by V2 insertion is ~5.65X of W/Cu interconnect.

Adding additional viaOs for multi-fin FinFETs and applying highly thermally
conductive vias in BEOL can help to dissipate the Joule heat from devices. The
reliability can be improved by lowering the temperature. SHE-aware circuit designs can
be conducted with our SPICE to efficiently achieve the robust reliability from the

device to circuit level.
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Chapter 6 Asymmetric Keep-out Zone Modeling
of Through-Silicon Via with Experimental

Verification

6.1 Introduction

The coefficient of thermal expansion (CTE) mismatch of the materials in through-
silicon via (TSV) leads to a stress field on silicon after process. An additional stress
field is introduced, and adds on strain in nearby transistor and changes the device
current. The effect of via-middle TSV proximity on different CMOS technology nodes
were reported [6.1] - [6.5]. No keep-out zone (KOZ) was observed [6.1] - [6.4] for both
nFETs and pFETs under the criterion of Alon < 5%, probably due to the small TSV
diameters. The TSV proximity reported in [6.5] induced a 30% Ion change for pFETs
only. The impact of via-last TSV was investigated using ring-oscillator measurement
[6.6], a KOZ size of 2um was reported. Analytic model of symmetric KOZ, i.e. the
absolute value of radial stress equals to tangential stress (|o:| = |Ge|), has been proposed
[6.7] based on the Lame equation.

In this chapter, TSV induced stress field and device performance variation are
investigated using N28 silicon data. Back-end-of-line (BEOL) dielectrics affects the
stress field of via-last TSV. Asymmetric KOZ is observed, i.e. |o;| is different from that
of |oel. 3D finite-element analysis (3D-FEA) is used to simulate the stress distribution.
The physics behind the asymmetry is described. A KOZ model considering the

asymmetric stress field is proposed and verified by experiment data.
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6.2 TSV and Device Layout

The via-last TSVs are fabricated with the Cu diameter of S5pum, oxide thickness of
0.5um, and the height of 50pum (Fig. 6. 1). The fabricated device channels are along
[110] direction. The devices with channel along the radial direction and tangential
direction of TSV are measured. The distance from device to the center of TSV varies

from 9.5um to 19.5um

(170] Tangential

e N
[110]// S

[001] , \
, ISV Radial

T

R=5.5um /
/

r= 9.5um~19.5um/’

~ 7
~ P e
\h__”

Fig. 6. 1 TSV and device placement

The active regions are surrounded by shallow trench isolation (STI), and the area
ratio of the active region to the total area is about 15% (Fig. 6. 2). The active regions
are located beside the TSV and formed an STI pattern. The TSV is fabricated after the
BEOL, known as the via-last process. Measurements are conducted at room

temperature.
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a

B Active region
STI

Fig. 6. 2 Side view of TSV and device, and area ratio of active region

6.3 3D Finite-element Analysis Simulation
6.3.1 Simulation Settings

It is important to consider the 3D effects [6.8],[6.9] on Si surface to achieve
accurate stress field. 3D FEA tool, Ansys., is adopted to simulate the stress around the
TSVs. Fig. 6. 3 (b) shows the simulated structure. The TSV structure is with some
symmetric planes (Fig. 6. 3 (a)), i.e. zero displacement along the normal vector during
the ramping of temperature. Only one-eighth of the structure is simulated based on the
symmetry, and the efficiency of simulation is enhanced.

Material properties used in Ansys. are listed in Table 6. 1. The copper and SiO»
are considered to be isotropic, the material CTE, Young’s modulus, shear modulus (k)

and Poisson’s ratio (v) were reported in [6.8]. The silicon anisotropy of silicon is
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considered. Stiffness of Si are 165.7, 63.9, and 79.6 GPa for C11, C12, and C44,
respectively. To represents the stress from the BEOL, a 1um thick dielectric (S103) is
set on the top surface of TSV, Si and STI. The temperature ramps from 200°C to 27 °C.

The mechanical stresses induced by the mismatch of material CTEs are simulated at 27

°C.

(a) (b)

free

sym |
single TSV R

mmk 25um
symmetry
) Top: free
symmetric planes Bottom: symmetry

Fig. 6. 3 (a) Structure of single TSV with symmetric planes (b) simplified simulation

structure with regard to the symmetric planes

Table 6. 1 Material properties used in Ansys.

