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Abstract

The impact of layout dependent STI stress and AW from STI top corner rounding (TCR)
on [-V characteristics, transconductance (Gy,), effective mobility (ues), low frequency noise
(LFN), and high frequency performance has been investigated in this thesis. Narrow-OD and
multi-OD MOSFETs are two structures-derived from standard multi-finger MOSFET for
enhancing transverse stress .. Donut MOSFET is another structure created to keep free from
G, due to the elimination of STI/OD boundary along the channel width direction.

The compressive stress from STI cannot explain the lower LFN in extremely narrow
devices. STI top TCR induced AW is identified as an important factor responsible for the
increase of Gn, and the reduction of LFN with width scaling to nanoscale regime. A
semi-empirical model was derived to simulate p.s degradation from STI stress and the
increase of effective width (Weg) from AW. The proposed model can accurately predict width
scaling effect on G, based on a trade-off between per and Wegr. The enhanced STI stress may
lead to an increase of interface traps density (Nj) but the influence is relatively minor and
overcome by Weg effect. Unfortunately, the extremely narrow devices suffer fr degradation

due to an increase of Cg, which cannot be eliminated even through an improved open

iii



deembedding. The trade-off between LFN and high frequency performance provides an
important layout guideline for analog and RF circuit design.

Body contact layout effect on LFN and high frequency performance is one more
interesting topic of research in this thesis. Four-port test structures were implemented to
accommodate 4-terminal MOSFETs with separate body terminal and a new body network
model has been developed to simulate the body contact layout and body biases effects. The
measurement result reveals that the higher body resistance will lead to the worse LFN
characteristic. We can significantly reduce the body resistance by applying multi-ring body
contacts, but this may contribute larger parasitic capacitance from poly gate to body contacts

and hence lead to lower fr.
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Chapter 1

Introduction

1.1 Research Motivation

Recent advances in the CMOS technology, which possesses the advantage of high
integration and low power, is finding more and more important applications in the area of
analog, mixed mode, and RF circuits [1,2]. RF integrated circuit design requires accurate
device models up to the operating frequency, especially when the operating frequency of the
circuit approaches the cutoff frequency (f1) or maximum oscillation frequency (fyax).

As devices scaled down into the nanometer-scale regime, the stress induced from shallow
trench isolation (STI) process and its impact on the device performance becomes significant
[3]. The longitudinal stress effect has been widely investigated; however, relatively fewer
studies were focused on the transverse stress effects. Besides, STI stresses, either longitudinal
or transverse, exhibits high sensitivity to device layouts, which may significantly impact the
analog circuit performance. Meanwhile, the-increase of effective, namely AW from STI top
corner rounding (TCR) emerges as an important factor besides STI stress to affect DC
characteristics (drain current and trans-conductance), low frequency noise, and high

frequency performance.

The multi-finger transistors have been widely as the standard layout in RF circuits to
enhance fyiax and reduce RF noise by minimizing the parasitic gate resistance. In this thesis,
three kinds of layouts, namely doughnut (donut), narrow-OD, and multi-OD MOSFETs have
been designed to investigate layout dependence of STI stress, particularly the transverse stress.
A comprehensive characterization was carried out to investigate the transverse stress effect on
mobility, current, low frequency noise (LFN), and high frequency performance. Mullti-finger

MOSFETs with different body contact layouts is one more research subject in this thesis.



Four-port test structures adopting five kinds of body contact layouts, denoted as multi-ring,
U-shape, L-shape, parallel, and perpendicular stripe have been designed to explore the
influence on basic device parameters like body resistance and junction capacitances, and the

proliferated impact on low frequency noise and high frequency performance.

1.2 Thesis Organization

This thesis presents our research results of RF MOSFET layout effect on low frequency
noise and high frequency characteristics, with major purpose for RF and analog circuit
applications. The main effect of our focus is the mechanical stress introduced from shallow
trench isolation (STI), which increases with technology scaling and becomes dramatically
significant in nanometer scale devices. In this thesis, three types of new MOSFET layout,
namely narrow-OD, multi-OD, and donut devices are proposed to modulate the transverse
stress from STI.

At first, an overview on low frequency noise theory and measurement methods is presented
in chapter 2. Then, the layout dependence of STI stress and its effect on device parameters
like drain current (Ips), transcondutance (Gp,), and effective mobility (Uer) are described in
chapter 3. The proposed new MOSFETs with layouts of narrow-OD, multi-OD, and donut
were fabricated in 90 nm low leakage CMOS process. An extensive device characterization
has been carried out through [-V, C-V, S-parameters, and charge pumping (CP) current
measurements. Note that the C-V characterization was performed based on S-parameters
measurement, which can solve the problems of conventional C-V measurement, such as the
parasitic capacitances from pads, interconnection lines, and substrate coupling and gate
leakage induced abnormal C-V fall-off. However, one more parasitic capacitance arising from
3-D gate fringing effect cannot be removed from the open deembedding method implemented
in S-parameters characterization. Thus, 3-D RLC simulator like Raphael was employed in this
thesis to calculate the fringing capacitances contributed from gate sidewalls and finger ends.
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Based on the mentioned characterization techniques, STI top corner rounding (TCR) is
identified as a key factor affecting I-V, G, gate capacitances, LFN, and high frequency
performance, etc.

In chapter 4, MOSFET layouts effect on LFN will be presented, with a
comprehensive characterization on all of the device structures such as standard multi-finger,
narrow-OD, multi-OD, and donut MOSFETs, and covering both NMOS and PMOS. The
layout effect can be examined through an extensive comparison between different device
structures. Also, the interface trap density Nj; extracted by CP method is taken as one of key
parameters responsible for flicker noise, i.e. LFN under the condition that number fluctuation
model is the dominant mechanism, tentatively for NMOS. Two more topics to be covered in
chapter 4 are the body contact layouts effect and strain effect on LFN. In this study, totally
five body contact layouts, such as multi-ring;.U-shape, L-shape, parallel and perpendicular
stripes are designed for an investigation on their effect on LFN. A review of strain effect will
be classified as stress from strain engineering in 65nm high speed CMOS process and STI
stress from new MOSFET layouts introduced in chapter 3. Chapter 5 will focus on MOSFET
layout effect on high frequency characteristics, such as fr, fuax, and RF noise parameters. An
extensive characterization will cover different device structures and also the dependence of
frequency and bias. Note that two-port or four-port deembedding is indispensable in high
frequency characterization for parasitic RLC extraction and elimination, which is necessary
for an accurate extraction of intrinsic device performance under high frequency operation. As
for body contact layout effect, four-port test structure is required to accommodate 4-terminal
MOSFETs with separate body terminal and a new body network model has been developed to
simulate the body contact layout and body biases effects. In the end, chapter 6 concludes this

thesis with a summary and suggestions for future work.



Chapter 2

Low Frequency Noise Theory and Measurement Method

2.1 An Overview of CMOS Technology and Low Frequency Noise

It has been well known that noise exists as a fundamental problem in semiconductor
devices and electronic circuits. In electronic devices, noise appears as random fluctuations in
current or voltage around their DC level, due to fluctuations in carriers transport through the
conduction channel. The impact from noise on the desired signal may cause failure of
electronic circuits operation when the noise power becomes too large to keep sufficient signal
to noise ratio (SNR). Furthermore, the mentioned problem becomes increasingly tough in
miniaturized devices accompanied with supply voltage scaling and squeezed dynamic range.
Attributed to the nature of random fluctuations, noise is generally characterized by probability
density function (PDF) based on multiple measurements over time. The time average of the
measured noise currents or noise voltages approaches zero when integrated long enough and
provides no useful information; instead, the square quantities namely power spectral density
(PSD) is used to characterize noise. The PSD is measured with a spectrum analyzer or
dynamic signal analyzer, which will be described in section 2.2.

The experimental indicates that the noise spectral density increases with decreasing
frequency at lower frequencies and becomes white thereafter. The corner frequency between
the frequency dependent noise and white noise is typically from few Hz up to MHz range and
may vary with device types, device dimensions, and bias conditions, etc. The physical
mechanism behind the white noise source is well known. However, the excess noise at low
frequencies, namely low frequency noise (LFN) brings many questions with lot of debates
and open up an interesting research area. Note that the LFN is also known as flicker noise or
1/f noise due to the fact that the frequency dependence sometimes approaches 1/f.
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The aggressive advancement of CMOS technology into nanoscale regime in recent five
years has driven transistor gate delay to below 10 ps and intrinsic cut-off frequency (fr) well
above 100 GHz [4]. According to International Technology Roadmap for Semiconductor
(ITRS) [4], the demand on devices and interconnection lines scaling in the area of analog and
RF is not as stringent as that for high speed logic CMOS. However, much more stringent
criterion on the flicker noise at low frequencies (i.e., LFN) and thermal noise at high
frequencies is required and specified for analog and RF circuit design, as shown in Table 2.1(a)
and (b) for near term and long term, respectively [4]. The yellow blocks marked for
2011~2014 represent that the manufacturing solutions are known but not yet optimized.
Unfortunately, the red blocks marked for 2015 and thereafter highlight the problems for which
the manufacturable solutions do not exist today. Obviously, the 1/f noise, i.e. LFN emerges as
a big roadblock from 2015 and on. As.compared with bipolar transistors, CMOS transistors
generally suffer higher flicker noise (LFN), due to the nature of surface channel conduction.
As a result, the solutions to suppressing LEN become more challenging to CMOS technology,
even though CMOS is superior in terms of scalability, high integration, low cost, and low
standby power. To facilitate the extension of CMOS technology into RF and analog domain,
an in-depth study on LFN in MOSFETs and its dependence on layouts and geometry scaling
becomes critically important and is selected as one of research topics in this thesis. It has been
recognized that LFN in transistors introduces particular problem in analog and RF circuits
like voltage controlled oscillators (VCOs) and mixers. For VCOs, the LFN is upconverted to
phase noise at small frequency offsets from the carrier frequency and then sets the ultimate
separation limitation to two channels [5-8]. Fig. 2.1 illustrates schematically phase noise
spectrum and different physical origins. As for mixers, the LFN originated from transistors
may lead to severe degradation of SNR [9,10]. This can be understood if the signal is

translated to very low frequency domain where the flicker noise may dominate and



overwhelm the signal, particularly worse for low voltage operation. The impact from LFN on
mixer may be relieved by using long channel transistors; however the penalty of to be paid is
the degradation of transconductance and circuit speed.

Table 2.1(a) RF and Analog Mixed-Signal CMOS Technology Requirements — Near term [4]

Year qf Production 2007 2008 2009 2010 2011 01z 2013 2014 2015
DIRANS 45 Pisch (v} feontactad) aF 37 3 43 40 3 32 28 23
Ferformance RF dnalog (17

Supply voitage (¥} j27 12 1.1 1.1 1 1 1 1 095
T () [2] 2 1.8 1.6 1.5 14 1.3 1.2 11
Care Lengrh (o) [2] 53 45 av a2 28 25 22 20
[T g — a2 30 a0 30 30 30 30 30
1/f-noise (W= um?Hz) [4] 160 140 100 a0 80 T0 &0 50
T Vg matching (piV-pm) [5] 6 & 5 5 5 5 5 5
Ly, (A} [6] 13 11 9 8 T [ & 5
Peak F, (GHz) [7] 170 200 240 280 20 360 400 440
Peak Fru (GHZ) [8] 200 240 230 340 390 440 510 560
NEpen (dB) [7] 0.25 n.22 0.2 =2 =0.2 =0.2 =0.2 =0.2

Precision AnglagRE Driver {1}

Supply voirage (F) 25 25 2.5 1.8 1.8 1.8 1.8 1.8 18
T (m) [10] 5 5 5 3 3 3 3 3 3
(are Lenzth (mm) [10] 250 250 250 180 180 180 180 180 180
B/t 8t 10-L i tigist [11] 220 220 220 160 160 160 160 160 160
1/f Moise (P -uny/Hz) [4] 500 500 500 180 180 180 180 180 180

TV, maiching (mV-pm) [3] 9 3 9 G G ] [ & &
Peak F, (GHz) [7] 40 40 40 50 50 50 50 50 50
Peak Fr. (GHZ) [8] 70 70 70 a0 50 90 a0 a0 30

switch
to DG
device

CMOS NFET {1 HP CMOS lag 2 yrs] -

Fax Power Supply Folmapge (V) [13] 1.1 1.1 1.1 1 1
EOT: Eguivalent Oxide Thickness ) 1137 12 11 11 k] 7.5
Emllﬂgllw:f];a.l L, for High Perfonnance logic 12 25 25 22 20
Peak F, (GHz) [7] 280 320 360 400 440
Peak Fr. (GHZ) [8] 340 330 440 510 560
1Fpen (dB) at 24GH={14] 2 1.4 1.6 1.4 1.3
1Fpen (dB) at S0GH{14] 5.1 45 4.0 36 33
device

Munyfacnorable solutions @st, and are being opaimized
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Manyfacrurable solutions are NOT known _]




Table 2.1(b) RF and Analog Mixed-Signal CMOS Technology Requirements — Long term [4]

Toar of Production 2008 2007 s 2019 2020 202 2022
DRANM 12 Pitch jmm) (rontachad) 22 20 18 16 4 13 1
Ferformmice RF dnalog [1]
Supply voltage (¥ (2] 0.8 0.8 0.8 0.8 0.75 0.75 0.7
T () [2] 11 11 1 1 0.9 0.8 0.8
Gate Length (nuo) [2] 16 14 13 12 11 10 10

E- g e )|
1/f-motsa (W pm* He) [4]

7 Wy marching (mW-po) [3]

Ly {pA/um) [6]
Peak F, (GHz) [7]
Pesk Fo., (GHZ) [E]
NFuir (dB) [7]
FPrecision Analog®F Dviver [1]

Supply voltage (F) 18 18 1.8 15 15 1.5 1.5
T (Tum) [10] 3 3 3 26 2.6 2.6 2.6
Gate Length (no) [10] 180 180 180 130 130 130 130
En' B 31 10-Logintiga [11] 160 160 160 110 110 110 110
1/f Moise (W Hz) [4] 180 180 180 135 135 135 135

Vo tacung (w4 5 R ;5 | 5 5 |
Peak F, (GHz) [7] 50 A0 A0 T0 70 70 70
Peak Fr.. (GHz) [E] a0 a0 a0 120 120 120 120

switch to DG device
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Fy Power Supply Foltage (7) [13]

EQT: Equivalent Creide Thickness (4) [13]
L,: Physical L, for High Performance logic (nm) [13]
Peak F, (GHz) [T]
Pesk Fo., (GHZ) [E]
Wi (dB) at 24GHZ[14]
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Fig.2.1 Schematical illustration of phase noise spectrum in VCO




2.2 Low Frequency Noise Theory

In the past several decades, the origins and physical mechanisms underlying flicker
noise remain an open question, with lot of debates and arguments in the experimental results
and modeling to match the measurement. Number fluctuation model and mobility fluctuation
model appear as two most popular mechanisms to explain and predict the measured flicker
noise [11,12]. In 1957, McWhorter published a flicker noise model based on quantum
mechanical tunneling transitions of electrons between the gate oxide and channel [11]. In
practice, the tunneling time varies exponentially with distance, and it is assumed that trap
density is uniform in both energy and distance from the channel interface to extract the time
constants for generating flicker noise. The McWhorter model, namely number fluctuation
model may be useful due to its simplicity and good agreement with experimental, particularly
for n-channel MOSFETs [12,13]. However, the mobility fluctuation model appears to better
explain the flicker noise measured from p-channel MOSFETs [14,15]. As compared to surface
channel MOSFETs, buried-channel “MOSFETs or bipolar junction transistors (BJT)
demonstrate significantly lower flicker noise [16-21]. The published results are in favor of the
number fluctuation model that the flicker noise is originated from the traps in the oxide or at
oxide/channel interface. However, the surface carrier mobility is reduced compared to the
bulk value due to additional surface scattering (acoustic phonon and surface roughness),
which has an impact on the mobility fluctuation. Hooge mobility noise [22], which is
sensitive to the crystalline quality, can be employed to explain the higher flicker noise for
surface channel devices in which the carriers are in close proximity to the gate oxide and may
suffer aggravated mobility fluctuation. In the following, the number fluctuation and mobility

fluctuation models will be described in more detail.



2.2.1 Number Fluctuation Theory [11]

The physical mechanism underlying the number fluctuation noise is the interaction
between the channel carriers and slow traps in the gate oxide, which is illustrated in Fig. 2.2.
The dynamic exchange of carriers between the gate oxide and channel causes a fluctuation in
the surface potential (ys) and then gives rise to fluctuations in the inversion carrier density
OQinv. This in turn leads to noise in the drain current. Note that 5Qi,y (the fluctuation in the
inversion carrier density) can occur even without a current flowing the channel and the
channel current is only used to sense the fluctuations. The mathematical formulas for
expressing number fluctuation model in different operation regions are provided as follows

In weak inversion region

S 2 .
o o N {9 g Lot G @1
I’ WLC, 7k, T m C

ox

In strong inversion region

2 2
. . w g 1
linear region :g_=—C V.| =L | =f{——— 2.2
g gm L ox:ueff DS [IDS ] (VGS _VT ] ( )
b _ TRTAN, (g, ) _ @PheT AN, WC, 11y "Vps® 1 23
I, FWLC, 2\ Iy f7 N lps” '
2 1 2
saturation region : g, =WC v, = (g—’"] = (—] (2.4)
IDS VGS _VT
2 2
S, 1 q°k,TAN, (1
==S, = > (2.5)
IDS " VGS _VT f 7WLCOX VGS _VT

N, : the density of traps at quasi - Fermi level
The frequency dependence with the exponent y may deviate from 1 under the condition that
the trap density N; is not uniform in depth. For the case when the trap density near the gate

oxide/channel interface is higher than that in the interior of the gate oxide, y tends to be



smaller than 1. For the opposite case, y may become larger than 1. As for the bias dependence
predict by the number fluctuation model, the normalized drain current noise Sips/Ips> varies
with approximately as 1/Ips” or 1/(Vgs-V1)* in strong inversion region given by (2.2)~(2.5)
while is nearly independent of bias in weak inversion region, shown in (2.1). In this work, the
LFN in terms of Sips/Ips’ measured from n-channel MOSFETs just follows number

fluctuation model and varied with Ips according to the relationship of 1/Ipg”.

gate oxide
\

&

-
{ B

1 ) ih
S [nt OO mCOm O O Om n+| D

Si p-type

Fig.2.2 Schematical illustration of electrons in the channel of MOSFET moving in and out of
the traps giving rising to fluctuations.in the inversion carrier density and thereby the drain

current.

