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Abstract

The fast development of wireless communication market increases the demand
of electronic product. Under such a keen, competition, CMOS transistor, which has the
characteristics of low cost, high integration'and low power, provides radio-frequency
(RF) circuit designers an excellent choice. In the past, the Source and Body terminals
of the MOS sample layout which ~foundries- provide to customers are connected
together. However it is not suitable for users. Therefore, foundries tend to provide

4-Terminal (4T) MOS sample layout to customers directly now.

In this thesis, 0.13um process, 4T NMOS device is used for extraction but still
put in 2-port pad to measure. This thesis includes a series of study and brings up a
series of de-embedding and parameter extraction methods which are suitable for 4T

NMOS under 2-port measurement.

This thesis utilizes software ‘“Calibre-xRC” to calculate the interconnect
capacitances coupling between device interconnect metals, and analyzes the

capacitance variation to study the strategy of layout optimization.
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Chapter 1

Introduction

1.1 Research Motivation

With the rapid advancement of semiconductor technology, the size of transistor
is scaled down aggressively to nanometer regime. Besides, because of the continuous
expansion of wireless communication market, the demand of radio-frequency (RF)
circuit products is increasing. In the view of circuit designers, under the consideration
of high integration, low-cost of manufacture and. low power, CMOS technology is an
excellent choice. However, RE circuit-designers-usually meet a problem when
designing their original circuit. When. they proceeéd to simulate in advance, the
simulated result and the measured result are always inconsistent. It means a feasible
product needs to be built on the foundation of several tape-out fails. RF circuit
designers have to rely on their intuition which is accumulated from experience, and
fine tune their circuit and experience several times repeat tape-out to get a feasible
product finally. But this kind of process will cost considerable and take much time.
The reason that causes the mismatch of simulation and measurement is the inaccuracy

of device model.

When a transistor is operated at radio-frequency, the parameters in original
model are not enough to describe the transistor’s performance. For this reason, a
practicable way is to put some external elements in original model equivalent circuit
to make this expansive model equivalent circuit sufficient to describe real

1



performance of device. These external elements include Gate resistance (Rg), Drain
resistance (Rp), Source resistance (Rg), substrate components and some inductances

and capacitances. We call them parasitic resistance, inductance, and capacitance.

The research motivation of this thesis is that we hope to build a reasonable
model equivalent circuit. According to some numerical analysis, we can get the values
of these parasitic components. Furthermore, we analyze these parasitic components
physically, and explain their physical characteristics. Final, when the model is import

to simulation software, the simulated result and measured result are coincident.

1.2 Thesis Organization

The theme of this thesis is' the development of parasitic RLC extraction

methods, the equivalent circuit analysis—and-—verification for 4 terminals sub-pm

MOSFET.

In Chapter 2, I will introduce the influence of interconnect capacitance and how
to minimize it by layout optimization. In Chapter 3 to Chapter 5, the extraction
methods adopted in this study will be described. Some necessary modifications have
been done to conform to our test-key in which the equivalent circuit, numerical
analysis, and equation derivation will be provided. The extraction method is built and

verified for 0.13um RF CMOS technology.

It is continuous from Chapter 3 to Chapter 5. In Chapter3, I introduce the
measurement set and explain the de-embedding methods. Besides, according to my

specific consideration, there is some minor modification on the de-embedding method.
2



In Chapter 4, I elaborate every extraction method of each parameter I extract. It
includes my consideration and revision to make the extraction suitable for my test-key.
In Chapter 5, I demonstrate all extracted parameters and their curves from measured
data. After that, I analyze their characteristics and bring up a new extraction method
of Gate and Drain resistance. Finally, in Chapter 6, I explain the appropriate, reformed
layout and extraction for next tape-out. This thesis can provide an extraction reference

for others research workers.






Chapter 2

Interconnect Capacitance

2.1 Introduction

A NMOS transistor is composed of p-substrate, n+ doped source and drain
regions, n+ poly-Gate, and so on. A circuit designer will put the transistor in his
circuit and use metal to connect it with other devices. Based on MOSFET layout
analysis, we see that both metal-to-metal and metal to contact introduce interconnect
coupling capacitances. Because they belong.to device, they are more complicated to
be analyzed and extracted than  the"general inter-metal coupling capacitance

introduced by back-end process-as pure interconnection lines.