Poisson’s Shear
) . Young’s CTE
Material Ratio Modulus
Modulus (ppm/°C)

) (k)
Silicon Anisotropic 2.8
SiO2 0.16 30 GPa 69.6 GPa 0.6
Copper 0.34 26 GPa 120 GPa 18.0
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6.3.2 STI Pattern Effects

Fig. 6. 4 schematically shows the STI pattern, and is included in simulation. A

compressive stress is induced by STI in the active regions. This stress should be

eliminated both in the experiments and simulations. Devices with the same STI

pattern and without the TSV are fabricated and measured. The STTI stress is deducted

from the simulated stress of Ansys..

To confirm the layout uniformity, TSV with the STI pattern but without the

BEOL dielectrics is simulated. The simulated stress is extracted from different

directions (0°, 45°, and 90°). The extracted stress in active region can be fitted by one

analytic solution for different direction (Fig. 6. 5), verifying there is no directional

dependence of the STI pattern.

STI OD region
OO0 vOO OO0 OO0 Ow 0o
O OO OO OO OO oo
00 00O OO0 OO0 000 000
OO0 OO OO OO OO oo
0 OO0 OO0 OO OO OO0
OO0 00O OO0 OO0 000 000
OO0 OO 0O OO oOg oo
= [@E e @E (@E (@
OO0 O0O0C OO0 mO0 OO0 OO0
OO0 OO OE OO0 OO OO
O OO O OO OO 0o
OO D00 mO0 OO0 000 000
OO0 OE 0O OO OO 00O
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00
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oo

B Active region

STI

Fig. 6. 4 STI pattern and devices in different direction
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Fig. 6. 5 Simulated stress in devices which induced by a TSV w/ STI pattern but w/o

the BEOL dielectrics

6.4 Modeling of Stress Field on Silicon Surface

6.4.1 BEOL Dielectric Effects on the Stress Field

An asymmetric stress field (jox| # |oe|) on silicon is observed (Fig. 6. 6). The Cu

shrinkage from 200°C to 27°C is retarded by 1 um BEOL dielectrics on the TSV (inset

of Fig. 6. 6), leading to the reduction of TSV proximity as compared to the stress field

without the BEOL dielectric.

Note that the |oo| is larger than ||, the origin of the asymmetric stress field is

discussed below.
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Fig. 6. 6 The asymmetric stress field by BEOL dielectrics (inset) simulated TSV with
the BEOL dielectric
6.4.2 Modeling the asymmetric stress field
The stress on Si can be obtained by the radial displacement vector (u, s;).
The dominant term of u,, s; can be simplified as:
u, (r)=axr", a=constant (6.1)
The corresponding elastic strain (e) can be obtained as the following.
_ n—1 _ u n—1
e, =—RrRNaxr ,e,=—rRaxr (6.2)

The corresponding stresses are:

o, =2ke, + Ax (e, +e, ) ~2ka x(1.64n+0.64) xr"" (6.3)
and
0, =2ke, + Ax (e, +e,) = 2ka x(0.64n+1.64)xr"" (6.4)
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for radial direction and tangential directions, respectively.

Where A = 2kxvx(1-2v)! = 0.64x2k for silicon.

The value of n equals -1 for a TSV w/o overlaying BEOL dielectrics [6.7], and
|or| = |oe| is derived.

The value of n is extracted to be -0.7 for a TSV with 1 um overlaying dielectrics
on the top by FEA simulation (Fig. 6. 7).

The corresponding stresses are:

o, ~—0.51x2kaxr"’ (6.5)

o, ~1.19x 2kaxr™"’ (6.6)

The |o:|<|oo| is consistent with the simulated asymmetric stress field.

Oxide
g 5
EN
= 10p — - - Fitting (« r*7)
B 5l w/ BEOL dielectric 1lum
&2
> L
TSV
B OOF
£
P -5_ ____...——"'"—._
g ol e
3-10- -
2z |
A 15574

0 S6 8 10 12 14 16 18 20
r (um)
Fig. 6. 7 Simulated displacement vector of a TSV with Ium BEOL dielectrics
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The stress induced by STI in the active regions has been removed. However, SiO2
with the CTE smaller than Si might retard the shrinkage of Cu pillar on the surface, and
the simulated stress is about 8% lower with STI pattern as compared to that without

STL

Oxide TSV w/ dielectric

180 pr

160} Devices ol wio STI

140k - |Gr| w/o STI

120 v |°e| w/ STI
o |o|w/ STI

80

o

Stress MPa)
[y
&
&
Z

60F Dielectric
40}
20 Oxid'é \Cu Si
0 by L L
05 10 15 20
r (um)

Fig. 6. 8 STI effect on the asymmetric stress field

6.5 Asymmetric Keep-out Zone of Via-last TSV

6.5.1 Analytic Model of KOZ

To model the KOZ based on the device layout, the stress field in cylindrical

coordinates are transformed into Cartesian coordinates (Fig. 6. 9).