2.2.2 Mobility Fluctuation Theory

Mobility fluctuation is another mechanism, which can contribute flicker noise. The
mobility fluctuation model was first proposed by F.N. Hooge with an empirical formula given
for the resistance fluctuation [23]. According to the Hooge empirical formula, the drain

current noise generated by fluctuation in the channel carrier mobility can be written as (2.6).

S
bs _ 9% (2.6)
s’ WLQ,

nv

where ay is a dimensionless parameter and referred as Hooge parameter. The typical values of
oy range between 107 and 10 for surface channel transistors. ay may be down to 107 for
buried channel transistors like N* gate pMOSFETs and even lower to the order of 10™ for

JFETs. Note that phonon scattering was proposed as the primary source generating mobility
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fluctuation noise [22]. The effective mobility peg of the channel carriers is determined by
different scattering mechanisms, which vary in different ways with the effective normal field
E . . as a function of inversion carriers density Qivy and body depletion charge Qg. As a result,
og i1s not only dependent on technology but also on the bias conditions. In general, each
scattering process generates mobility fluctuation noise with the amount given by each
respective Hooge parameter, denoted as ayj. Assume the scattering processes are independent

of each other and then Matthiessen’s rule can be applied as follows

U zi 2.7)
Herr J :uj

The fluctuations in different scattering processes are assumed independent. Then the variation

applied to (2.7) can lead to

A AU,
Herr :2 ‘u/ (28)

2

B T uf

The power spectral density can be derived as

2
S, u, VS,
DS — E e J 2.9
Ios2 [ ] 29

J /,l/- :ujz

S .

O Y (2.10)
‘Ll/- fWLQinv

2 q 2
an Hetr OCH/ Hetr
= = = . 2.11

fWLQmV Z[ /,lj \] fWLQinv oy Z[ ,u/. ] OCH,/ ( )

It can be understood from (2.11) that oy varies with biases due to the bias dependent factor
2
( Uorr | 14 /.) . The total drain current noise is evaluated by adding the noise contribution from

each channel segment derived for linear region as follows.

SIDS an Vbs W:ueff an:ueff
I ZZﬂNLZIO V=T Ves

DS DS DS

(2.12)
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S,Ds _ Qay 1 _ Qay 1
IDS2 f ’ WLCox (VGS - VT) f ' WLCox VGT

(2.13)

The drain current noise contributed from mobility fluctuation as shown in (2.13) predicts that
the larger oy and shorter channel length (L) will lead to higher flicker noise whereas the
wider channel width (W) and higher gate overdrive Vgr can help reduce the flicker noise. The
thinner gate oxide thickness is another beneficial factor, which can suppress flicker noise. In
our experimental, the mobility fluctuation model can provide much better fit to the flicker

noise measured from p-channel MOSFETs than number fluctuation model.

2.3 Low Frequency Noise Measurement System

Three flicker noise measurement systems with different equipment configurations are
employed in this thesis for characterization of low frequency noise (LFN) in MOSFETs with
different layouts. The conventional one is Celestry 9812B Noisepro system, which is
supported by NDL and has been commonly used in transistor flicker noise characterization
but limited to measurement using DC probes. The other two are new systems built up in our
RF Lab. — one is SR570 system and the other one is model-5184 system. The major difference
from Celestry 9812B is that these two LFN systems can support both RF and DC test
structures, with RF GSG probes and DC probes, respectively. SR570 system shown in Fig.
2.3 is equipped with SR570 LNA (trans-resistances amplifier), Agilent DSA 35670 (dynamic
signal analyzer), and HP4142B (DC power supply). The model-5184 LNA shown in Fig. 2.4
contains 5184 LNA (voltage amplifier), PA14A1 for ultra low noise DC source, low pass filter,
Agilent 35670, and HP4142B. Note that Agilent ICCAP is adopted for measurement

auto-control and data collection.
1) SR570 Low Frequency Noise Measurement System

Fig. 2.3 illustrates SR570 LFN measurement system in which the SR570 LNA was a

12



trans-resistances amplifier produced by Stanford Research Systems. Essentially, LNA acts as
a key element in this flicker noise measurement system through which it can provide the
second stage low noise gain to reduce system noise and offer sufficiently large signal
amplitude to dynamic signal analyzer (DSA) without increasing the undesired noises. In
practice, the SR570 LNA can provide an offset current source at the DUT output (i.e., drain
terminal of MOSFETSs), which serves as an input to the amplifier. The DUT output current can
be modulated by the low noise offset current source, so as not to drive the amplifier into
saturation. The SR570 is also equipped with a filter with different options, such as low-pass,
high —pass or bandpass filter. In our applications, we typically set bandpass filter to select the
frequency range of our interest, i.e. 1 ~ 100k Hz. The HP4142B DC power supply was
controlled by ICCAP to provide the gate bias for MOSFET through a low pass filter in order
to remove the power supply’s noise within'the frequency range of interest that is above 1Hz.
In other words, the supply voltage: through the low pass filter is nearly a pure DC voltage
source under the condition that the signal above 1Hz was removed by the low pass filter. The
LNA output is connected to DSA, which can perform dynamic signal (V' / JHz ) measurement
and analysis. All the equipments such as 4142B, SR570 LNA, and Agilent DSA 35670 are
integrated together and the measurement can be carried out through the control of ICCAP .
Through a dynamic signal analysis done by DSA, we can obtain the measured noise from
ICCAP. In general, we have to make a simple calculation to recover the original noise
measured from DUT output stage. The measured noise is transformed to current spectrum

density with a unit of A*/Hz.
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Fig.2.3 Schematic of SR570 flicker noise measurement system setup with SR570 LNA
(trans-resistance amplifier), Agilent DSA 35670 (dynamic signal analyzer), and HP4142B
(DC power supply)

Unfortunately, The measurement system adopting SR570 LNA has a stringent current
limitation of 5 mA. For advanced multi-finger RF MOSFETs, which sometimes have large
total width for sufficient current drivability and transconductance, this current limitation
generally restricts the DUTs to limited operation conditions, such as linear or subthreshold
regions. To solve the mentioned problem, we proposed a new system configuration by using
model-5184 LNA to overcome the current limitation. Unlike SR570, model 5184 LNA is a
kind of voltage amplifier with a separated output bias source. In the following, we will have a

discussion on this new LFN measurement system.

2) New Configuration with Model 5184 LNA and ultra low noise DC source (PA14A1)
An appropriate operation of SR570 LNA requires that the gain setting resistor should be
lower than the output resistance of DUT (r,y). As for the new solution using model 5184 LNA
(voltage amplifier), the voltage gain and LNA noise are independent of the output resistance
of DUT. In this way, the LNA noise is independent of the DUT and thus we can obtain a
system noise level from measurement without DUT. The noise floor of the system can be
pushed to 10?° (V¥/Hz), which is well below that of DUT in the frequency range of our

interest. However, one major drawback of this voltage-mode LNA is that it does not include a
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DUT output biasing source, thus reducing the system integration level. Therefore, a reliable
and ultra-low noise DC source at DUT output is required to minimize the extra noise
contributed from the system. Battery is one of low noise sources, which can effectively reduce
the noise generated from power supply. Besides the simple setup using batteries, we propose a
new solution using an ultra low noise DC source (PA14A1) instead of batteries. A complete
system configuration incorporating batteries or low noise DC source (PA14Al) is illustrated
in Fig. 2.4. In practice, we implement on a PCB (printed circuit board) the metal lines in three
paths for connecting LNA (model 5184), low noise source (PA14A1), and DUT drain terminal

as shown in Fig. 2.5 (a) and (b).

In Fig.2.5(b), the ultra low noise DC source (PA14Al) was used. The advantage of using
PA14A1 is that it can achieve the desired output voltage but a simple setup with batteries

shown in Fig. 2.5(a) cannot meet the requirement.

In conclusion, we can obtain almost the same measurement results under the same bias
condition by using SR570 LNA and model 5184 LNA either with batteries or PA14Al.
Besides the mentioned achievement, we have extended this work to 4-terminal MOSFET

flicker noise measurement in both NMOS and PMOS.
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3) Celestry 9812B NoisePro System

Fig. 2.6 illustrate the configuration of Celestry 9812B system, later named as ProPLUS
NoisePro system, which consists of 9812B analyzer (hardware), NoisePro software with
automatic control, and built-in 1/f noise SPICE model parameter extraction routine to

provides off-the-shelf 1/f noise system.

Agilent
9812B PAU 35670 DSA
/N

HP4145 9812B MCU _—'l[: DUt

Fig.2.6 Schematic illustration of Celestry 9812B Noisepro system consisting of HP4145 for

NoisePro

DC supply, 9812B for pre-amplifier, and Agilent 35670 for dynamic signal analyzer.

Celestry 9812B system can support noise characterization and model parameter extraction
for MOSFETs, BJTs, diodes and resistors, based on either public or proprietary models. This
system offers V-mode and [-mode biasing modes with accuracy specification of user options.
Detachable pre-amplifier unit can be placed closer to DUTs or in the measurement chamber,
which greatly reduces the system noise floor. The battery operated current amplifier provides
as low as 0.5pA/(Hz)"? @ 1 KHz floor noise and voltage amplifier provides 1nV/(Hz) "* @ 1
KHz floor noise.

When proceeding a system calibration, NoisePro will automatically perform a leakage
testing, and the system will apply voltage of 1-Volt and measure the leakage current. The
measured values of leakage and load resistors will be saved in a file to be used in the noise

measurement. There are seven load resistors used in a noise amplifier. Based on the model
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and version of noise amplifier, their values differ. Table 2.2 lists the default values of load
resistors (Rypag) used in noise amplifiers and those of filter resistors in load circuit. [f 9812B is
selected, user needs to choose the type of amplifier : current or voltage amplifier, internal or
external amplifier. If external amplifier is selected, the user needs to provide method of

converting the A, B, C values.

Table 2.2 Load resistors and filter resistors used in 9812B pre-amplifier

9812B load R (Q)[9812B Filter Rd (Q)|
Ry 100 [Short 300
Rz 333 |Medium 1K
Rys 1k |Long 3K
Rys 3.3k
Rgs 10k
Rys 33k
R4z 100k

2.4 Low Frequency Noise Data Analysis Method

As mentioned previously, an extensive noise characterization indicates that low frequency
noise (LFN) in nMOSFETs follows the number fluctuation model whereas that in pMOSFET
is in better agreement with mobility fluctuation model. For MOSFETs, the measured LFN is
generally expressed as normalized PSD (power spectral density) of drain current noise,
denoted as Sip/Ips” to identify which model is the dominant one in the devices under test.
According to the normalized PSD derived for number fluctuation model for subthreshold,
linear, and saturation regions in (2.1), (2.3), and (2.5), respectively, the Sip/Ips” is proportional
to 1/Ips’ and increases linearly with oxide trap density N. On the other hand for the
normalized PSD governed by mobility fluctuation model, expressed in (2.12) and (2.13) as a
function of Ips and Vgr, respectively, the Sip/Ips” is proportional to 1/Ips or 1/ Vgr and
independent of the oxide trap density N;. The bias dependence suggests that increasing gate
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overdrive Vgr can suppress LFN. Sometimes, the experimental present Vgs dependence
stronger than what predicted by model. McWhorter’s carrier trapping model may provide one
of mechanisms responsible for the stronger Vgs dependence. The oxide trap density N is
known to be a function of the potential energy across the band gap of semiconductor substrate.
When Vg is varied, Fermi level of the channel moves accordingly. If the number of particular
traps that cause flicker noise drastically changes along with the Vgs, the noise amplitude
could be a stronger function of the bias. Another factor that we should take into account is the
fact that carrier mobility is also a function of Vgr. Regarding device scaling effect, both
models reveal dependence of device dimensions in terms of 1/WLC,,’, which means the
channel length and width scaling will lead to increase of Sip/Ips® but the oxide thickness Tox
scaling can help reduce LFN in terms of Sip/Ips”. Note that W, L, Coy, e, 0it, and Vgr appear
as key parameters in LFN models and how' to accurately extract or determine the mentioned
parameters becomes critical for LEN data analysis-and diagnosis. In LFN models, W and L
represent effective channel width and effective channel length, rather than drawn dimensions
on layout or physical dimensions from optical measurement. The accurate extraction of
effective channel dimensions brings additional challenges for miniaturized MOSFETs with
short channel and narrow width to sub-100 nm regimes in 90nm technology and below. STI
top corner rounding (TCR) effect on effective channel width will be described in chapter 3. As
for Coy, it represents the gate capacitance density per unit area, under strong inversion
condition in which C,y is contributed from three major capacitances in series — gate oxide
capacitance, gate depletion capacitance, and inversion channel capacitance. Again, an
accurate extraction of C,x becomes difficult in miniaturized MOSFETs, due to several
complicated factors like deviations in effective channel length and width, gate depletion effect,
inversion channel quantization effect, and more importantly the parasitic capacitances from

pads, interconnection lines, and substrate. A large device with channel length and width large
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enough to minimize or even eliminate the deviation of effective channel dimensions is
adopted to solve this problem. Furthermore, a dedicated open deembedding to the bottom
metal, i.e. M1 is necessary to approach an accurate extraction of Coy.

The accuracy or deviation of mentioned basic device parameters will have direct impact
on the determination of peg and ay. Furthermore, both per and oy are a function of scattering
mechanisms and biases. The bias dependence of peg and o comes from electrical field effect
on carriers transport and their scattering through the conduction channel. Note that the gate
bias dependence manifests normal field effect and is expressed in terms of gate overdrive
Vsr=Vss -V in which V7 variations from processes, geometries, profiles, and biases can be
taken into account. As shown in Fig. 2.7, the measured LFN in terms of S;p/Ips” decrease with
increasing |Vgr| for both NMOS and PMOS. Fig. 2.8 (a) and (b) illustrate Sin/Ips” versus Vgr
for NMOS and PMOS, respectively and ‘reveal the difference of Vgr dependence between
NMOS and PMOS. The results can be explained by (2.3) and (2.5) for NMOS governed by
number fluctuation, and (2.13) for PMOS dominated by mobility fluctuation.

Frequency dependence is one more key factor for LFN analysis and modeling. Assuming
an ideal condition that trap density N; is a constant, the frequency dependence of flicker noise
will follow 1/f. However, in most of real cases, the exponent y in frequency dependence may
deviate from 1 due to the fact that the trap density N; is not uniform in depth. For the case
when the trap density near the gate oxide/channel interface is higher than that in the interior of
the gate oxide, y tends to be smaller than 1. For the opposite case, Y may become larger than 1.
Referring to Fig. 2.7, the frequency dependence of PMOS (Fig.2.7(b)) follows 1/f very
consistently but that of NMOS (Fig. 2.7(a)) reveals certain deviation from 1/f , with the
exponent y < 1.

It has been a conventional belief from analog circuit design using N' poly gate technology

that PMOS has the advantage of lower flicker noise (LFN) than NMOS. It may be a truth for
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buried channel PMOS, attributed to deeper channel and less surface scattering. However, the
advancement of CMOS process has driven phase-out of N' poly gate technology and
deployment of dual gate technology, i.e. N' /P" poly gate for N/P MOSFET, since 0.25 pm
technology node and beyond. The dual gate technology can realize surface channel for both
NMOS and PMOS and help push Vr scaling for low voltage operation. In this way, the
advantage of PMOS over NMOS, in terms of flicker noise can no longer be maintained. Fig.
2.9 makes a comparison of measured LFN (S;p/Ips”) between NMOS and PMOS under the
same bias, i.e. [Vgr[=0.3V and [Vps|=0.05V. As can be seen clearly that Sip/Ips” of PMOS is
higher than NMOS by around one order at very low frequency (<10 Hz) and the difference
decreases at higher frequency. The results suggest that conventional design using PMOS in
VCO for low phase noise is no longer valid. A detailed analysis of LFN to investigate the

mechanisms responsible for NMOS and PMOS and the optimization design for suppressing

LFN become an important task.
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Fig.2.7 Normalized PSD of drain current noise Sip/Ips’ measured from (a) NMOS and (b)
PMOS with increasing frequency, under various Vgr ([Vgr 0.1, 0.3, and 0.5V).
NMOS and PMOS fabricated in 90nm low leakage process.
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Fig.2.8 Normalized PSD of drain current noise Sip/Ips’ measured from (a) NMOS and (b)

PMOS under increasing |[Vgr| and fixed |Vps[=0.05V.
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Fig.2.9 Normalized PSD of drain current noise Sip/Ips versus frequency, measured from (a)

NMOS and (b) PMOS under |Vgr|=0.3V and [Vps|=0.05V. NMOS and PMOS were fabricated
in 90nm low leakage CMOS process.
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Chapter 3

Analysis of Layout Effect on STI Stress and Device Parameters

3.1 STI stress Mechanics in RF MOSFET

Shallow trench isolation (STI) emerged to replace LOCOS as the standard isolation
technology in CMOS process at 0.25 um node and below [24,25]. The technology transition
proves itself the success that STI enables continuous scaling of active and isolation regions to
far beyond 0.25um node, and realize higher integration level for IC design. Also, STI brings
the advantages like reduced sidewall capacitance for AC performance and improved surface
planarity for high integration [26]. In spite of the mentioned advantages, STI indeed
introduces some other impacts, such as mechanical stress from refilled trench or known as
Length of Oxide Definition (LOD) stress-eftect [27,28]. The STI stress may have a significant
influence on MOSFETS’ electrical -characteristics, such as threshold voltage (Vr), carrier
effective mobility (Uer), transconductance (Gm), gate speed, cut-off frequency (fr), and low
frequency noise, etc. The mentioned impacts always increase with devices scaling and
becomes the key factors of consideration in MOSFETs layout for integrated circuit design,
particularly for RF and analog circuits of our focus in this thesis.