If the transistor is not very small;"and the circuit is not operated at very high
frequency, these capacitances can be neglected because they are too small compared
with intrinsic capacitances. However, if the transistor is very small, and the operating
frequency is very high, these capacitances should not be neglected because of the
small intrinsic capacitances and the small impedance across the interconnect

capacitance. Please see Fig.2-1. (The impedance across capacitance is 1/®C)

In this Chapter, I name the capacitance with a suffix “m”. It means the

interconnect capacitance is coupled between metals inner device.



The capacitance values
increase when space is

narrower

Drain Source

>

Figure 2 - 1: the interconnect capacitance chart

These capacitances will affect the performance of MOS. For example, fr, the

cut-off frequency, is a parameter to know how fast this transistor can operate. There is

a rough formula can estimate fr: f, =z —="— ’?’m when Cg increase, fr decreases.
g Tl

Bl = i
Sl o :

It shows the fact that Whpﬁ “deVice.i's"'iléry small, interconnect capacitance will
= g b -

degrade the performance. N

2.2 Layout Analysis and Optimization Strategy

Fig.2-2 and Fig.2-4 are the layout of NMOS transistor before and after layout
optimization. Now I analyze their interconnect capacitance from the view of their
structure to explain that after optimization, the interconnect capacitance effect
decreases. The cross-section views of the layout before and after optimizing are

showed in Fig.2-2 and Fig.2-3.
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Figure 2 - 2: the cross-section view of NMOS before optimizing
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The gate to source coupling capac1tance (Cgs_m) 1n Fig.2-2 is mainly contributed
from the first element Gate-M3 and Source-M2 coupling and the second element from
Gate-M1 and Source-M1 coupling. But, in Fig.2-3, the capacitance value decreases
much because 1%: Source metal is stacked to M3, and connect to terminal in
X-direction; 2"%: the Gate-poly terminator in Fig.2-3 is connect in U-shape. So the
Gate-M3 doesn’t overlap Source metal. Besides, Gate-M1 and Source-M1 are
staggered and separated in a distance. Such a layout design decrease the interconnect

C,s value.



2.2.2 Gate to Drain Coupling Capacitance - Cgq m

Coda_m value is contributed by Gate-poly and Drain-M1 coupling. Because the
layout shape of Drain doesn’t change much, the Cyq m values of Fig.2-2 and Fig.2-3
are closed. Because the space between Gate-poly and Drain-M1 in Fig.2-2 is wider

than in Fig.2-3, Cyq value in Fig.2-3 is larger than in Fig.2-2.

2.2.3 Drain to Source Coupling Capacitance - Cys_m

Cas_m value is mainly contributed by Drain-M1 and Source-M1 coupling. When
the transistor is smaller, the space between Drain-M1 and Source-M1 is narrower.

And it explains that Cys 1, value inFig.2-3 is larget.than in Fig.2-2.

2.3 Simulation result analysis

In section 2.2, Fig.2-3 layout is the optimized result of Fig.2-2 layout to reduce
interconnecting coupling capacitance. To prove it, I use the software Calibre-xRC
developed by Mentor-Graphic to calculate the coupling capacitance between different
metals. Table 2-1 is the simulation result. The device used to be simulated is 0.13um

NMOS whose finger number is 18.

Unit: fF Cgsfm ngﬁm Cds,m
Before optimize 4.36988 2.1651 2.8203
After optimize 1.68503 2.3036 4.53245

Table 2 - 1: the interconnect capacitance values of NMOS whose finger number is 18 (unit:fF)



According to Table 2-1, the C,s 1, value decreases much, Cgq m value increases

little and Cg4s 1, value increases much.

2.3.1 Gate to Source Coupling Capacitance - Cys m

Compare Tab.2-2 and Tab.2-3, we can find that before layout optimizing,
interconnect Cg 1 is mainly contributed by (1)Gate-M3 and Source-M2 overlap
coupling and (2)Gate-M1 and Source-M1 sideward coupling. After layout optimizing,
the overlap coupling and sideward coupling are eliminated or minimized. This layout

design results in interconnect Cg,_, decreasing.