6, =cos’0c, +sin’0 o, (6.7)
c,, =cos’0 o, +sin*0 o, (6.8)
C,, =0, (6.9)
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The piezo-resistances along [100] current direction (7;) are transformed to [110]

direction (7).

T, Z%'(TE11+7T12+7T44) (6.10)
nizz%'(n11+n12'n44) (6.11)
T, =T, (6.12)

By assuming that the change of I, is totally caused by the change in carrier

mobility (i), the analytic model of KOZ is derived:

A

_ Hiio = 1T'.0xx + n'lzcyy + 71302 (613)

M0
o, =B Kooy Ka g K (6.14)

on r r r

K, =0, +7,6) | R (6.15)
K, =-(n',,c, +7',0,) |r:R R™ (6.16)
K;=-1,0,, |« R™ ©.17)

<110>
A A ')

A ”
/ .
element WP clement xx

0 §)

>

>
<110>

Fig. 6. 9 Coordinate transformations into Cartesian coordinates
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6.5.2 KOZs of nFET and pFET

Our model (equation 6.14) shows that |[Ki| and |[K»| are different if the stress field
is asymmetric. With the statistical I,n measurement of the radial and tangential devices
across the 12-inch wafer, the K, K> values are determined, respectively. Note that the
K3 term could be neglected with the small vertical stress.

The asymmetry of KOZ is verified by the fitted K, K> values for both 28nm nFETs

(Fig. 6. 10) and pFETs (Fig. 6. 11).

K, K,
(% - um?) (% -+ um?)
nFET 123 -260
Oxide
T Line: model

ge (%)

St Symbol: measurement

on

Q.Tangential

-109A . .
0 10 15 20
r (um)

Fig. 6. 10 Fitted K, K> values with measured Ion of nFETSs

Statisticall Chan
th
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= s @, "
U TSV
5
Y | | S —
=
o
e
g -5 Q Radial
= . . .
- ola
v 05 10 15 20
r(pm)

Fig. 6. 11 Fitted K, K> values with measured Ion of pFETs

The KOZ of nFETs is observed to be more asymmetric than that of pFETs (Fig. 6.

12). The lengths from the lobe edge of radial and tangential KOZ lobes to the TSV

center (Fig. 6. 12 (a)) are directly proportional to |K4| Y17 and |K;| Y 17, respectively.

K|

Y7
|K2|) , which is 0.72 for

The level of asymmetry can be described by the value of (

nFET and 0.95 for pFET using the piezoresistances [10] and the simulated stress values.
The asymmetry is consistent with our experimental data, qualitatively (0.68 and 0.83
for nFET and pFET, respectively). However, the numerical difference between
simulation and data may be due to the internal stress of transistors, since the

piezoresistances in the calculation are only obtained from the zero stress condition.
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Fig. 6. 12 Graphical expression of (a) nFET KOZ and (b) pFET KOZ

97

doi:10.6342/NTU201801788



Comparable KOZ size is obtained from the measurement of nFETs and pFETs.

Fig. 6. 13 conceptually indicates the internal stress in transistors. The mobility change

(Ap/p) corresponding to KOZ would be much different between nFETs and pFETs if

the internal stresses were the same. For example, at 0.75GPa internal stress for nFETs

and pFETs, the Ap/p is 0.2 and 0.59, respectively. Similar KOZ implies that the pFET

should have a larger internal stress, which can decrease Ap/p to be ~0.2 from 0.59.

Table 6. 2 Piczoresistances from zero internal stress condition [6.10]

n! n!
11 12
nFET -35.5 -14.5
pFET 71.7 -33.8
- 500 Ap/p=0.2 [11, 12]
@ Yo ' == Electron, tensile stress
Z 400 F l Ap - - Hole, compressive stress
- | c |o
£ ol Awp=022 _ _ _ - - -
S 300p e [13]
Z - N :
.ﬁ 1 ' 1 1
: 200 B : -, - : :
= ] | :
S : < : Gr 0-(-) :
S 100} _ - B

%.0 0:5 10 15 20 2:5 3.0
<110> Uniaxial Stress (GPa)

Fig. 6. 13 Electron and hole mobility versus <110> uniaxial stress with Eesr =

0.7MV/cm. The internal stress is conceptually drawn for nFET and pFET.