The STI module implemented in standard CMOS processes from 0.25um to 65nm
nodes generally introduce compressive stress, either along or transverse to the channel
length, i.e. the current flow direction. The stress along the channel length is defined as
longitudinal stress o, and that transverse to the channel length is denoted as transverse
stress .. The reverse type of stress, namely tensile stress will introduce its influence in the
opposite direction with that of compressive stress. The impact from STI stress on device
characteristics is strongly dependent on the device types and orientations. Table 3.1
summarizes the stress favorable for mobility enhancement and reveals fundamental

differences between NMOS and PMOS. For NMOS, tensile stress, either o, or o. can
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improve eg. As for PMOS, compressive stress in G, or tensile stress in 6. is the right one
for pesr enhancement [29]. The results indicate that compressive stress in transverse direction,
i.e. oo along the channel width always leads to mobility degradation in both NMOS and
PMOS. It means that channel width scaling will result in G, degradation due to psr
degradation under the condition that STI stress is the only one factor influencing .
However, the experimental from a comprehensive coverage of narrow device layouts reveals
an interesting result that an increase of effective channel width, namely AW from STI top
corner rounding (TCR) emerges as an anti-factor, which will trade off with p.s degradation

from STI stress in determining Gn,. The details will be described in sections 3.4 and 3.5.

ompressive
-~ Compressive G /

Figure 3.1 Schematic views of stress types and orientations

Table 3.1 Stress favorable for mobility enhancement in NMOS and PMOS along longitudinal
and transverse directions [29]

Directions Stress favorable for mobility enhancemenl]
NMOS PMOS

Longitudinal (o)) Tensile Compressive

Transverse (G ) Tensile Tensile
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3.2 MOSFET Layouts for STI stress Modulation
(Multi-finger, Multi-OD, and Doughnut Structures)

In this work, MOSFETs with various layouts were fabricated in 90nm low leakage CMOS
process with nitrided oxide of target physical thickness at 2.2nm. The gate length drawn on
the layout is 90nm, 1.e. Lgawa=90nm and the total channel width Wy are specified at 32 um or
64 um. To investigate STI transverse stress effect, two new layouts derived from multi-finger
MOSFET, namely narrow-OD and multi-OD MOSFETs with extremely narrow widths were
designed and implemented. Note that OD means oxide diffusion, which is equivalent to active
area, generally denoted as AA.

Fig. 3.2 displays narrow-OD MOSFET layouts in which gate finger numbers (Nr) and
finger width (Wp) are varied simultaneously to keep WrxNg=W,. In this work, three splits of
WexNg, namely W2N16 (WpxNp=2pumx16), WIN32 (WpxNp=1pmx32), and WOSN62 (Wgx
Nr=0.5umx64) corresponding to Wixn=32um were fabricated, as shown in Fig. 3.2(a)~(c). The
multi-OD MOSFETs shown in Fig.3.3 represent multiple OD fingers with simultaneously
varied OD finger width (Wop) and OD finger number (Nop) under a specified finger width,
which is Wi=WopxNop. As shown in Fig. 3.3(a)~(c), three splits of layout, namely OD1
(Wop x Nop=2umx1), OD8 (Wop X Nop=0.25umx8) and OD16 (WopxNop=0.125umx16)
are designed corresponding to Wr=2um and Nr is fixed at 16. Note that the poly-gate edge to
OD edge distance along the direction of channel length is fixed at 0.5 um for both narrow-OD

and multi-OD MOSFETs.
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Besides the multi-finger MOSFETs, a new MOSFET layout, namely doughnut (donut) is
proposed to create devices free from STI transverse stress ., along the channel width. As
shown in Fig. 3.4, donut MOSFETSs are constructed as 4-side polygons in which the corners
contribute very little to the channel current [30]. In this thesis, donut devices with two layout
dimensions were implemented. In Fig. 3.4(a), D1S1 represents donut MOSFET in which the
space from poly gate to STI edge follows the minimum rule, i.e. 0.3um, to maximize the
compressive stress from STI along the channel (i.e., longitudinal stress ;). Meanwhile,
D10S10 shown in Fig. 3.4(b) denotes donut MOSFET with 10 times larger space between
poly gate and STI edge, i.e. 3um, intentionally to relax o) from STI.

In the following section, an extensive characterization has been performed on both
NMOS and PMOS devices to explore the STI stress effect on channel current (Ips),

transconductance (Gy,) and effective mobility (Weg).
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Fig.3.4 A brief layout of donut MOSFET with two major layers, such as active region (OD)
and poly gate (PO) (a) D1SI (poly gate to STI edge distance =0.3um (min. rule) (b) D10S10
(poly gate to STI edge distance =3pum=10x min. rule), 4-side polygons length is 16 pm x4.

3.3 Layout Effect on DC Characteristic
Regarding layout dependent STI stress effect on electrical characteristics of MOFSETs,

DC characteristics such as I-V, V1, and G, are the most fundamental ones to be verified.
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Besides the mentioned DC characteristics, effective mobility peg i1s the most important
parameter to be extracted for investigating STI effect on carrier transport. At first, -V
characterization was performed using HP4156B Semiconductor Parameter Analyzer. For the
extraction of pes, [-V characteristics in linear region and C-V characteristics from high
frequency S-parameter measurement have been carried out. Note that an accurate extraction
of intrinsic gate capacitance is indispensable for accurate determination of inversion carriers
density Qiny, Which is required for pes extraction.

In the following, the effective mobility g is extracted from linear I-V under very low
drain bias Vps (|Vps/=0.05V in this work) and Qj, determined by intrinsic gate capacitance
from S-parameters through an appropriate deembedding. In this work, S-parameters were
measured by Agilent network analyzer E8364B for high frequency characterization up to 40
GHz and AC parameters extraction. Open ‘de-embedding was performed on the measured
two-port or four-port S-parameters to remove the parasitic capacitances from the pads as well
as interconnection lines and short. de-embedding was done to eliminate the parasitic

resistances and inductances originated from the metal interconnection lines.

VDSO (31)

L

eff

IDS = Weff Qinv:ueff

where, Ler and Weg are the effective channel length and width of the intrinsic channel region;
Vpso 1s the internal drain voltage, which is applied to the intrinsic channel excluding the
parasitic drain and source resistances, given by

Viso = Vps = los(Rp + Rs) (3.2)
Assume that Ips (Rp+Rs) << Vpg at Vpg= 0.05V to simplify the problem and easily derive peg

as follows (an example for NMOS, and an opposite sign for all biases for PMOS)

s 1

Hoy =7
i V. W, Q
L nv

eff

(3.3)
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Qinv = Cox(inv)(\/GS - VT - aVDS)

1 . , (3.4)
a < 2 for MOSFET in linear region

note that (3.4) is valid under strong inversion condition, i.e.

(Vos —Vr —aVps) >0

Cox(inv) 18 the intrinsic gate capacitance density per unit area, under strong inversion condition,
which can be calculated by intrinsic Y-parameters (Im(Y;)) from S-parameters after an open

deembedding to the bottom metal, i.e. M1

C in C in
Cox(inv) = ngth = ;th (35)
eff —g

For a long-channel and wide width MOSFET

DUT ,OMA1
ng,int = ng(DUT,OM1) = % (3.6)
[yijDUT,OM1 ] _ [yijmea } _ |:yijopenM1] (37)

Note that Coxiny) 1s determined from a large device in which W and L are large enough to
make the critical dimension loss negligibly small compared to the drawn dimension and

validate the equivalence of drawn dimension and physical dimension, i.e.

W, =W, L, =L

eff =

Once we have obtained accurate values of the effective mobility pes, we will be at a
position for analyzing the possible mechanisms responsible for the mobility enhancement or
degradation in MOSFETs. However, the Cgout) extracted after an open deembedding
contains not only inversion channel but also fringing capacitances from gate sidewall and
finger ends, which cannot be removed even after an open deembedding to M1 (openM1).
These gate related fringing capacitances are not scalable with the scaling of device
dimensions, such as gate length and width. As a result, the fringing capacitances occupy a

significant rate in Cggput) and may dominate that from intrinsic channel region in very short
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and/or very narrow MOSFETs. Under this condition, the inversion carrier calculated directly
by Cgemur) Will be overestimated and then the extracted p.g is underestimated. The increase
of W from STI TCR, namely AW and an accurate extraction of AW from I-V and C-V
methods will be described in sections 3.4 and 3.6. Through an appropriate correction on Wegy,
which is indispensable for very narrow MOSFETSs, the p.s can be accurately extracted for
narrow-OD and multi-OD MOSFETs to clarify STI stress effect or STI TCR induced AW
effect. The methods developed in this thesis can facilitate a rigorous investigation on the
mechanisms responsible for mobility enhancement or degradation in miniaturized MOSFETs.
The STI stresses introduced in MOSFETs with standard and narrow-OD layouts (Fig. 3.2)
are illustrated in Fig. 3.5 to assist an analysis and understanding of layout effect on STI stress
and the electrical characteristics. Note that STI stress is classified as longitudinal stress,
denoted as oy, which is in parallel with the'channel length, and transverse stress, namely o,
which is transverse to the channel length. In this work, the longitudinal stress o is considered
to be similar for all of devices with various layouts, due to fixed gate length and poly gate
edge to OD edge distance [31]. Referring to Table 3.1, the stress favorable for electron
mobility in NMOS is tensile stress in both longitudinal direction (o)) and transverse direction
(o.). However, the stress favorable for hole mobility in PMOS becomes compressive stress in

longitudinal orientation (o) but keeps tensile stress in transverse direction (o) [29].
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Fig.3.5 Schematics of STI stresses along the longitudinal and transverse directions, defined as
o, and 6. in MOSFETs with different layouts (a) standard multi-finger MOSFET (b)
narrow-OD MOSFET

It has been known that STI process generally leads to Vt lowering with channel width
scaling and it is the so called inverse narrow width effect INWE) [32]. As shown in Fig. 3.6,
the V1 vs. Wop for narrow-OD NMOS present an obvious INWE. Note that INWE is
determined by collective effects from doping profile, 2D charge sharing effect, trench corner
field crowding, STI stress, and STI TCR (AW), etc. Considering Vr variations from the
mentioned effects, Vg =Vgs-Vr 1s used for electrical characterization and analysis. Fig. 3.7
presents the drain current (Ips) and transconductance (Gy,) under varying Vgr, measured from
narrow-OD NMOS with two splits, such as WIN32 (1umx32) and WO5N64 (0.5umx16) and
the standard one W2N16 for a comparison. The results indicate that the smaller Wop (=Wp)
leads to lower G, and also the maximum Gi. (Gmmax). It is found that Gpmmax of WIN32
(Wop=Wg=1um) is degraded by around 2% but that of W05N64 (Wop=Wy=0.5um) is
degraded by as large as 8%, compared with the standard NMOS, ie. W2NI16
(Wop=Wg=2um). The monotonic degradation of G, with Wop scaling in narrow-OD devices
suggests that the increase of STI compressive o. is the dominant factor responsible for s

degradation and the resulted G, degradation.
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Fig.3.6 Linear V1 versus Wop for narrow-OD NMOS with various layouts like W2N16
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(W0D=2um, NF:16), WIN32 (WoDzlum, N]::16), WO05N64 (WODZO.Sum, NF:16)
under the biases of Vps=50mV and Vgs=0V.
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Fig.3.7 (a) The drain current Ips vs. Vgt (b) transconductance Gy, vs. Vgr measured from
narrow-OD NMOS WIN32 (Wg=1pm, Ng=32) and WO05N64 (Wr=0.5um, Ny=64), and
standard multi-finger NMOS W2N16 (Wr=2um, Nr=16). All of the devices have the same
total finger width, WexNr=32um

Fig.3.8 illustrates the STI stresses: introduced in MOSFETs with standard and multi-OD
layouts (Fig.3.3) to facilitate an analysis of STI stress from an aggressive OD width scaling
(Wop=125nm for OD16) in the form of multiple OD fingers, and its impact on electrical
characteristics. Again, STI stress is classified as longitudinal stress, denoted as G, which is in
parallel with the channel length, and transverse stress, namely ., which is transverse to the

channel length.

(2) (b)

Fig.3.8 Schematics of STI stresses along the longitudinal and transverse directions, defined as
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o, and 6. in MOSFETs with different layouts (a) standard multi-finger MOSFET (b)
multi-OD MOSFET with multiple OD finger and multiple gate finger.

For multi-OD NMOS, the Vt vs. Wop shown in Fig. 3.9 indicates a strong INWE with V¢
fall-off to 0.42V for OD16 with the minimal Wop to 0.125um. Again, INWE is determined by
combined effects from doping profile, 2D charge sharing effect, corner field crowding, STI
stress, and STI TCR (AW), etc. Note that the Wop dependence of Vr for narrow-OD and
multi-OD NMOS actually follow a universal curve in V vs. Wop. Again, Fig. 3.10 presents
the Ips and G, under varying Vgt measured from multi-OD NMOS with two splits, such as
OD8 (Nop=8, Wop =0.25um) and OD16 (Nop=16, Wop =0.125um) and their comparison
with the standard one, i.e OD1 (Nop=1, Wop =2um). The results indicate that the Gmmax 0f
ODS is degraded by around 20% as compared to OD1 but the continuous scaling of Wop to
0.125um in OD16 leads to an increase of Gy, compared to OD8 and the Gmmax degradation
compared to OD1 is shrunk to 11%. The result looks very interesting and cannot be explained

by STI compressive stress alone.

0.60 :
" Multi-OD NMOS
[V, =50mV, V_ =0V ]
0.55) i ]
S OD1 (2um) ]
>~ 0.50}
¥ ops (0.25.m)
045
| & OD16 (0.125um)
0.40 —
0.1 1
W, (um)

Fig.3.9 Linear V1 versus Wop for multi-OD NMOS with various layout dimensions : OD1
(NODZI, WOD=2um), ODS (NOD:& WOD=0.25um), and ODI16 (NOD:16,
Wop=0.125um). Bias condition : Vps=50mV and Vgs=0V.
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Fig.3.10 (a) The drain current Ips vs. Vgr (b) transconductance Gy, versus Vgr measured
from multi-OD NMOS OD8 (Nop=8, Wop=0.25um) and OD16 (Nop=16, Wop=0.125um),
and standard NMOS ODI1 (Nop=1, Wop=2um). All of the devices have the same finger
number, Ng=16.

As for donut MOSFET with the layouts shown in Fig. 3.4, the STI stresses introduced in

this donut device is illustrated in Fig. 3.11 (b). Through a comparison with that of standard

multi-finger MOSFET in Fig. 3.11(a), the major difference is that donut layout can keep the

MOSFET free from STI transverse streéss ., along the channel width and eliminate the

impact from o., on mobility. Another difference is that the channel current in donut MOSFETs

is contributed from two directions in perpendicular to each other, which may have certain

difference in the carrier mobility (pef).

= Gy

=

(m Oy

rE)E m) o

Fig.3.11 Schematics of STI stresses along the longitudinal and transverse directions, defined
as oy and o. in MOSFETs with different layouts (a) standard multi-finger MOSFET
(b) donut MOSFET with 4-side polygons for gate and OD.
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Fig. 3.12 presents the drain current (Ips) and transconductance (Gy,) measured from donut
NMOS and standard multi-finger NMOS (W2N32) with the same total width. As compared to
the standard NMOS, it is found that Gy max 0f DIS1 is degraded by around 9.7% whereas that
of D10S10 is enhanced by 7.5%. The experimental suggests that the compressive 6, from STI,
which is maximized in D1S1 due to the minimum gate to STI edge space is the primary factor
responsible for Gmmax degradation. As for D10S10, much lower o, due to 10 times larger

space and eliminated 6. for donut layout contributes to Gy max Improvement.

12
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Fig.3.12 (a) The drain current Ips vs. Vgr (Vps=0.05V) (b) transconductance Gy, vs. Vgr
measured from donut NMOS DIS1 and DI10S10 (16umx4) and standard
multi-finger NMOS W2N32 (Wr=2um, Nr=32).

Again, Fig. 3.13 shows Ips and G, measured from donut PMOS and standard
multi-finger PMOS (W2N32) with the same total width. The experimental indicates that the
donut PMOS, DI1S1 and DI10S10 demonstrate 12.2% and 7.6% higher Gmmax than the
standard PMOS, shown in Fig. 3 13(b). It is believed that D1S1 with the minimal gate to STI
edge distance, resulting the highest compressive 6, and minimized . can benefit the most in
hole mobility. The standard PMOS with relieved o, in multi-finger structure and largest o .

due to the narrow width will suffer the worst hole mobility.
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Fig.3.13 (a) The drain current Ips vs. |Vgr|(Vps=-0.05V) (b) transconductance Gy, vs. |Var|
measured from donut PMOS D1S1 and D10S10 (16pumx4) and standard multi-finger PMOS
W2N32 (Wg=2um, N=32).

3.4 STI Top Corner Rounding (TCR) Effect on W and G,

To explain the extraordinary result measured from multi-OD devices with extremely
narrow OD width (OD16) shown in Fig: 3.10, the increase of W due to STI top corner
rounding (TCR) is proposed as the primary mechanism trading with mobility degradation
from STI compressive stress to determine;the-channel current (Ips) and transconductance Gyy,.
The details of STI TCR process with the profile and resulted AW contributing to Weg will be
described in section 3.5. Note that Gy, is the key parameter responsible for analog and RF
circuit performance.