2.3.2 Gate to Drain Coupling Capacitance - Cyq m

Drain layout shape is not changed after ‘optimizing. The interconnect Cgq m
value is not changed much which is mainly contributed by Gate-poly and Source-M1

coupling.

2.3.3 Drain to Source Coupling Capacitance - C4s m

Interconnect Cgys_m is mainly contributed by Drain-M1 and Source-M1 sideward
coupling. We hope the device size smaller, and then the space between Drain-M1 and
Source-M1 will be narrower. Because device performance is not affected by Cgs m

much, decrease in Cg_, value is chosen first in the optimization work.

Besides, Table 2-4 is the simulated interconnect capacitance between every
9



terminal.

Ces m Ced.m Cas.m Cebm Cab_m Cos_m
NF=18 1.68503 2.3036 4.53245 0.200926 | 0.451989 | 0.262949
NF=36 3.0508 4.45151 9.04583 0.233144 | 0.833048 | 0.278357
NF=72 5.78234 8.74732 18.0726 0.297582 | 1.59517 0.309175

Table 2 - 2: simulated interconnect capacitance of each finger number NMOS (unit:fF)

2.4 Spacer Fringing Capacitance Analysis

2.4.1 Introduction

Not only the metal coupling |capacitance, but also the capacitances between
Gate-poly and Drain/Source diffusion region through spacer should not be neglected

when the device is scaled down te nanometer level.

Please see the figure showed below left, C; represents the coupling capacitance
between Gate-poly and contact and C, represents the coupling capacitance through
spacer. When device is not very small, the space between Gate-poly and contact is
wide and C;, C, values are small relative to intrinsic Cy. However, because fast

development  of the  semiconductor
technology, the device size has been extreme

small and the space between Gate-poly and

contact has been very narrow. Therefore, C;

Source

and C; values should not be neglected.

10



However, there is not effective method to measure the values of these
capacitances. De-embedding process at least removes the capacitance coupling higher
than contact. The C; and C, in above figure are always included in extracted
capacitance values. Nevertheless, we can calculate out these values by the 3-D
simulation tools such as Raphael. We are not sure the accuracy of the simulated
intrinsic capacitance which is coupling through the substrate. However we can
simplify the device situation. We design a test-key, and the region under Poly-Gate is

not channel but oxide. The cross-section view of the test-key is showed below left.

Of course it is not MOS transistor
anymore but it simplify the situation of
interconnect coupling because

Source semiconductor intrinsic capacitance 1is

excluded.” Because there must been a

minimum space between diffusion active
region and Poly-Gate, the coupling capacitance between Poly-Gate and contact and
through spacer are not the same as mentioned formerly. In the above left figure, I use
Cy’ and C;’ to distinguish from former ones. Furthermore, Cs represents the coupling

capacitance through the oxide under Poly-Gate.

We use RF measurement equipment to measure the s-parameters of the test-key
and then extract Cgs, Cgq values from the measured data (About the RF measurement,
it will be introduced in Chapter 3). In addition, we use the TCAD tool: Raphael to
calculate the capacitance values. Here I name the calculated spacer capacitance with a
suffix “sp”. If the measured capacitance values are close to simulated values, it means

that the simulation tool: TCAD is reliable about the capacitance-in-oxide calculation.
11



(The materials of spacer are oxide, too)

2.4.2 Measurement and simulation analysis

“S” in the Table 2-5 represents the distance from poly edge to active region
edge. Because the region under Gate-poly is oxide, the equivalent circuit is quite

simple. Therefore we can extract the capacitances from the formulas:

Im(Y,,)
ng = Cgs + ng = ® n

The extracted capacitances are showed in Table 2-5.

S=0.07, NF=36 S=0.14, NF=36 S=0.21, NF=36

Cee 5=Cas sp+Ced sp | 0.312986 0.281111 0.285417

Table 2 - 3: the extracted Cy;-values- of test-key (unit: fF/um)

Besides, we build a device structure of test-key and import the source file to
Raphael, and then simulating the sum of capacitance values which are coupled from

Gate to Source and Gate to Drain.