98

doi:10.6342/NTU201801788



6.6 Summary

In this chapter, an analytical KOZ model based on the asymmetric stress field
caused by BEOL dielectrics on the top of TSV is experimentally verified by 28nm
technology node. The KOZ decreases due to the reduction of TSV induced stress with
the STI pattern. The origin of |c:#|c| is the affectet radial displacement (~ 77*7) on the
Si surface by the BEOL dielectrics. The BEOL dielectrics also reduce the TSV
proximity. nFETs has the measured KOZ more asymmetric than that of pFETs, which
is similar to calculated KOZ using the simulated stress and the piezoresistance values.
The similar mobility changes (Ap/p) leads to the comparable KOZ for nFETs and
pFETs. The high internal stress is predicted to reduce the KOZ, since the mobility
enhancement starts to saturate at high stress,
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Chapter 7 Summary and Future Work

7.1 Summary

SHE of 14nm FinFETs is simulated using TCAD to model the intrinsic thermal
resistance. The proposed two-step pseudo isothermal plane model can provide accurate
BEOL thermal resistance value with different metal densities. The large thermal
resistance of the free convection of air (R convection) affects the direction of heat flow. It
is important to extract the intrinsic thermal resistance from the overall thermal
resistance. The overall thermal resistance is affected by substrate thickness and the heat
dissipating scenario of the chip. Device temperature can be predicted for the IC with
flip-chip packaging by the proposed Rinodevice and Rineor model under face-down
configuration.

The capacitive loading of the inverter with 4-fin-1-finger FinFETs is calculated to
be 21.6fF using the output current measured experimentally. In the transient SHE
simulation of an inverter, Tj in pFETs is higher than in nFETs due to the low thermal
conductivity of SiGe S/D. It is merely possible to monitor the device temperature with
transient AC input by the change of metal line resistance. The simulated residual Tj is
lower than 20°C after 1500 cycles operation and the simulate ATwm is about 0.07°C after

the first period.
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The thermal time constant of the hotspot (Thotspot) in scaled FinFETs is linearly

dependent to input frequenct with the fitted slope of -0.71ps/GHz. Modularized thermal

SPICE Modeling of FinFETs and BEOL with distributed Ra-Ci network has been

verified both with DC and AC inputs. Devices with different layouts can be easily

implemented using the proposed SPICE model. Interfacial thermal resistance leads to

siginificantly increased Tj, and was not considered in lumped Ru-Cim models and device

simulation. The EM MTTF predictions for the incorporation of Co interconnect and

different circuit designs are demonstrated using the RO. Co with low thermal

conductivity as compared to Cu and W leads to the increasing temperature and poisions

reliability. Layout design such as reducing the distance between V2 bundles and placing

additional V2s can lower the raised temperature and extend the life time. Additional

thermal via in the BEOL and via0Os on the multi-fin FinFET are proposed to decrease

the R oL and Rino rinfeT, TESpectively.

The stress field near a TSV fabricated by a via-last process is affected by the BEOL

dielectrics. The simulated stress is reduced by 8% with the STI pattern. The observed

|or| # |oe| leads to the asymmetric keep-out zone (KOZ) for both nFETs and pFETs. The

proposed ssymmetric KOZ modeling of devices can provide the graphical KOZ. The

comparible KOZ sizes of nFETs and pFETs is explained by the large internal strain in

pFETs.
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7.2 Future Work

1. FinFET structure will continue scaling for 7nm and 5nm technology nodes. The
scaling effects on the intrinsic thermal resistances should be further studied.

2. Gate-all-around devices such as nanowire, nanosheet, and stacked nanosheets are
promising candidates to achieve good electrostatic control. The self-heating effect
in GAAFETs should be simulated to provide the design guideline of device
geometry.

3. The proposed compact thermal model of FinFET should be applied to scaled
FinFETs with the geometry of 7nm or 5nm technology node, and compared with
TCAD simulation results.

4. The width of interconnect scales down together with FEOL devices, and the
thermal conductivity of metals will be lowered by the increasing boundary
scattering. The metal thermal conductivity with confined geometry should be
implemented into the SPICE to provide accurate Tumetal.

5. With presise Tj and Tmetat mapping from device to circuit level, the temperature

effects on device and BEOL reliability lifetime should be further investigated.
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