It 1s proposed that G, should decrease with the reduction of OD width (Wop) since the
mobility decreases as the transverse compressive stress o increases with the OD width
scaling. However, in this work, we found that OD width scaling from Wop=0.25um in ODS8
to Wop=0.125pum in OD16 led to an increase of Gmmax shown in Fig. 3.10(b) rather than
degradation predicted by stress model. This experimental result suggests the transverse
compressive stress o from STI, which is maximized in OD16 due to the minimum Wop
cannot fully explain the largest Gmmax degradation in OD8 instead of OD16. The

extraordinary results suggest that the variation of G, with OD width scaling is determined not

36



only by STI stress effect on mobility (pesr) but also by STI TCR effect on the effective width
(Wesr), namely AW effect [33,34]. For both OD8 and OD16, the large compressive stress G
from STI spreads into the active region and degrades the ;. However, for OD16 devices, the
AW eftect dominates and causes the increase of G,. To simulate the proposed STI stress and
TCR effects on Gy, in miniaturized MOSFET, the semi-empirical formulas are derived as

follows [35].

Vv
Ips =WesCo, (Vs —Vi —aVis )iy L_DS (3.8)
eff
Gm = aIDS = WeffCox:ueffﬁ (39)
6VGS Leff
let
B=C VLS (3.10)
(0> ¢ Leff
M/ref
Hor(Wop) = 1o + Ap(Wop) = 11y | 1- K - LOg W (3.11)
oD
W, =Wy, + AW)x N, x N, (3.12)
then
W, f
Gm = Bu, 1-k-log| —C- (Woo + AW)NODNF (3.13)
WOD
where

AW is the increase of OD finger width due to STI TCR

In this work, the standard device with W= Wop=2 um is specified as the reference, that
18 Wier=2 pum to minimize the transverse stress . and its impact on mobility. The derived
model given by (3.11) and (3.13) can accurately predict pes and G, measured from
multi-finger MOSFETs with various OD layouts, such as standard, narrow-OD, and multi-OD.
The simultaneous best fitting to per and Gy, for multi-OD NMOS can be realized under the
condition of AW=43 nm and k=0.2888. Note that AW is dependent on the OD layout and

varies between the standard and multi-OD devices. For standard device with more gradient
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trench profile, AW =24 nm appears to be smaller than that of multi-OD devices. For
narrow-OD devices even with the minimum OD width in WO05N64, its OD width
(Wop=Wr=0.5um) is four times larger than that of OD16 (Wop=0.125 um) and AW effect is
not strong enough to overcome p.¢ degradation from STI stress. It can be understood that the
AW ratio is around 10.6% for narrow-OD device WO5SN64 with Wop=W=0.5um whereas
that of multi-OD device OD16 with Wop=0.125um is significantly increased to 32.1%, which

is around three times larger than that of narrow-OD device WO5N64.

3.5 STI Top Corner Rounding (TCR) Technique — Stress and AW

As mentioned previously, STI has been the standard isolation technology in advanced
CMOS processes, beginning from 0.25um node and keeping a successful enabler for CMOS
technology scaling to nanoscale regime. STI. becomes indispensable for achieving higher
packing density and performance,: attributed. to tighter design rule and smaller sidewall
junction capacitances [36,37]. However, trench corner engineering appeared as one of critical
challenges in STI technology development to meet the requirements of a smooth top corner
and prevention from gate wrap-around. The reason is that a sharp trench corner with gate
wrap-around may lead to undesirable double-hump in the subthreshold I-V, inverse narrow
width effect (INWE), poor gate oxide integrity, and enhanced gate tunneling leakage. To solve
the mentioned problems, a number of STI top corner rounding (TCR) methods have been
developed and published [38-41]. The conventional STI process starts with a thin pad oxide, a
nitride cap layer, and a hard mask for active area patterning and trench etching. Following the
trench formation and implantation, liner re-oxidation is performed as an annealing process to
recover the damage caused by the etching and implantation, which is localized near the trench
top/bottom corners. This step may produce a limited corner rounding but insufficient to fix the

problems like subthreshold double-hump, gate tunneling leakage, and stress induced leakage
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current (SILC) after high field injection [38]. Some more elaborated scheme like STI with
LOCOS edge may enhance TCR effect but suffer high process complexity and difficulty in
process control [39]. A relatively simple method, namely post CMP high temperature
re-oxidation (HTR-STI) was proposed as a manufacturable TCR solution and demonstrated
electrical characteristics free from INWE and subthreshold double-hump in 0.18um CMOS
process [40]. The effect of STI TCR can be verified by the improvement over the mentioned
electrical characteristics and the results suggest that the larger corner radius can help reduce
the stress and field crowding near the trench corner. Moreover, the larger corner radius from
trench edge recess and TCR can lead to larger AW, as shown in Fig. 3.14 and then an increase
of effective channel width, i.e. Weg . The increase of W from TCR induced AW becomes
significant in vary narrow devices and reveals its effect on channel current (Ips) and
transconductance (Gp,), which can explain theé extraordinary results measured from multi-OD
devices with extremely narrow Wop, shown in Fig. 3.10. The evidence of AW from STI TCR
supports previous [-V model derivation that Ipg and Gy, are determined by the trade-off
between increase of Weg from AW and mobility degradation from STI compressive stress G..
An accurate extraction of AW is indispensable to determine p.s in very narrow MOSFETs. It

emerges as one of major research topics in this thesis.

| W =W + AW I
2 ] e
| I
Polysilicon | Polysilicon |
\ / [ I
STI Si STI STI Si STI
(a) (b)

Fig.3.14 Schematically drawn cross-sectional view of a MOSFET in the channel width
direction (a) the sharp STI corner without edge recess and top corner rounding (TCR) (b)

the rounded STI corner contributes larger Weg due to AW from edge recess and TCR
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3.6 C-V Characterization and Fringing Capacitances Simulation for
Accurate Mobility Extraction
Referring to (3.1) ~ (3.4) for pe extraction from linear I-V characteristics, Qiny, Wes, and
L appear as three key parameters determining the accuracy of extracted pes. In previous
sections, AW (from STI TCR) can be extracted from simultaneous best fitting to pesr and Gy,
in (3.11) and (3.13). In this way, W can be precisely determined, which is particularly
critical for very narrow devices, such as narrow-OD and multi-OD MOSFETs. Unfortunately,
one more challenge emerged from the determination of Qj,, and L.y in miniaturized
MOSFETs. According to (3.4), Qinv can be calculated from Coxinv) and Vgr under strong
inversion condition. However, the extraction of Cyxiny) become a tough job in miniaturized
devices with short channel length and/or narrow width. Note that Coiny) represents the
intrinsic gate capacitance density per unit'area, which is corresponding to intrinsic channel
region and excluding all other parasitic capacitances. However, the measured gate capacitance,
namely Cyomea before deembedding indeed incorporates all of the parasitic capacitances. In a
standard flow for high frequency characterization, an open deembedding must be performed,
trying to extract and remove all of the parasitic capacitances. However, if the open
deembedding process can enable a truly clean deemebedding is critically dependent on the
design of dummy open pads. A detailed discussion on this subject is described as follows.
3.6.1 Open deembedding Methods for Intrinsic C,, Extraction
In this thesis, two dummy open test structures, namely openM3 (open deembedding to
M3) and openM1 (open deembedding to MI1) illustrated in Fig. 3.15 are designed to
investigate the differences and the final impact on per extraction. Note that the gate
capacitances after openM3 and openM1 deembedding are defined as Cgypuroms) and

ng(DUT,OMl) shown in (3 14) and (315)

Cooouroms) = Cogmea —Cogiomsy - DUT's C,, after openM3 deembedding (3.14)
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Cooiourom) = Cogmea = Cogiomn - DUT's C,, after openM1 deembedding (3.15)

(@) (b)

Fig. 3.15 Layout of dummy open test structures for multi-finger MOSFETs (a) dummy
openM3 for open deembedding to M3 (b) dummy openM1 for open deembedding to M1

Table 3.2 presents the gate capacitances measured from multi-finger MOSFET (Cggmea),
dummy openM3 and dummy openM1 (Cggonmn) and Cggomiy), and those after openM3 and
openM1 deembedding, denoted as' Cgemuroms) and Cggpuromi). Note that multi-finger
MOSFETs with simultaneously varied Wg and Np under fixed Wi,= WpxNg, i.e. W2NI16,
WIN32, and WO5N64 as shown in Fig. 3.2 are adopted for this characterization and analysis.
The bias condition is fixed at |Vpg|=0.05V and |Vgs|=1.2V for NMOS and PMOS to enable a
linear I-V characteristics appropriate for the proposed model (3.1)~(3.4) for peg extraction.
The results indicate that Cgygom3) measured from dummy openM3 is independent of the
variation of Nr whereas Cgoom1) measured from dummy openM1 increases with increasing Nf.
Moreover, Cgeom1) 1 apparently larger than Cggom3) and the difference increases with Ng. The
difference between Cggomiy and Cgeomz), denoted as ACggmi-m3) represents the parasitic
capacitance from M3 through M2 and down to M1 and the dependence of Ny comes from that
associated with M2 and M1 following the multi-finger layout. Raphael simulation was
performed to calculate the 3-D parasitic capacitances contributed from dummy openM3 and

dummy openM1 as shown in Fig. 3.16 (a) and (b), respectively. Note that dummy openM1
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incorporates M3/M2/M1 stack layers in Fig. 3.16(b). Table 3.3 summarizes the difference
ACgemi-m3) between Cgepuroms) and Cggputomi), Which are extracted from openM3 and
openM1 deembedding on multi-finger NMOS with Ng=16 and 32 (W2N16, WIN32). The
ACggmi-m3) from measurement indicates a linear dependence on Np, and the difference
divided by Ng, namely ACgomi-m3) keeps nearly a constant of 0.32+0.1 fF/finger.
Furthermore, Cggm3) and Cgemi~m3) calculated by Raphael simulation for dummy openM3 and
dummy openM1 (Ng=1) achieve the difference ACggomi-m3y=0.32 fF/finger. The good match
between measurement and simulation proves the accuracy and the improvement of openM1
over openM3 deembedding. It is assumed that Cgpuromn extracted through openM1
deembedding should be the intrinsic gate capacitance, which is determined by Coxny) and total
gate area A;=NpxWgxL,. For multi-finger MOSFETs with fixed W ,—=WgxN, the intrinsic
gate capacitances should be independent'of Ny and keep a constant under varying Ng. To
verify this point, Cgmuroms) and_Cegpuromn) -extracted from openM3 and openMl
deembedding are plotted versus N, as shown in Fig. 3.17 (a) and (b). The results indicate that
both Cgepur,oms) and Ceepur,omy reveal a linear dependence on Ng, but Cgpuromiy Vs. Nr,
presents much smaller slope than that of Cggput,om3). The experimental with proven accuracy
highlights that some other components of parasitic capacitance cannot be removed, even using

openM1 deembeeding, i.e. the best one of existing methods for a clean deembedding.
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Table 3.2 Gate capacitances measured from multi-finger MOSFET (Cggmea), dummy open
structures (Cggoms), Cegom1)), Ceemuromsy and Ceepuromny after openM3 or
openM1 deembedding

NMOS 2-port, open_M3

We=2um NMOS, Vps=0.05V, Vgs=1.2V

NF Cg_g,mea (fF) Cg_g(OM3) (fF) Cg_g(DUT,OM3) (fF)
16 65.89 20.6 45.29

32 72.11 20.6 51.51

64 85.54 20.6 64.94
NMOS 2-port, open_M1

We=2um NMOS, Vps=0.05V, Vs=1.2V

NF Cg_g,mea (fF) Cg_g(OM1) (fF) Cg_g(DUT,OM1) (fF)
16 68.07 28.12 39.95

32 741 32.57 41.53

Table 3.3 Cyoput,oms) and Cggput,omiy, extracted from openM3 and openM1 deembedding on
multi-finger NMOS with Ng=16, 32. Cgom3) and Cgemi~m3) calculated by Raphael simulation
for dummy openM3 and dummy openM1.~A. comparison of ACggmi-m3)=Cgedur,om3) —

ng(DUT,OMl) from measurement and Ang(M1~M3)=ng(M1~M3)— ng(M3) from simulation.

Measurement Simulation
NMOS finger numbers Ne=16 Ng=32 Ne=1
Cyq Cggout,omy (fFF) | Cogout,omy (FF) | Cggiomx) (FF)
openM3 45.29 51.51 0.126
openM1 39.95 41.53 0.446
ACggm1-m3) (fF) 5.34 9.98 0.32
ACgq0m1~m3) (FF/finger) 0.334 0.312 0.32

(@) (b)

Fig. 3.16 3-D dummy open test structures for Raphael simulation (a) M3 only for openM3

(open deembedding to M3) (b) M3/M2/M1 stack for openM1 (open deembedding to M1)
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Fig. 3.17 Gate capacitances Cggpurom3) and Cgepuromi) extracted through openM3 and
openM1 deembedding on multi-finger NMOS (W2N16, WIN32, W05N64) with fixed WgNg
(a) Cgeut,om3) Vs. Nr : linear function a'=0.4107 {fF/finger, B'=38.1 {F (b) Cggput,omi) VS. NF :
0=0.0988 fF/fingerr, p=38.4 fF .

To explore the mechanism responsible for this new oberservation, a rigorous analysis was
performed by using Raphael simulation‘and the results suggest that the parasitic capacitances
lumped into Cggmea can be classified into two categories : one is contributed from from pads,
interconnection lines, and substrate, and the other from gate sidewall and finger ends, namely
Cor (sidewall fringing capacitance) and Cgpoly-endy (finger end fringing capacitance). The
former one is a kind of extrinsic parasitic elements and can be removed through a dedicated
open deembedding like openM1. As shown previously, openM1 can realize an open
deembedding to the bottom metal, i.e. M1 to achieve a clean deembedding to the layers above
poly gate. However, the latter one is actually a kind of intrinsic parasitic capacitance arising
from the poly-gate fingers and the surrounding conductors like S/D diffusion regions and the
contact plugs, and cannot be removed using any existing deembedding methods. To solve this
problem, 3-dimensional capacitance simulation is performed using Raphael to calculate C,r

and Cgpoly-end) as follows.
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3.6.2 3-D Fringing Capacitances Simulation and Analysis using Raphael [42]

In the following, 3-D Raphael simulation has been conducted to calculate the fringing
capacitances from gate sidewall, i.e. Cor = Cypisir TCqcr and another component from gate
finger ends, namely Cgpoly-end). Fig.3.18 illustrates a 3-D MOSFET structure for Raphael
simulation. The 3-D structure incorporates four conducting regions, such as poly gate, channel
region, source/drain diffusion region, and contact to source/drain region. The physical profiles
of the dielectric layers between every two conductors can be referred to technology file in
foundry PDK. As individual electrode is specified for each conducting region as mentioned,
the three components of coupling capacitances from the gate to other three regions can be
calculated. Among the three components, gate to channel region is the intrinsic gate
capacitance responsible for Qi,, and Ips, and the other two components, i.e. gate to S/D
diffusion regions (Cgpirr) and gate to'‘contact (Cycr) constitute the sidewall fringing
capacitance, given by Cor = Cgpisr TCgcr - Fig. 3.19 (a) and (b) depict the structure of
multi-finger MOSFETs in planar view and cross-sectional view, which were built in Raphael

for 3-D fringing capacitances simulation.

Contact Contact

Poly gate

Channel diffusion

Source diffusion Drain diffusion

Fig.3.18 Schematical drawing of 3-D MOSFET structure for Raphael simulation. The 3-D
structure incorporates four conducting regions, such as poly gate, channel region, source/drain

diffusion region, and contact to source/drain
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(a) (b)
Fig.3.19 Multi-finger MOSFET structure built in Raphael for 3-D capacitance simulation (a)

planar view (b) cross sectional view

Fig. 3.20(a)-(d) present Cycr, Copif, and Cor, calculated for MOSFETs with square
contact corresponding to various geometty parameters, such as L,, Lge, Tg, and Tox over a
wide range of variations. All of the parasitic capacitances indicate a weak dependence on L,
over a wide range of variation from 80 nm to 160 -nm, shown in Fig. 3.20(a) and C,s keeps
around 0.28fF/um. The results suggest that the gate sidewall fringing capacitances Cor =
Cy,cttCypirr are not scalable with L, and the impact on high frequency performance will go
up with L, scaling. For Ly fixed at 140 nm on layout, according to 90 nm low leakage
CMOS design rule, C,pirr dominates near 80% of the total parasitic capacitance Cor and Cgcr
contributes the remaining portion, i.e. around 20%. Fig. 3.20(b) presents the parasitic
capacitances subject to varying L. Interesting results are demonstrated with a significant
dependence on Ly that is in contrast with the weak dependence on L,. Note that the increase
of fringing capacitances with L scaling highlights the impact from the inter-electrode space

shrinkage in miniaturized devices on high frequency or high-speed circuit performance.
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Fig.3.20 Parasitic capacitances Cycr,. Conifr, Cof, simulated by Raphael for MOSFETs with
square contact versus device geometry parameters-(a) gate length, L, (b) gate to CT space,
L (c) gate electrode thickness, T, (d) gate dielectric thickness, Tox  [42]

Besides the sidewall fringing capacitances Cof, finger-end fringing capacitance, namely
Chipoly-end) 1s another element of the parasitic capacitances, which always exists in MOSFETSs
and cannot be removed by existing open deembedding methods. Again, Raphael simulation
was employed to calculate Cgpoly-cnd), Which is required to enable an accurate extraction of
truly intrinsic gate capacitance (Cggin) and determination of AW. Both Cyr and Cgpoly-ena) are
not scalable with device scaling and may dominate intrinsic gate capacitance in miniaturized
MOSFETs. As a result, Cor and Cgpoly-endy appear as key parameters to be known for an
accurate extraction of e in multi-finger MOSFETs with various layout dimensions. Fig. 3.21
illustrates the planar view of a multi-finger MOSFET in which three components of fringing
capacitances, such as Cgpoly-end), Cepifr, and Cqcr are depicted. This graphical analysis explains
that the finger-end fringing capacitance is proportional to N but is independent of Wy and
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Wiot. On the other hand, the sidewall fringing capacitance is determined by both Wy and Ng
and in a linear proportional to Wi For narrow-OD MOSFETs (Fig. 3.2) with simultaneously
varied Nr and W under a specified Wio= WexNE, Crpoly-end) Will increase with increasing N
and its weighting factor increases dramatically in very narrow MOSFETs with large Ny and
small Wg. According to 90 nm CMOS design rule, Cepoly-end) 15 around 0.064 {F/finger from

Raphael simulation.

cf(poly-end)

=
=
=
=

=
=
=
=

poly

oD

(@) (b)
Fig. 3.21 (a) Schematical illustration of multi-finger MOSFET layout (b) three components of
fringing capacitances associated with each gate finger : Cgpoly-cnd) represents finger-end

fringing capacitance, Cy pif, and C, et are gate sidewall fringing capacitances.

Based on an extensive simulation and analysis on two categories of parasitic
capacitances, the intrinsic gate capacitance extraction flow and analysis can be derived as
follows. At first, Cgeput,om1) can be re-written as two parts, one of which is proportional to N

and another 1s independent of N, given by (3.16)

CQQ(DUT,OM‘I) = NF [(AW : Lg )Cox(inv) + Cf(poly—end)} + (Cox(inv)Lg + Cof )VVtot (3 16)
where

ng,int = Cox(inv)Lg (317)
Cox(inv) = goxgo /Tox(inv) (318)
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WeNg =W, (3.19)

then Cggpuromny of multi-finger MOSFETs with various Ng but fixed W-N. =W,

ot can be

expressed as a linear function of Ny with the slope and intercept defined as o and 3 as follows

Cogiour.om = alNg + (3.20)
a= (AW : Lg )Cox(inv) + Cf(poly—end) (321)
ﬂ = (Cox(inv)Lg + Cof )VVtot (322)
B
Co =Ti Cox inv L (323)
f M/tot (inv)=g
L, = - (3.24)
|/VtotCox(inv) Cox(inv)

Note that the first term of the intercept 3 in (3.22) is the intrinsic gate capacitance (CggintWiot),
which contributes the inversion carriers-QjinyWie tesponsible for channel current Ipg in (3.1).
With C,¢ known from Raphael simulation, Cge ine can-be extracted from 8 in (3.22). In fact, Cor
and L, extracted from (3.23) and (3.24) should be self-consistent to validate the accuracy and
it has been proven that C,s =0.28 fF/pm and L, =80 nm are the right ones to meet the target
Cox(inv)- Also, with C,r determined by Raphael simulation and L, calculated by (3.24), AW can
be extracted from (3.21). The accurate extraction of Cof, Cox(inv), Lg, and AW is pre-requisite to
accurate determination of intrinsic gate capacitance Cggint, Inversion carrier density Qiny, and
effective mobility e in intrinsic channel region.

Taking ACggmi-m3), Which is proportional to Ny and referring to (3.20)~(3.22) for that
with openM1 deembedding, we can derive the expressions for that with openM3

deembedding as follows.

Cogiour.oms) = Ne [(AW -L,)C

ox(inv)

+C, +(C

ox(inv

)Lg +C W, + Ang(M1~M3) (3.25)

poly—end) ]

Ang(/\//1~/\//3) = Angou\//1~/\//3) 'NF
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Cogour.oms) = 'Ne + B (3.26)

a'=(AW-L,)C +Cy +AC g 0m1-m3) (3.27)

ox(inv) poly—end)

(3.28)

ﬂ = (Cox(inv)Lg + Cof )VVtot
The results derived for openM3 deembedding indicate that the intercept B’ for openM3 in
(3.28) keeps the same as 3 for openM1 in (3.22) under a fixed Wio; however, the slope o’ for
openM3 in (3.27) appears larger than the slope a for openM1 in (3.21). In the following, a, 3,
and AW determined from multi-finger MOSFETs with openM1 deembedding, and (o', B’)
from those with openM3 deembedding will be presented for a comparison and verification on
the proposed model.

Referring to Fig. 3.17(a) and (b) for Cygput,om3) and Ceeput,omiy extracted by openM3 and
openM1 deembedding. The results indeed démonstrate a linear relationship for both openM3
and openM1 deembedding, with nearly the same intercept, 3=38.1~38.4 fF but significant
difference in the slope. The result-wvalidates the model for f given by (3.22)=(3.28), and
provides a simple solution that the intrinsic gate capacitance Cggin defined as Coxiiny)Le In
(3.17) can be extracted from the slope B no matter which kind of dummy open structures was
used. The slope for openM1, given as a=0.0988 fF/finger appears much smaller than that of
openM3, a'=0.4107 fF/finger. The experimental results just match the prediction from our

proposed model and the difference between o and o' comes from ACgemi-m3), given by (3.21)

and (3.27).
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3.6.3 Effective Mobility Extraction for MOSFETs with Various Layouts
Following the characterization flow, openM1 deembedding and Raphael simulation can
facilitate a thorough and precise extraction of 3-D parasitic capacitances and accurate
determination of the intrinsic gate capacitance Cggin. Taking the developed characterization
process with proven accuracy, the fundamental device parameters like Coxginv), Lg, AW, Cop,
Cipoly-endy can be determined with reliable accuracy for nanoscale MOSFETs. Table 3.4

summarizes the key parameters for multi-finger NMOS.

Table 3.4 Multi-finger MOSFET device parameters extracted from DC I-V and RF C-V

characterization flow

Device types NMOS W2N16_openM1
Bias condition Vds=0.05V, Vg=1.2V
Ny 16

We um 2

L pm 0.08

Tox(inv) A 30

Cox(inv) fF/um? 11.51

o fF/finger 0.0988

B fF 38.37

Cot,sim fF/um 0.2812
Ci(polyend) fF/finger 0.0640

Coxginy) =(B/WENE-Co)/Lg fF/um’ 11.47
Tox(inv)=€0€ox! Cox(inv) A 30.10
AW=(0-Crpotyend))/(Cox(inv) Lg)  [pm 0.0379

In the following, the effective mobility pery can be extracted from linear 1-V model
(3.3)~3.4) in which W¢r and Qi have been determined with proven accuracy for
miniaturized MOSFETs with various layouts. In this approach, the layout dependent STI
stress effect on per can be determined with high precision due to the fact that all of the
parasitic effects, such as AW from STI TCR, gate related 3-D fringing capacitances, and
pads/interconnection lines introduced parasitic capacitance have been taken into the
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characterization flow. Fig. 3.22 presents g extracted from the group of narrow-OD NMOS,
1.e. multi-finger NMOS with simultaneously varied Wr and N under fixed Wi ,=WpgxNF,
(W2N16, WIN32, and WO5N64), shown in Fig. 3.2. Note that Vgr 1s taken to compensate Vr
variation from INWE. The results indicate a monotonical degradation trend in peg with finger
width (Wr=Wop) scaling from 2um to 0.5um and proves the impact from STI compressive
G, on electron mobility. Taking W2N16 as the reference, p.s degradation in WIN32 is as
small as 1.3% and that of WO5N64 increases to around 6.8%. Referring to Gy, versus Vgr (Fig.
3.7(b)), Gn, degradation in W1N32 and WO5N64 just follows the same trend and suggests that
Lesr degradation is the dominant factor. As for multi-OD NMOS with an aggressive channel
width scaling, pes versus Vgr shown in Fig. 3.23 reveals substantially large degradation. For
OD8 with Wop=0.25um, the per appears 33.6% lower than OD1 and the per degradation

further increases to 37.3% for OD16 with Wp=0.125 pm.

250
2000 NN AAALT N
—_ AAT A, ]
) I
2 1s0[ - ]
c [ b, extraction Narrow-OD NMOS |
L withaWinw, ~ Vds=0.05V
5 * —n—W2N16
=N 100 - |nv=cgg,int VGT —o—W N32 n
—A—WO5N64
50 I 1 N 1 N 1 1 N 1 N 1

01 02 03 04 05 06 07
V. V)
Fig. 3.22 Effective mobility per versus Vgr for narrow-OD NMOS determined with

consideration of AW in W and Cggint for Qin. Narrow-OD NMOS : WIN32, WO5N54,
standard : W2N16. Linear operation condition : Vps=0.05V, Vgr=Vgs - V1.
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Fig. 3.23 Effective mobility pes versus Vgr for multi-OD NMOS determined with
consideration of AW in Weg and Cygine for Qin. Multi-OD NMOS : OD8 (Wop=0.25pum),
OD16 (Wop=0.125um), standard : OD1 (Wop=2um)W2N16. Linear operation condition :
Vps=0.05V, Vg1=Vgs - V1.

In comparison with narrow-OD ‘and multi-OD MOSFET with enhanced 6., donut
MOSFETs were designed to verify-another extreme- case, that is the elimination of G, along
the direction of channel width. For NMOS-shown in Fig. 3.24 (a), D1S1 suffer around 7.13%
degradation while D10S10 gain 10.03% enhancement in s compared to the standard
W2N16. The pegr enhancement in D10S10 NMOS just match the original expectation that the
elimination of compressive G, can benefit electron mobility. As for pg degradation in D1S1
NMOS compared to W2N32, the increase of 6, along the channel length, due to the minimal
gate to STI edge space is considered the major cause responsible for electron mobility
degradation. Regarding PMOS shown in Fig. 3.24 (b), both donut devices, i.e. D1S1 and
DI10S10 gain pesr improvement over the reference W2N32. Interestingly, DIS1 PMOS can
achieve 11.8% s enhancement, which is obviously higher than 6.1% realized by D10S10
PMOS. The opposite trend w.r.t. NMOS in DISI1 layout can be explained by the mechanism
that compressive stress along the channel length, i.e. 6, can improve hole mobility but

degrade electron mobility, as shown in Table 3.1. The experimental result proves that D1S1

53



PMOS with the minimal gate to STI edge distance, resulting the highest compressive 6, and
minimized o. can benefit the most in hole mobility. Again, the layout dependence of L 1S

exactly the same as that of G,, shown in Fig. 3.13.
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Fig. 3.24 Effective mobility pes versus Vgr for donut MOSFET determined with
consideration of AW in Wegr and Cggint for. Qine. () NMOS (b) PMOS, donut : D1S1, D10S10,
standard : W2N32. Linear operation condition: Vps=0.05V, Vgr=Vgs - V1.

To verify the scattering mechanisms responsible the mobility, the gate bias or gate

overdrive Vgr 1s converted to an effective normal field Ecr according to the formulas (3.29)

and (3.30) for NMOS and PMOS, respectively.

E _1(VGT+2VT)

=_—26r "7/ 3.29
o 6 Tox(inv) ( )
1(Ver +3V;)
=_ 3.30
eff 9 T ( )

ox(inv)

In this way, s vs. Vgr for all of the devices are transformed to plesr vs. Eegr as shown in
Fig. 3.25 and Fig. 3.26 for narrow-OD NMOS and multi-OD NMOS, respectively. The
universal mobility theory predicts that MOSFETs with various channel lengths, oxide
thickness, and doping concentration should follow a universal curve when the effective
mobility is expressed in the form of per vs. Eeqr [43]. It can be explained by the mechanism

that variations in the mentioned device parameters are actually incorporated in the body
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charge and inversion carriers density (Q, and Qi,y) and transformed into E.s. However, the
layout dependent stress is not the kind of parameter and may not impose its effect on e via
Ec.. The mentioned argument explains why the e vs. Eegr for both narrow-OD and multi-OD
NMOS with various Wop would not follow a universal curve. Similar results are achieved for
donut NMOS and PMOS shown in Fig. 3.27. A comparison between donut MOSFETs and
multi-finger MOSFETs with the same Wy 1s illustrated in Fig. 3.28(a) and (b) for NMOS and
PMOS, respectively. However, e vs. Ecr indeed demonstrates three regions corresponding to
three scattering mechanisms, such as coulomb scattering in low field, phonon scattering in
medium field, and surface roughness scattering in high field, shown in Fig. 3.29. The
relationship can be described by Matthiessen’s rule in (3.31) and field dependence of each

component in (3.32)~ (3.34),

LA S B (3.31)
:ueff :ucoul :uph :usr

:ucoul = AEeffmT&2 (332)
Hon = AE,, "'T " (3.33)
py = AE (3.34)
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Fig. 3.25 Effective mobility pes versus Eex for narrow-OD NMOS determined with
consideration of AW in Wegr and Cggint for Qin. Narrow-OD NMOS : WIN32, WO5N54,
standard : W2N16. Vps=0.05V, E_, =(V;; +2V;)/6T,

x(inv)
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Fig. 3.26 Effective mobility pes versus Eerx for multi-OD NMOS determined with
consideration of AW in Wy and Cygine for Qin. Multi-OD NMOS : OD8 (Wop=0.25pum),
OD16(Wop=0.125pm), OD1 (Wop=2um). Vps=0.05V, E_, = (V5 +2V;)/6T,
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Fig. 3.27 Effective mobility pes versus Eeg for donut MOSFET (D1S1, D10S10) determined
with consideration of AW in Weg and Cegine for Qine (@) NMOS = E_ = (V,, +2V;)/6T,,,,, (b)
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Fig. 3.28 Effective mobility pes versus Eer for donut MOSFET (D1S1, D10S10) and a
comparison with multi-finger MOSFET (W2N32, W1N64) with the same W,y (a) NMOS :

Eeff = (VGT + 2VT)/6Tox(inv)

(b) PMOSE,, = (V,, +3V,)/9T,
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Fig. 3.29 Effective mobility per versus Eex for multi-finger NMOS (W2N16, WIN32,
WO5N64). E,, = (V5 +2V;)/6T, Three regions corresponding to three scattering

mechanisms : coulomb scattering in low field, phonon scattering in medium field, and surface
roughness scattering in high field.

x(inv) *

57



3.7 CP Current Measurement for Interface States Extraction and Analysis
of STI Stress Effect

Charge pumping technique has been widely used to characterize interface state
densities in MOSFETs [44,45]. In thin gate films, leakage current is relatively high due to
quantum mechanical tunneling of carriers through the gate. As a result, the traditional
technique of extracting interface traps density. Collecting simultaneous re high frequency C-V
measurement data and comparing the difference can’t be used because the C-V is very hard to
achieve at the leakage current level.

However, charge-pumping measurements can still be used to extract interface trap density,
and the effect of gate leakage can be compensated for by measuring charge-pumping current
at lower frequency and subtracting it from measurement results at higher frequencies.

Stress effect on interface traps is:.one‘of major concerns for deployment of stress
engineering in the state-of-the-art process. In the form of localized interface-state generation,
is a key reliability issue. In order to.improve the understanding of the physical mechanism
resulting in STI stress degradation, there is a great need for experimental results of variations
in Si-Si0; interface state density and distribution under the gate of the device.

In this work, the use of charge pumping to accurately measure Si-SiO, interface trap
density in four-terminal RF CMOS is described.

The charge pumping measurements are operated by Agilent 81110A signal generator,
Keithley708 A switch, and HP 4156 DC supply. Fig. 3.30 illustrates the experimental facilities
of CP measurement for a cross-section MOSFET in 4T structure. The basic charge-pumping
technique involves measuring the substrate current while applying voltage pulses of fixed
amplitude, rise time, fall time, and frequency to the gate of the transistor, with the source,
drain, and body tied to ground. The pulse also can be applied with fixed amplitude, voltage

base sweep or a fixed base, variable amplitude sweep. Fig. 3.31 illustrates the pulse waveform
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employed for the Elliot method in which the base level (Viase) 1s swept from accumulation to
inversion while keeping the pulse amplitude (V,) constant. Note that Icpmax can occur under
the condition of Vi< Vg and ViyasetVa= Vi > V1 and the accuracy is justified with a clear

plateau for Icpmax and a precise linear dependence on amplitude (V,) and frequency (not

shown).
m
________________ SO
N+ llcp N+
Bulk
Keithley 708A

| HP 4156 N3 - : | Agilent 81110A
| XL -

—

Fig.3.30 Schematic of experimental set-up of the charge pumping measurement applied to
MOSFET with four terminals

Fixed amplitude and varying baselevel are obtained from an Agilent 81110A, which is
connected to the gate terminal and varying the pulse base level from accumulation to
inversion while keeping the amplitude of the pulse constant. Electrons captured in the traps in
the inversion mode then recombined with holes in the accumulation mode. This electron-hole
recombination process gave rise to a current flow from the substrate to the channel.
Recombination of charge through interface traps in the substrate results in the flow of charge

pumping current in the bulk.
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=1

Fig.3.31 CP pulse waveform : t; and tf are the rising and falling times, Vpase and Vy, are swept
from accumulation (Vysse <Vpp) to inversion (V, >Vr), under fixed pulse amplitude
Va=Vp-Viase,
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Chapter 4

RF MOSFET Layout effect on Low Frequency Noise

4.1 Low Frequency Noise Analysis in Two-port 3T MOSFET

MOSFET layout effect on I-V, G, per, and gate capacitance for Qin, have been
presented in chapter 3. The experimental results can be explained by the collective effects
from layout dependent STI stress and AW from STI TCR. Due to the fact that LFN is one of
critical issues considered in RF and analog circuits design, MOSFET layout effect on LFN
will be investigated and described in this chapter.

The multi-finger layout structure has been widely used for RF application to get better
fmax by minimizing the parasitic gate resistance (Ry) [46], but the inconsistent STI stress
effect on device characteristics need to be more discussed, and the multi-finger device type is
insufficient for analyzing. In this chapter, four kinds of layout, namely multi-finger,
narrow-OD, multi-OD, and donut MOSFETs with the same total width are designed to
investigate channel wdith (Wop) scaling effect on LFN. The STI stress might be highly
considered, but on the other hand, the AW due to STI TCR is increasingly important [47].

Thus it is essential to distinguish the AW effect from the STT stress.

4.2 Narrow-OD MOSFET and Comparison with Standard MOSFET

The multi-finger structure with finger number Ny=16, 32, and 64, finger width W= 2, 1,
and 0.5um respectively. The total width and channel length are fixed at 32um and 0.09um.
The he measured Sip/Ipg” at frequency 50Hz are plotted versus Ips for narrow-OD devices
under various Vgr (0.1~ 0.7V).

The measurement result of narrow-OD for the STI stress mechanism analysis as shown in
Fig. 4.1 The normalized drain current noise SID/IDS2 of the W2N16 and W1N32 devices are
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about 2 times higher than WO5N64. The difference between W2N16 and WIN32 seems to be
ignorable. The phenomena can be explained by the delta width effect overcome the STI stress
on the performance for narrow-OD devices. The delta width effect dominated in the WOSN64
LFN characteristic, but the delta width effect and STI stress effect are comparable in WIN32
LFN characteristic. From the above discussion, the compressive stress o// effect is not
obvious for NMOS narrow-OD device. But the influence of these two mechanisms (STI stress
effect and delta width effect) is different in NMOS and PMOS, and this will be a further

discussion in the following section.

10°
Narrow-OD NMOS
V,=0.05V, V_=0.3V
E 10"° ! W2N16& W1N32
Nv
K]
3
7 10-11 :_
10'12 | . R | . . iy
10" 10° 10°
Frequency (Hz)

Fig.4.1 The low frequency noise Sip/Ips’ measured for the multi-finger NMOS W2N16,
WIN32, and WO5SN64.

The measured S;p/Ips” follows a function proportional to 1/Ips® over the whole range of
bias conditions, which indicates that number fluctuation model given by (4.1) is the dominant

mechanism appears in NMOS LFN.

Sip _ qZkBT)LNit 19;

Ips”  WeLCo flps (4.1)
N, : the density of traps at quasi - Fermi level
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Fig.4.2 Sip/Ips” vs. Ips under varying |[Vgr| (0.1~0.7V) for NMOS narrow-OD devices

4.3 Multi-OD MOSFET and Comparison with Standard MOSFET

The LFN in terms of Sip/Ips” for OD1 and.OD16 NMOS in the frequency domain is
shown in Fig. 4.3 The noise spectrum follows 1/f characteristics over a wide frequency
domain from 4 to 10K Hz. It means that the measured LFN is a typical flicker noise. It is
interesting to show that the OD16 gets lower Sip/Ips” than ODI over a wide range of

frequencies, although the interface trap density Nj; of OD16 is higher than that of ODI.

10°¢
E - — -W2N16_0OD1
10! ——W2N16_0D16
= NMOS

V_=50mV, V, =0.5V

10™L ' '
10" 10° 10° 10*
Frequency (Hz)

Fig.4.3 Sip/Ips” vs. Ins under varying Vgr (0.1~0.7V) for OD1 and OD16 devices
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To further analyze the mechanism responsible for LFN, the measured Sip/Ips” at frequency
50Hz are plotted versus Ips for both OD1 and OD16 NMOS under various Vgr (0.1~ 0.7V) as

shown in Fig. 4.4.

: Vv, = 50mV, NMOS

o V= 01~0.V | m W2N16_0D1
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Fig.4.4 Sip/Ips” vs. Ips under varying{Vgr| (0:1~07V) for NMOS multi-OD devices

Herein, the measured NMOS multi-OD SID/IDS2 also follows a function proportional to
1/Ips” over the whole range of bias conditions, which indicates that number fluctuation model
given by (4.1) is the dominant mechanism appears in NMOS LFN

Therefore, Sip/Ips” of NMOS is proportional to Ni/We. and that predicts the decrease of
LFN with increasing the effective width Weg. It is believed that the OD16 device suffers
higher transverse compressive stress as well as interface traps Nj, which may aggravate the
scattering effects and increase the flicker noise [50]. However, the larger Weg can eliminate
these effects. The mentioned mechanism can explain why the OD16 devices can have the
lower LFN as compared to OD1.

As for the LFN in terms of Sip/Ips° for PMOS ODI1, OD8, and OD16 in the frequency
domain is shown in Fig. 4.5 The devices are all with gate finger number at 16 and the poly
width is 2um thus the total width is 32um.
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Fig. 4.5 The low frequency noise Sip/Ip? measured for the multi-OD devices, OD1, ODS, and
OD16.

It is easy to show that the OD8 and OD16 have higher Sip/Ips® than OD1 over a wide
range of frequencies, and the OD8 is nearly equal to OD16. Sip/Ips® of PMOS is tells that the
OD16 device suffers the most critical mobility degradation. However, the larger Weg can
eliminate these effects and thus the LFN of ODS is very close to OD16. The mentioned W
mechanism is exist in PMOS but the effect Wy cannot overcome the mobility degradation
effect for PMOS multi-OD devices. The resulting STI stress and mobility degradation effect

dominates over the delta width effect.
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Fig.4.6 Sip/Ips” vs. Ips under varying |[Var| (0.1~0.7V) for PMOS multi-OD devices

4.4 Donut MOSFET and Comparison with Standard MOSFET

Fig. 4.7 (a) and (b) make a comparison of LEN in terms of Sip/Ip> between the standard
and donut devices for NMOS and PMOS, respectively. The noise spectrum follows 1/f
characteristics over a wide frequency domain from 4 to 10K Hz. It means that the measured
LFN is a typical flicker noise. The standard device reveals near twice larger Sip/Ip” as
compared to donut devices for both NMOS and PMOS, under a specified gate overdrive
voltage, |Vgr|= 0.7V. In contrast, the donut device D10S10 with the most extended gate to
STI-edge distance indicates the lowest Sip/Ip”.

The results can be consistently explained by the fact that D10S10 can keep free from o L
as well as interface traps near STI edge, and the smallest o// due to 10 times larger space

away from the STI edge compared to D1S1.
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Fig.4.7 The low frequency noise Sip/Ip° measured for the standard and donut devices

(a) NMOS (b) PMOS: Standard (multi-finger W2N32), Donut D1S1, and D10S10.

To further explore the mechanism responsible for LFN, the measured Sip/Ips” at frequency
50Hz are plotted versus Ipgs for three different devices, under various |Vgr| (0.1~ 0.7V) shown
in Fig. 4.8 (a) and (b) for NMOS and. PMOS, respectively. For NMOS devices, the measured
LFN characteristic is dominated by number fluctuation model given by (4.1) in which Sip/Ips”
is proportional to Ni/Ips® and that predicts the/increase of LFN with increasing the traps
density Nj;.

It is believed that the gate to STI-edge overlap region will suffer the most severe
compressive strain as well as interface traps Nj [51], and the donut devices can eliminate
these effects along the gate width, i.e. in the transverse direction. According to previous study,
the stress generated traps may aggravate the scattering effect and increase the flicker noise.
The mentioned mechanism can explain why the donut devices free from gate to STI-edge

overlap region can have the lowest LFN.
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Fig. 4.8 Sip/Ips” vs. Ips under varying [Vgr| (0.1~0.7V) for standard and donut devices
(a) NMOS (b) PMOS Standard : multi-finger W2N32, Donut, D1S1 and D10S10.

4.5 Comparison of LFN between NMOS and PMOS

LFN measurement was carried out using: Celestry 9812B noise analyzer and Agilent
35670A dynamic signal analyzer. Noise data was collected under varying Vgs in linear region
(IVps|=0.05V). According to LFN theory described in chapter 2, the normalized noise power
spectral density (Sip/Ips’) is taken to be an appropriate parameter for a comparison of LFN in
various devices with different drain current Ips. Note that the comparison was made under
fixed Vgr (Vgs-Vr) to compensate Vr variations, which may come from INWE, STI TCR,
and other factors.

Fig. 4.9 (a) and (b) present Sip/Ips” measured from multi-finger MOSFETs with W2N32
and WING64, respectively. For each layout, NMOS and PMOS were put together for a
comparison and the bias condition is specified at the same |[Vgr| and |Vps|. As can be seen
clearly that Spp/Ips” of PMOS is higher than NMOS by around one order at very low
frequency (<10 Hz) and the difference decreases at higher frequency. The results suggest that
conventional design using PMOS in VCO for low phase noise is no longer valid. Two

potential causes are proposed responsible for the higher LFN revealed in PMOS : one is
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thicker Toxiny) due to worse P* poly gate depletion [48] and the other is lower g for holes in
PMOS than electrons in NMOS [49]. The first cause can be identified from the measurement
that Cgg put OF Cggint 0f PMOS appears smaller than that of NMOS and Toxiny) €xtracted from
PMOS is around 3.2 nm, 1.e. 0.2 nm thicker than that of NMOS. Referring to LFN models,
described in chapter 2, the thicker Tox(inv), 1.€. the lower Coxnyy Will lead to higher SID/IDSZ. As

for the second one, the lower p.s may bring worse mobility fluctuation and higher LFN.
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Fig. 4.9 Normalized PSD of drain current noise’ Sip/Ips® vs. frequency, measured from (a)
W2N32 NMOS and PMOS (b) WIN64 NMOS and PMOS, under |[Vgr/=0.3V and
|Vps|=0.05V.
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Fig. 4.10 Normalized PSD of drain current noise Sip/Ips” vs. frequency, measured from

multi-OD MOSFET (a) OD8 (WopxNop=0.25umx8) : NMOS and PMOS (b) ODI6
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(WopxNop =0.125umx16) : NMOS and PMOS, under |Vgr|=0.3V and |Vps|=0.05V. multi-OD
MOSFET : N]::16, WODXNOD =2 pm

Fig. 4.10 (a) and (b) indicate Sip/Ips” measured from multi-OD MOSFETs OD8 and OD16,
respectively. Again, NMOS and PMOS with the same multi-OD layout and under the same
bias condition (|Vgr| and |Vps|) are put in the plot to make a comparison. As can be seen, the
noise level increases with increasing OD number for PMOS devices, over the entire drain
current range. For the NMOS devices, the noise level get lower with increasing OD number.
This is due to the delta width effect is dominant in NMOS LFN characteristic. The difference

between NMOS and PMOS become higher under this condition.

4.6 Layout Dependence of Interface States and Low Frequency Noise

The basic charge-pumping technique involves measuring the substrate current while
applying voltage pulses of fixed amplitude, rise time, fall time, and frequency to the gate of
the transistor, with the source, drain,”and body tied to ground. The pulse can be applied with
fixed amplitude, voltage base sweep or a fixed base, variable amplitude sweep. The rise time
and fall time used in this research is 100nS. The gate is switched from inversion to
accumulation and vice versa using an Agilent 81110A waveform generator. In inversion, some
of the minority carriers pumped by the n+ terminal are trapped on the interface states. During
the transition from inversion to accumulation, the mobile electrons of the inversion layer are
collected by the nt+ contact before the majority carriers, flowing from the p+ contact, reach
the interface. Next, the recombination of the electrons trapped on the interface states with
majority carriers gives rise to a net CP current I, measured with an HP 4146. The experiment
is computer-controlled by Sagi software which offers multiple options and real-time
parameter extraction.

Charge-pumping current measured as a function of base level as shown in Fig. 4.11 The
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amplitude of the gate signal was changed from 1.5V to 1.7V. All experiments are very close

indicates that no visible generation of maximum charge pumping current.
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Fig.4.11 Comparison of measured charge pumping current with different pulse amplitude (Va)

Fig. 4.11 indicate the interface trap density Ni over the energy levels swept through the
Fermi level, which is calculated from the base-level CP current for multi-OD devices as

shown in (4.2).

/ W, LN, (42)

cp _max = q
Where f is the frequency of applied pulse, and W L is the device area. According to
(4.2), Icp max 1s proportional to Nit and Nit can be extracted from the I, under specified f and

device dimension Weg L.
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Standard and Multi-OD MOSFET Nit Analysis
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Fig. 4.12 Charge pumping current measurement of standard and multi OD device

Fig. 4.12 presents Icp vs. Viase for W2N32 (standard multi-finger) and OD16 (multi-OD)
NMOS. The measurement was repeated-for different devices layouts and the extracted trap
densities are summarized. A statistical drawing of the data in is shown in Fig. 4.13. It is noted
that Wi 1s used to reflect the AW effect. In-Fig. 4.13, it is found that the compressive stress
may introduce additional interface traps in OD16 devices. However, the normalized difference
of Nj¢ between OD1 and OD16, denoted as AN opi6,0p1))/ Nixopr)decreases from 55% to 10%
due to the DW effect. This implies that for the multi-OD devices are affected by DW eftect

significantly, as well as low frequency noise.
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Fig.4.13 Interface trap density Nj of OD1 and OD16 devices extracted by using Weg and W,
measured at Vp=Vs= V=0V and V, = 1.7V.

Standard and Narrow-OD MOSFET Nit Analysis

As shown in Fig. 4.14, it is found that the charge pumping current is found to be the
smallest for WO5N64 compared to the W2N16, To confirm that the WO5N64 has more
interface traps than W2N16, stable and repeatable measurement should be taken statistically
that only a slight fluctuation of data among devices is acceptable. However, the difference of
each die (~37%) is much larger than device variation ( ~16%) which is shown in Fig. 4.15.
The layout effect of narrow OD device on interface trap density remain in discussion here.
This has to be devoted to explore the details in the trend for the LFN with narrow-OD

devices.
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Fig. 4.14 Charge pumping current of three narrow OD devices, and maximum charge

pumping current comparison among each measurement die
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Fig. 4.15 Interface trap density Nj; of narrow-OD devices extracted by using Wer and W,
measured at Vp=Vs= V=0V and V, = 1.7V.

4.7 Low Frequency Noise Model Parameter Extraction for Simulation

As for doughnut PMOS shown in Fig.4.8 (b), the measured Sip/Ips” follows a simple
power law of 1/Ips and manifests itself governed by mobility fluctuation model, according to
Hooge empirical formula expressed in. Note that the Hooge’s parameter « n 1s dimensionless
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and may vary with biases and process technologies. The reduction of LFN measured from
donut PMOS suggests the suppression of mobility fluctuation due to the eliminated

compressive G..

So _1%ter QVos
IDS2 f L2 I DS
o, . the Hooge parameter
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Fig. 4.16 Hooge’s parameter versus gate-over-drive voltage |Vgr| for standard and doughnut

devices biased at [Vgr|=0.1~0.7V

Hooge’s parameter is a figure of merit for low frequency noise comparison between 107
and 10°. Fig. 4.16 shows the extracted Hooge’s parameter versus [Vgr| from the mean value
of several PMOS devices. The standard device shows larger aH than the doughnut devices. It
is explained that the larger enhancement in the surface roughness mobility results in the more
phonon scattering limited mobility for standard devices and thus the higher Hooge’s

parameter can be attributed to lower channel mobility.
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Chapter 5

RF MOSFET Layout Effect on High Frequency Characteristics

5.1 Two-port S-parameters Measurement and Deembedding
2-port network parameters can be explained most easily by considering a network with

only two ports [63], an input port and an output port, like the network shown in Fig. 5.1

11 12
—
O————— ———0
+ +
V| TWO-PORT V2
NETWORK
o~ - -
Port1 Port2

Fig. 5.1 General two-port network

To characterize the performance of such'a network, any of several parameter sets can be
used, each of which has certain advantages. Each parameter set is related to a set of four
variables associated with the two-port model. Two of these variables represent the excitation
of the network, and the remaining two represent the response of the network to the excitation.
If the network of Fig. 5.1 is excited by voltage sources V; and V3, the network currents I; and
I, will be related by the following equations (assuming the network behaves linearly):
I =0\ + 1,0, (5.1
I, =Y,V + Y,V

If other independent and dependent variables had been chosen, the network would have
been described, as before, by two linear equations similar to equations (5.1), except that the
variables and the parameters describing their relationships would be different. However, all
parameter sets contain the same information about a network, and it is always possible to
calculate any set in terms of any other set.

Scattering parameters, which are commonly referred to as s-parameters, are a parameter
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set that relates to the traveling waves that are scattered or reflected when a 2-port network is
inserted into a transmission line. Another important advantage of s-parameters stems from the
fact that traveling waves, unlike terminal voltages and currents, do not vary in magnitude at
points along a lossless transmission line. This means that scattering parameters can be
measured on a device located at some distance from the measurement transducers, provided
that the measuring device and the transducers are connected by low-loss transmission lines.

Following the bias conditions and dc characterization, S-parameters were measured by
using HP8510C vector network analyzer from 0.5GHz up to 40 GHz, and the DC supply is
HP 4142. A valid calibration needs to be performed prior to the S-parameter measurement,
which requires SOLT (Short, open, load, through) calibrations between the two ports of pad
and SMA.

Open and short de-embedding are done ‘on the measured two port S-parameters to extract
the intrinsic ac characteristics in _terms  of Y-parameters for C-V model parameter
extraction[64] and H-parameters for determination. Z-parameters and Y-parameter of the
intrinsic MOSFETs were obtained from S-parameters after de-embedding and used to extract
the resistance and such as Rg, Ry, Rq[64]. The intrinsic MOSFET incorporating the parasitic,
as extracted was adopted by ADS simulation to do I-V and C-V model parameter extraction
and optimization simultaneously. The accuracy of intrinsic MOSFET model has been
extensively verified and validated by good match with the measurement.

5.2 Two-port 3T MOSFET with Multi-finger, Multi-OD, and Donut
Structures

Test structures were fabricated using 90nm RFCMOS process technology, all devices are
designed to 2-port test-key with GSG pads for High frequency measurement. Multi-finger
structure with finger number Ng=16, 32, and 64, finger width W= 2, 1, and 0.5, the total

width and channel length are fixed at 32um and 0.09um. Another set of multi-finger type with

77



Nr=32, 64, and 128, finger width= 2, 1, and 0.5, the total width and channel length are fixed
at 64um and 0.09um, respectively. The multi-OD device with gate finger number Ng= 16,
finger width Wg= 2, 0.25, 0.125um and OD number Nop= 1, 8, 16 accordingly with fixed OD
space 0.2um. Doughnut devices with two layout dimensions D1S1 and D10S10 are also
characterized here. D1S1 represents donut MOSFET in which the space from poly gate to STI
edge follows the minimum rule, and D10S10 denotes donut MOSFET with 10 times larger

space between poly gate and STI edge.

The parameters in equivalent circuit would be extracted and discussed in the following
chapters. De-embedding method and parameter extraction are major subjects and small signal
equivalent circuit model constructed by extracted parameters would be verified by using
Agilent Advanced Design System (ADS) simulator to make the parameter extraction method
and extracted parameters solider.

5.2.1 Intrinsic Device and Parasitic RLC Parameters Extraction and Analysis — Layout
Effect and Bias dependence

The intrinsic gate resistance obtained by Y-method of standard and doughnut were

extracted at Vps= 1.2V and Vgs= 1V are plotted in Fig. 5.2 From the extracted R, at various

frequencies, we can find easily it is frequency independent and does not appear

non-quasi-static (NQS) effect because of sufficient high frequency and short channel.
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Fig. 5.2 The extracted R, of standard and doughnut devices as a function of frequency with
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Vps= 1.2V, Vgs= 1V

Fig. 5.3 and Fig. 5.4 shows the extracted R, for NMOS and PMOS with standard and
doughnut devices at saturation region. We can see R, shows very weak gate bias dependence
for short channel devices. Based on above results, we can see there is no different between
Y-method and Z-method extracting results, and thus we can confirm the exact value of poly

gate resistance for different test patterns.
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Fig. 5.3 Comparison of (a) Z-method and (b) Y-method R, extraction for NMOS standard and

doughnut devices
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Fig. 5.4 Comparison of (a) Z method and (b) Y method R, extraction for PMOS standard

and doughnut device
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Table. 5.1, table. 5.2, and table. 5.3 is the parameter values which are for the gate resistance
optimization of Z-method. The calculated A, and B are mainly from the parameter ggs, Cgg,
Cad, Cgs, gm, and Cgs. The used devices are standard multi-finger W2N32, D1S1, and D10S10,

including N type and P type MOSFETs.

Table. 5.1 The optimized parameters (A, and B) for Z method R, extraction of standard
W2N32 device

NMOS standard W2N32 bias dependent with vary Vgs (Vds=1.2V)

Ag/(W"2+B),
Vgs gds (S) Cg_g (F) ng (F) Cgs (F) | gm (S) | Cds (F) B Ag =40GHz
0.8 |3.38E-03]7.68E-14]|2.49E-14|5.19E-14|4.26E-02] 1.89E- 14| #H#titi | #Htitii 7.07

0.9 |4.06E-03]7.87E-14]|2.51E-14]5.36E-14|4.68E-02] 1.79E- 14| #H#titii | #Htitii 5.74

1 4.63E-03]8.00E-14|2.53E-14|5.47E-14]4.87E-02] 1.72E- 14| ####H#HH | #HHHHHH 4.85

1.1  |5.15E-03]8.10E-14]|2.56E-14|5.54E-14|4.92E-02] 1.67E- 14| ####H#H# | #H#HHHHH 4.17

1.2 |5.65E-03]8.17E-14]|2.59E-14|5.58E-14]|4.89E-02] 1.63E- 14| ####H#HH | #H#HHHHH 3.59
Average 5.08

PMOS standard W2N32 bias dependent with vary Vgs (Vds= -1.2V)

Ag/w™2 +B),
Vgs gds (S) | Cgg (F) | Ced (F) | Cgs (F) | gm (S) | Cds (F) B Ag f=40GHz
-0.8 | 3.84E-03] 7.16E-14 | 2.39E-14 | 478E-14 ] 1.60E<02 | 2.77E-14 | 4.42E+22| 6.34E+23 5.91
-0.9 |4.37E-03] 7.28E-14 | 2.43E-14 | 4.86E-14 | 1.84E-02 ] 2.78E-1415.70E+22| 7.07E+23 5.88

-1 4.88E-03] 7.39E-14 | 2.47E-14| 4.92E-14 | 2.01E-02 | 2.81E-14]6.78E+22| 7.40E+23 5.65
-1.1 | 5.45E-03| 7.47E-14 | 2.52E-14 | 4.95E-14] 2.13E-02 ] 2.81E-14]7.96E+22| 7.40E+23 5.19
-1.2 | 5.96E-03] 7.56E-14 | 2.58E-14 | 4.98E-14 ] 2.21E-02 ] 2.81E-14 | 8.96E+22|7.20E+23 4,71
Average 5.47

Table. 5.2 The optimized parameters (Ag and B) for Z method Rg extraction of doughnut
D1S1 device

NMOS doughnut D1S1 bias dependent with vary Vgs (Vds=1.2V)

Ag/(w™2 +B),
Vgs gds (S) | Cgg (F) | Ced (F) | Cgs () | em (S) | Cds (F) B Ag f=40GHz
0.8 |3.11E-03] 7.73E-14] 2.15E-14] 5.57E-14 | 4.26E-02 | 2.58E-14 | 1.31E+23] 1.96E+24 10.06
0.9 |3.75E-03] 7.93E-14] 2.17E-14] 5.76E-14 | 4.68E-02 | 2.48E-14 | 1.67E+23] 1.98E+24 .62

1 4.31E-03] 8.05E-14] 2.19E-14] 5.85E-14 | 4.87E-02 | 2.42E-14|1.92E+23] 1.95E+24 7.65

1.1 |4.81E-03] 8.15E-14] 2.22E-14] 5.93E-14 ] 4.92E-02 | 2.36E-14|2.10E+23] 1.85E+24 6.79

1.2 |15.30E-03] 8.22E-14] 2.26E-14] 5.96E-14 | 4.89E-02 | 2.33E-14 |2.23E+23] 1.75E+24 6.11
Average 7.85
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PMOS doughnut D1S1 bias dependent with vary Vgs (Vds=-1.2V)
Ag/(w™2 +B),

Vgs gds (S) | Cgg (F) | Ced (F) | Cgs (F) | gm (S) | Cds (F) B Ag f=40GHz
-0.8 | 3.85E-03] 7.06E-14 | 2.34E-14] 4.72E-14] 1.69E-02 ] 2.67E-14 |4.98E+22] 7.06E+23 6.25
-0.9 |4.27E-03] 7.22E-14] 2.38E-14 ] 4.84E-14 ]| 1.97E-02] 2.69E-14 | 6.31E+22] 8.04E+23 6.37
-1 4.66E-03] 7.34E-14] 2.43E-14| 4.92E-14] 2.16E-02 | 2.72E-14]7.37E+22] 8.53E+23 6.23
-1.1 | 5.05E-03] 7.44E-14 | 2.48E-14] 4.96E-14 | 2.30E-02] 2.74E-14 | 8.38E+22] 8.81E+23 6
-1.2 | 5.44E-03] 7.51E-14] 2.53E-14] 4.98E-14 | 2.39E-02] 2.75E-14 | 9.28E+22] 8.84E+23 5.67

Average 6.1

Table. 5.3 The optimized parameters (A, and B) for Z method R, extraction of doughnut
D10S10 device

NMOS doughnut D10S10 bias dependent with vary Vgs (Vds=1.2V)
Ag/(W"2+B),
Vgs gds (S) | Cgg (F) | Cgd (F) | Cgs (F) | gm (A/V)] Cds (F) B Ag =40GHz
0.8 |2.83E-03]|7.82E-14]2.49E-14]5.33E-14] 4.75E-02 |3.33E-14]1.28E+23]2.31E+24 12.09
0.9 |3.50E-03]7.99E-14|2.51E-14]5.48E-14] 5.12E-02 |3.27E-14]1.54E+23]2.34E+24 10.78
1 4.07E-03]8.10E-14]|2.54E-14] 5.56E-14] 5.27E-02 |3.21E-14]1.73E+23|2.31E+24 9.8
1.1 |4.58E-03|8.18E-14|2.57E-14]5.61E-14] 5.29E-02 | 3.14E-14]1.87E+23|2.24E+24 8.97
1.2 |5.08E-03]8.25E-14|2.60E-14]5.65E-14] 5.23E-02 | 3.07E-14]1.98E+23]2.14E+24 8.21
Average 9.97
PMOS doughnut D10S10 bias dependent with vary Vgs (Vds=-1.2V)
gm Ag/(w"2 +B),
Vgs gds (S) | Cgg (F) | Cgd (F)| Cgs (F) | (A/V) | Cds (F) B Ag =40GHz
-0.8 |2.98E-03]|7.12E-14]|2.32E-14|4.80E-14}1.69E-02]3.22E-14|3.15E+22]8.02E+23 8.48
-0.9 |]3.65E-03]7.26E-14]2.36E-14]4.90E-14]1.94E-02]3.11E-14]4.48E+22]8.59E+23 7.96
-1 4.28E-03]7.36E-14]2.41E-14]4.95E-14]2.13E-02]3.01E-14]5.91E+22]8.91E+23 7.29
-1.1 ]|4.90E-03]7.46E-14]2.47E-14]4.99E-14]2.26E-02]2.93E-14]7.30E+22]8.83E+23 6.49
-1.2  |5.52E-03]7.54E-14]2.53E-14]5.01E-14]2.34E-02]2.87E-14]8.63E+22]8.49E+23 5.68
Average 7.18

Narrow-OD R, with Z-method and Y-method were extracted and plotted as a function gate

bias, as shown in Fig. 5.5 that were obtained by the two methods are compared. Similar

values were obtained for W2N16, which has the minimum finger number here. But for the

WIN32 and WO5N64, a slight difference between Z-method and Y-method. The lowering of

R, by Y-method attribute to the term in the denominator of Rey ym(y, )% this capacitive

components become higher due to the poly gate to metal coupling introduced by poly gate to

metal coupling capacitance, which is not clean enough for open metal3 de-embedding result.
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And this can be improved by applying metall de-embedding but will be at a significantly cost

of chip area

16 16
Narrow-OD NMOS —m—W2N16 || Narrow-OD NMOS —n— W2N16
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Fig. 5.5 Comparison of (a) Z method and (b) Y method R, extraction for NMOS narrow-OD

device

As discussed before, the R, lowering effect is fine and acceptable for narrow-OD devices
with Y-parameter. But for multi-OD with even larger extrinsic parasitic capacitance, the R, is
dramatically different between there two method. Multi-OD R, with Z-method and Y-method
were extracted and plotted as a function gate bias, as shown in Fig. 5.6 that were obtained by
the two methods are compared. Similar values were obtained for OD1 and ODS, which has
nearly the same poly width here. But for OD16, a significant difference between Z-method
and Y-method occurs and a totally different trends. The Y-method R, of OD16 even lower

than OD1. Same as narrow-OD devices, the lowering of R, by Y-method attribute to the term

in the denominator of Re(Y,, V(Y > this capacitive components become higher due to the

longer poly gate to metal coupling introduced by poly gate to metal coupling capacitance,
which is not clean enough for open metal3 de-embedding result. And this also can be
improved by applying metall de-embedding for a more accurate result. We can judge from
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the comparison result that the Z-parameter is suitable and more accurate than Y-parameter in

most of the conditions and test patterns.

40 8
45 [ Muiti-OD NMOS " m 0D1 ||Multi-op NMOS “m OD1
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Fig. 5.6 Comparison of (a) Z method and (b) Y method R, extraction for NMOS multi-OD

device

5.2.2 High Frequency Performance Analysis (f1, fyax, and NF ,in)

A model for the high frequency figures-of-merit can be derived based on the small signal
equivalent circuit includes gate resistance (R,), gate-source (C,s), gate-drain (Cgq), gate-body
(Cgp) capacitances, transconductance (Gp), body resistance (Ryp), and junction capacitance
(Cysp). Previous studies [67] have ignored the presence of Cg, but it will affect the fr and
unilateral gain significantly, even with a small value that arises from fringing capacitance.

The cut-off frequency fr and Maximum oscillation frequency fvax are the most important
figures of merit for the frequency characteristics of RF transistors. They are often used to
emphasize the superiority of newly developed semiconductors or technologies. The value of

fmax can be determined by the unilateral power gain Ui, as defined by [68].
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Where K is Kurokawa’s stability factor[] defined as

1—|S”|2 _|S22|2 +|A|2
2|S12S21|

where K = , A=S8,,5,, —S,,5,,cc (5.18)

We can also expressed in the Y-parameter

U .= ‘Yzl-Yu‘z _ ‘Yzl'le‘z (5.19)
o 4[Re(YH)Re(Y22)-Re(le)Re(Yzl)] 4[g11g22‘g12g21]

Therefore, fuax is the Maximum frequency at which the transistor still provides a power

gain. An ideal oscillator would still be expected to operate at this frequency, hence the name
Maximum oscillation frequency. Like the short circuit current gain H;, Ugain drops with a

slope of -20dB/dec.

fmax does not have to necessarily larger than fr. Generally, transistors have useful power
gains up to fmax, that above they cannot be used as power amplifiers any more. However, the
importance of fr and fyax depends on the specific application. Thus, there is no general
answer whether fyax should be prioritized-over fr. Both figures should be as high as possible,
and manufactures often strive for fr~fuax in order to enter many different application for

their transistors.

The impact from layout dependent STI stress on high frequency performance is crucial for
RF MOSFETs and circuits design. Fig. illustrates the cutoft frequency fr measured from
NMOS with multi-OD layouts. (Noted that fr is extracted from extrapolation of [Hy;| to unity
gain).

The impact from layout dependent STI stress on high frequency performance is of special
concern for RF MOSFETs and circuits design. Fig. 5.7 illustrates the cutoff frequency fr
measured from NMOS with multi-OD layouts. (Note that fr is extracted from extrapolation of

short circuit current gain [Hy;| to unity gain). Hy; basically characterizes the ratio between the
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small-signal drain and gate current |Ip/Ig|. The cut-off frequency is normally extracted for
various operating points.

It is found that OD1 gains the highest fr while the OD16 reveals itself the worst one. An
analytical model for calculating fr, it is predicted that fp is proportional to Gy, and the
enhancement of G, can boost fr under fixed gate capacitances (Cg and Cgq). Fig.5.13 (b)
present Cye measured from multi-OD layouts. The results indicate that OD16 gets larger Cg,
and smaller G,, as compared to ODI1. Thus, layout dependence of fr just follows those of both
Cge and Gy,

Regarding other RF performance parameters, such as maximum oscillation frequency,
fmax and noise figure, NF i, (not shown), the OD16 MOSFETs suffer significant degradation

due to inherently larger gate resistances.

60
100 | Multi-OD NMOS [ —— W2N16 Multi-OD NMOS |
V=12V /“ —=—0D1 V=12V
— 80} % * % | e oD8 . 1s0
(J'; /)A/AA‘A —A—0OD16 /A/A/A/ 1
= 60r A 1 ~
3 /A /A/ ]40 r
40} - W2N16 E g —a—® )
® / e 0OD1 A .//.Vn : om
el 20t —e—0D8 //./ ]
/ —4—0D16 - 1
- g 130
0F A :/ 1
00 02 04 06 08 02 04 06 08 10 1.2
Ver (V) Ves (V)
(a) (b)

Fig. 5.7 (a) The cut-off frequency fr versus Vgr measured for multi-OD devices(b) Cg, versus
Vs extracted from Y-parameters for multi-OD devices

The second important RF figure of merit is the Maximum oscillation frequency fmax,
which is related to the frequency at which the device power gain equals unity. The high
frequency Ugin and fyax, on the other hand, are independent of Cy,, but are influenced by the
pole formed by Cgp. Since fyax are relatively insensitive to the change in body resistance, it
makes sense that the power characteristics are also insensitive to body resistance. But the
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impact of body resistance on unilateral gain is an important consideration for designers. The
unilateral power gain, on the other hand, can depend on the body resistance. We used

experimental data to verify the relationship between fr and fvax.

f (5.20)

28, (R, +R)+27 f,C R,

fMAX =

Where R, and R, are the gate and source resistance respectively, and gds is output
conductance. From the equation, it is noted that fyiax is heavily dependent on the parasitic
resistance and capacitance of the CMOS device. Hence, the layout of the device can
significantly affect the value of fyax. Fig. 5.8 and Fig. 5.9 are the fyax for multi-OD and

narrow-OD NMOS.
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Fig. 5.8 (a) Ugain and (b) fuax extraction for multi-OD NMOS
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Narrow-OD NMOS
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Fig. 5.9 (a) Ugain and (b) fuax extraction for narrow-OD NMOS

Standard and Doughnut device comparison

The impact from layout dependent STI stress on high frequency performance is of special
concern for RF MOSFETs and circuits:design. Fig. 5.10 (a) and (b) illustrate the cutoff
frequency fr measured from NMOS and PMOS with donut and standard layouts. Note that fr
is extracted from the extrapolation of |Hy;| to unity gain. For NMOS in Fig. 5.10 (a), D10S10
gains 5% improvement in the Maximum fr compared to the standard and D1S1. The benefit
from donut layout becomes particularly larger for PMOS. As shown in Fig. 5.10 (b), D1S1
presents the best performance with the highest fr and realizes 28% increase in the Maximum

fr than the standard device.

120 NMOS, V__=1.2V 60
s Vps=1- PMOS, V__=-1.2V o
DS A——A A ' Vs P
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o / / — ~
= 60l ‘/ —m— Standard W2N32| |} o 130 =
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- 40} y —4—Donut D10s10 —e— Donut D1S1 120 «"
* —A— Donut D10s10
20 / 110
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Fig

. 5.10 The cut-off frequency fr vs. Vs measured for standard and donut devices (a) NMOS

Vos (V)
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(b) PMOS. Standard : multi-finger W2N32. Donut : D1S1 and D10S10.
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The resulted improvement on fr in donut MOSFETs can be consistently explained by the
enhancement of . and Gy,. An analytical model for calculating fr, it is predicted that fr is
proportional to Gm and the enhancement of Gm can boost fr under fixed gate capacitances
(Cqg and Cyq). Fig. 5.11 (a) and (b) present C,; measured from NMOS and PMOS with three
different layouts. The results indicate much smaller difference in C,, between donut and

standard layouts, as compared with Gm. Thus, layout dependence of fr just follows that of

G
G
f = m (5.21)
" 2z oz -c?,
[ NMOS, Vds=1.2V __a—+# || PMOS, Vds=-1.2v I
8ol 0S, Vds .Z ‘?‘ 1 180
%/ ‘%‘—sﬁ/é.
| A / ¢;% ] -
m 707 A7' —n—StdW2N32 [ %é' 170 n
o | /n —e— Donut D151 l%! : 2
SN A —a— Donut D10S10 e ] o
O gof e ] —./ —u— Std W2N32 160
I —e— Donut D151 ]
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Fig. 5.11 Cy, vs. Vg extracted from Y-parameters for standard and donut devices (a) NMOS
(b) PMOS. Standard : multi-finger W2N32. Donut : D1S1 and D10S10.

Regarding other RF performance parameters, such as maximum oscillation frequency,
fmax and noise figure, NF,, the donut MOSFETs suffer significant degradation due to
inherently larger gate resistances than the standard one with multiple gate fingers. The
experimental suggests an innovative donut device layout is required to cover all of the RF and
analog performance. Normally, noise parameters are measured using a relatively complicated
system that measured both noise and S-parameters of the device under test (DUT) and these

measurements are very time consuming.
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An analytical method to extract the HF noise parameters of the MOSFET directly has
been recently presented in [69]. Direct measurement of the noise parameters requires
considerable amount of time since. The noise performance of any noisy two-port network can

be represented by:

F.= 1+2R Re(Y, )1+ R, Re(Y, )]

= 1+K, -fi,/gm(Rg+Rs) (5.22)

(R, +R,)
= 1+K2.f.cgs. - & 57
En
NF . =10logF (5.23)
il
i =7 by Con Ve =V)) (524)

eff

Where Fpi, is the minimum noise factor (the minimum noise factor in dB is called minimum
noise figure), which is defined as the signal-to-noise ratio at the input port divided by the
signal-to-noise ratio at the output port of the noisy two-port. R, is the equivalent noise
resistance, Ys( = Gyt jBs) is the source admittance and Ysop: (= Gsoptt JBsopt) 15 the optimum
source admittance which result in the Fyin. The best noise figure in a circuit is achieved when
the device is presented with optimum source impedance. The optimum input network to
achieve this objective does not in general result in an excellent return loss match. Balanced
amplifiers and isolators are sometimes used to achieve both the optimum noise figure and a

good match.
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Fig. 5.12 Comparison of NF i, measurement result of standard and doughnut devices
of NMOS (left) and PMOS (right).
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Fig. 5.13 Comparison of R, measurement result of standard and doughnut devices

of NMOS (left) and PMOS (right).

Fig. shows the measured values of all four noise parameters of the device versus
frequency at Vg= 1V and V4= 1.2V. It 1s observed that R, does not vary much with frequency,
but the doughnut devices have markedly difference R, between standard multi-finger devices,
which can be seen that the gate resistance have a great impact on noise resistance. The R, of
doughnut is D1S1 about 7 times larger than standard and we can verify it from the following

relation formula;:
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Fig. 5.14 Comparison of Y, measurement result of standard and doughnut devices of

NMOS (left) and PMOS (right).

Fig. 5.15 shows NF,.;, and R, vs. frequency measured from the narrow-OD NMOS at

V= 0.8V and V4= 1.2V, which is the bias condition when Gy, reach the Maximum value. It

is observed that R, shows no difference among three devices, NF i, is the worst for WO5SN64

but not that critical for a normal condition. It is believed that the multi-finger type transistors

in 90nm technology are well-controlled at HF noise behavior.
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Fig. 5.15 Comparison of noise parameters measurement result of standard and narrow-OD

devices, (a) NFmin (b) Ry

4 i -
Re(Ysopt)
2 i > > <
0 i -
g, R SS|E
é “l A\ﬁkﬁ\ T
g S Im(Ysopt)
o -4 A_ A P!
% 90nm-NMOS A .
> Ata [A-aTA
-6 Vg=0.8V, Vd=1.2v LA ]
—=—W2N16 \A\A \aa
-8 —=—WIN32 \A\'A, A |
—n— WO5N64 s
-10 T R R B | L ) 5
0 2 4 6 8 10 12 14 16 18 20
vV, (V)

Fig. 5.16 Comparison of noise parameters Re(Yopt) and Im(Y sopr) measurement result of

standard and narrow-OD devices

The difference of RF noise parameters from layout variation in narrow-OD NMOS is not
obvious, whereas the multi-OD devices have a totally different performance with respect to
the narrow-OD ones, as shown in Fig. 5.17. The OD16 with 0.125um OD width has the worst
NFmin, but the noise resistance of OD16 is not the largest one. The ODS has a totally different
slope of NFmin versus frequency compared to OD1 and OD16, and the noise resistance of

ODS is the largest one. For the frequency under 10Ghz, the NFy,i, of ODS is higher than OD1,
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when the frequency higher than 10Ghz, the NF i, of OD1 exceed the ODS8. As a summury,

OD16 with middle Rn but the worst parasitics effect (mainly from Cgs) make it NFi, worse

than OD1 and ODS.
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Fig. 5.17 Comparison of noise parameters measurement result of standard and multi OD

devices, (a) NFmin (b) Ry (¢) Re(Ysopt) and Im(Y sopt)

5.3 Four-port 4T MOSFET with various Body Contact Layouts

Accurate extraction and modeling of the body network is of utmost importance in RF
regime and application to CMOS RF circuit design [70-72]. However, in the conventional
2-port RF test structure used for extraction of elements of the body model, the source terminal
1s invariably shorted to body. Body network shunts the source junction making extraction of

its capacitance difficult.
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The four-port RF MOSFET test structure related to body pattern and device
characterization were implemented in this section to alleviate these problems and help in
accurately extracting the body networks. We proposed eight structures which include each

type of body contact shape.

Due to the analytical expressions for body parameter modeling based on device geometry,
we proposed each kind of layout with different body pickup. The conventional ring-shaped
body contacts, we called it standard briefly. We usually approximate it to body coupling in
vertical and horizontal directions, and it was the most common used structure in many works.
The other structures include only side body contacts such as parallel and perpendicular, which
means the body contacts are parallel or perpendicular to the gate fingers, and then the body

coupling only in one side and less area of body contacts.

We also proposed some body shapes-which are not in symmetry such as L-shape contacts
and U-shape contacts which may reveal some - interesting outcome of body network

parameters compared with the above different types layout.

The third kind layout, we split the body contacts into multi-ring and the total width (Wetar),
finger number (Ny), and channel length (L,) are the same as standard type(ring-shape) in this

work. The detailed description and classification were shown in the following table.
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Table. 5.4 The layout view and classification of each kind body contacts

Structure Layout Description
Standard The ring-shape
Body and N-well contact.
2-rings Body contact split into 2
group and ring-shape
N-well contact.
4-rings Body contact split into 4
group and ring-shape
N-well contact.
8-rings Body contact split into 8
group and ring-shape
N-well contact.
U shape U-shape body and N-well
contact.
L shape L-shape body and
N-well contact.
Parallel Body and N-well contact

parallel to poly-gate

fingers.
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Perpendicular Body and N-well contact
perpendicular

to poly-gate fingers.

5.3.1 Four-port De-embedding Method

The 4-port here has the same analytical de-embedding method for 2-port. The following

equation is the matrix de-embedding method for 4-port devices:

meas o = Yeas ~ Yopen (5.26)
Yshorl_o = Y;hort - Yopen (527)
Zdul = Zmeasio - Zshortio = ((Ymeas S ),open )_1 N (Y;hort - Y;pen )_1 )_1 (528)

Thus, according to the above, the procedures of the two step de-embedding technique can be
given as follows. First, we obtain the s-parameters (Smeas, Sopen, and Sshort) for DUT, open and
short test structures and convert them to Y parameters (Ymeas, Y open, and Yshorr). Then perform
the first step de-embedding by removing the parallel parasitics from both Ypur and Yghort

according to the following equations

_ _ (5.29)

meas_o " meas open

(5.30)

short _o — Yshorl ~ Lopen

The last step of de-embedding is to perform the second de-embedding by removing the series
parasitics Zgport o, converting from Yhort 0, from Zpeas o, converting from Y meas o according to

the following equation
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Z. =7 -z (5.31)

DUT meas o short o

5.3.2 Intrinsic Device and Parasitic RLC Parameters Extraction and
Analysis — Body Contact Layout Effect and Bias dependence
As shown in the table, A 2*32um device with standard body layout is selected as a
reference device, and the Cj; of multi-ring body devices have linearly increased with body
ring number.
The extracted capacitances are plotted as a function in Fig, the Cjs and Cjq have very strong

frequency dependence at higher frequency. This is due to when the frequency increase, the
term ®*(C,y +C,)°R,,” in the denominator of Yu3 and Y43 become significant. The high
frequency effect of Im(Y43) and Im(Y34) starts to be dominant, and therefore the higher Ry
may cause the Cjgand Cjslowering. The Fig. shows the source and drain junction capacitance

Cjs and Cjd of standard, U shape, and L-shape body contact layout. It is easily found that for

the Cjs and Cjd without applied Ry calibration, the capacitance at frequency higher than 500

Mhz dramatically drops because of the term:@*(C «tC J.5)2 R,,> get higher. The phenomenon

is more serious for the U shape and L shape body contact, which have less body contact

number and hence larger Ryp.
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Fig. 5.18 Cj; extraction versus frequency (a) without Ry, calibration and (b) after Ry,
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calibration
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Fig. 5.19 C;qextraction versus frequency (a) without Ry, calibration and (b) after Ry,

calibration

Table. 5.5 Cj; extraction versus Vg, extraction

Vbs(V) | Cjs(standard) | Cjs(2-rings) | Cjs(4-rings) Cjs(8-rings)
-0.6 2.67E-14 2.88E-14 3.32E-14 4.21E-14
0 3.50E-14 3.80E-14 4.34E-14 5.48E-14
0.6 9.50E-14 1.05E-13 1.24E-13 1.63E-13

Table. 5.6 The increment of C;s with the body ring number increased

Vbs(V) Capacitance of 2-rings Capacitance of 4-rings Capacitance of 8-rings
increament(%) increament(%) increament(%)
-0.6 7.87 16.5 333
0 8.57 15.4 32.57
0.6 10.5 20 41.05
Equation | (Cjs_R2- Cjs_std)/ Cjs_std | (Cjs_R4- Cjs_R2)/ Cjs_std (Cjs_R8- Cjs_R4)/ Cjs_std
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Fig. 5.20 C,and Cyq extraction versus frequency of ring type body contact layout
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Fig. 5.21 Cj; extraction versus frequency of ring type body contact layout

Fig. shows the measured Cgyqp and Cpgg as a function of body bias Vs for 1 ring and
8-Rings body contact layout devices. For a zero gate bias, the measured capacitance decreases
with increasing junction reverse bias (Vps< 0) due to the increase of the depletion widths of
the individual junction components. It can also be seen that at Vg= 0V (Vg= V= 0),
corresponding to a depleted surface in the transistor channel. As the channel goes into
accumulation (Vg< 0V), the inner sidewall of source and drain junction comes into existence

and the measured capacitance increases due to reduction of the depletion width of the
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sidewall junction with increasing degree of accumulation.
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Fig. 5.22 Cjq(Cpq and Cgp) and Cjq (Cps and Cg,) extraction versus body bias (a) standard and
(b) 8-Rings
It’s obviously that Cj was larger than Cjq, this phenomenon especially occurs in
multi-ring body contact structures (2-Rings, 4-Rings, and 8-Rings). It’s due to the more body
contact we split, the more source side transmission line distance that may impact the total
capacitance of source side capacitances as shown in Fig. 5.22.
These are mainly inter connect coupling capacitances introduced by both metal-to-metal and
metal-to-contact interconnect.
The body resistance shows weak bias dependence, but strongly dependence on device
geometry such as number of fingers and length of body contacts. In these case, 1/ Ry, scales

with body contact length which is due to the length of resistive path.
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Table. 5.7 Body resistance and deep-N-well capacitance with different body shapes

Body layout | Rbb ( Ohm) Cdwn (fF)

Parallel 1415.48 105.6

L shape 691.86 132.8

U shape 600.97 140.9
Perpendicular 409.15 151.8
standard 384.21 155.4
2-Rings 310.25 166.6
4-Rings 212.87 187.7
8Rings 181.27 231.2

The extracted body resistance and capacitance values from Fig. can be viewed in Table.
The body resistance and capacitance values have been obtained after applying a slight
optimization so that the best match for the simulated and measured Y-parameters can be
achieved. The body resistance and capacitance values have been obtained after applying a
slight optimization so that the best match for the simulated and measured Y-parameters can be

achieved.
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Chapter 6

Conclusions

6.1 Summary

The potential impact from layout dependent STI stress on LFN and high frequency
performance has been investigated on multi-finger MOSFETs with various layouts, such as
narrow-OD and multi-OD. The monotonic decrease of G, with finger width (W) scaling in
narrow-OD NMOS proves peg degradation from the compressive STI stress along transverse
direction (o). However, the multi-OD NMOS reveal an abnormal G, increase for extremely
narrow OD width to Wop=0.125um. The observed results suggest that STI stress is not the
only mechanism governing the electrical property in miniaturized devices. STI TCR induced
AW is identified as another key factor, which may overcome STI stress effect in determining
channel current and G, Semi-empirical formulas have been derived to successfully predict
Wop scaling effect on per and Gy, “Taking this. method, AW can be precisely extracted based
on a simultaneous best fitting to per and Gy-and the resulted increase of effective width (Weg)
is dramatically large to around 34% for OD16 with Wop=0.125um. The larger W becomes
the major contributor to reducing LFN and overcome Nj; effect in narrow-OD and multi-OD
devices with sufficiently small Wop. The reduction of LFN with OD width scaling is the other
evidence reflecting STI TCR induced AW effect.

Unfortunately, the OD width scaling leads to a negative impact on high frequency
performance like fr and fuax, due to Gy degradation and undesired increase of Cg. An
improved open deembedding method can reduce the parasitic capacitances from inter-metal
coupling but cannot eliminate gate related fringing capacitances. The multi-finger MOSFETs
with miniaturized OD width cannot prevent from fr degradation. The trade-oft between LFN
and high frequency performance identified from this research work provides an important

layout guideline for analog and RF circuit design.
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The proposed donut MOSFETs demonstrate the advantages over the standard
multi-finger MOSFETSs, such as the lowest Sip/Ips” in low frequency domain (1~ 10K Hz) and
higher fr in very high frequency region (100/50 GHz for N/P MOS). The elimination of STI
stress and excess traps along the channel width is validated as the primary mechanism
responsible for the enhancement of s as well as fr, and reduction of LFN. The layout
dependent stress mechanism can be applied to both NMOS and PMOS, even though their
LFN are governed by different models. An innovative donut device layout for solving the
potential degradation of fyax and NFnin emerges as an interesting and important topic in the
future work for RF and analog applications.

The variations of body contact layout reveal significant effect on body resistance
(Rsp), junction capacitances (Cjs and Ciq), and gate capacitances (Cgs, Cgd, and Cg,). Multi-ring
body contact layout offers the advantage of lower Ry, but pays the penalty of larger junction
capacitances and gate capacitance. The drawback of increased gate capacitances leads to
degradation of high frequency performance like fy. For 8-ring body contacts, the measured ft
is degraded by around 12.6%, compared to the standard multi-finger MOSFET with the same
channel width (NkxWp). However, the fluence on fyax from multi-ring body contact becomes
a benefit instead of penalty. fyax extracted from U-Gain method indicates around 9.84% and
8.41% improvement from 4-ring and 8-ring compared to the standard multi-finger MOSFET.
The mechanism responsible for fyiax improvement even under the condition of fr degradation

introduces another interesting topic in future work.

6.2 Future Work
The proposed donut MOSFETs can provide the advantages over the standard
multi-finger MOSFETSs, such as the lower LFN for VCO or down-conversion mixer design.

Even though the improvement of peg and Gy, can gain another benefit such as higher fr, the
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significant increase of gate resistance R, indeed leads to degradation of fuax and RF noise,
which are key parameters determining LNA and PA performance. An improved donut
MOSEFT layout for solving the potential degradation of fyax and NF,,;, emerges as an
interesting and important topic in the future works for RF and analog applications.

The second interesting topic worthy of continuous research effort is to explore the
mechanism responsible for fyiax improvement from multi-ring body contacts layout even with
the penalty of fr degradation. The reduction of body resistance Ry, is considered one of key
factors but the underlying mechanism is not truly understood. Furthermore, the impact from
Ry in single MOSFET on amplifiers like PA or LNA with cascade or cascade topology
appears as another interesting subject in the future work.

The third interesting topic is the OD/STI density effect on STI stress and TCR profile, and
their impact on per, Gm, Ips, LFN, and:high frequency performance (fr, fmax , and NFyn).
Extremely narrow MOSFET with single gate-finger and multi-OD and multiple gate-finger
and single narrow OD will be designed to investigate the mechanism.

The last one interesting topic to remark in the future work is the gate/channel orientation
dependence of mobility modulation from STI stress. Single gate-finger MOSFETs with x- and
y- gate/channel orientations and different channel width (Wop) will be implemented to
explore the truth. Also, the results can facilitate analysis and modeling of donut MOSFETs

with both x and y directions in the gate/channel orientation.
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