Moreover, the extracted capacitances include interconnect capacitance because
the open pad used for de-embedding just reserve the metals higher than M3. Therefore,
the simulated interconnect capacitances should be added. Here I use the tool:
Calibre-xRC to calculate the interconnect capacitance of the test-key. The simulated

result is showed in Table.2-6.

12



S=0.07 S=0.14 S=0.21

Interconnect Cyp i | 0.059084 0.06018 0.069056
Spacer Cgq 0.243308 0.188227 0.164437
sum 0.302392 0.248407 0.233493

Table 2 - 4: the simulated C,, values of test-key (unit: fF/um)

Comparing Table 2-5 and Table 2-6, we can find the simulated value and the
measured values are close. This fact tells up that the simulation is believable and
hence, the effects we analyze by the help of the tools such as interconnect capacitance

and spacer capacitance are reliable.

13






Chapter 3

RF Measurement and De-embedding

3.1 RF Measurement

For the purpose of extracting MOS transistor parameters from measured data,
on-chip RF measurement is adopted because of its accuracy. The data we get not only
includes device’s performance but also the influence of the pad, coaxial cable and
equipment. Before we put the die in the probe station, system calibration needs to be
performed first to remove the influence. of equipment, signal line and make the

reference plane locates at the probe tips.. (Figi3=1)

(] (]
] ]
] ]
 J  J
' '
Ground >: Ground pad :( Ground
] ]
' '
' '
] ]
' '
. .
’ ’
] ]
Signal > Port 1 Port2¥  Signal
] ]
. .
0 0
] ]
' '
] ]
' '
] ]
Ground ). Ground pad :( Ground
] ]
' '
] ]
' '
] ]
) ’

'4— Reference planes locate at probe tips —>'

Figure 3 - 1: illustration of RF measurement for a two-port system
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2-port system is adopted. (Please see Fig.3-2) It is because our measurement
equipment (which will be mentioned in 3.1.2), system calibration technique and
de-embedding method (which will be mentioned in 3.2) are mainly for 2-port
measurement. We can still design a 4-port test patter to extract parameters, but the
measurement system with special calibration techniques, and the de-embedding

method are more complicated and not complete enough.

Port 1 Port 2
Drain

g Body
Gate

Source

ground ground

Figure 3 - 2: illustration of RE measurement for a two-port transistor

Typically speaking, the system calibration for on-wafer measurement is done by
using a so-called impedance standard substrate (ISS) that can provide high-accuracy
and low-loss standards for two-port calibration procedures such as
short-open-load-through (SOLT) and through-reflect-line (TRL). The SOLT

calibration has been widely used because it is supported by virtually every VNA. ;

3.1.1 Two-Port Scattering Parameters

It is more suitable for two-port RF measurement to use scattering parameters

16



(s-parameters) to replace impedance and admittance parameters (z-, y-parameters).
Because when device is operated at high frequency, it is quite difficult to provide
adequate shorts or opens, particularly over a broad frequency range. Furthermore,
active high-frequency circuits are frequently rather fussy about the impedance into
which they operate, and may oscillate or even expire when terminated in open or short

circuit. 2]

Please see the figure showed below, s-parameters defines input and output
variables in terms of incident and reflected (scattered) voltage waves, rather than port

voltage or current. Furthermore, the source and load termination are Z.

Ei Ei Zo
o—AMN—— = — AW—o
En Two Port En
(o O
|:b1:| _ |:511 S12 :||:31:|
bz Syt Sy ||,

where

a,=E,/\Z,
a,=E,/\Z,
b,=E,/\Z,
b,=E,/\Z,

and
b _Eg _b _Ey
Su = “E Sp = “E
A, 20 i1 A2 04,20 i2
T WU ¥
0= “E Sy = “E
A a0 i1 A2 4,20 i2

The normalization by the square root of Z is a convenience that makes square
of the magnitude of the various a, and b, equal to the power of the corresponding
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incident or reflected wave. s;; is simply the input reflection coefficient, s; is the

reverse transmission, sp; is a sort of gain and s, is the output reflection coefficient. [z

3.1.2 RF Measurement Equipment

The figure showed below illustrates our setup of HF measurement system for
on-wafer RF measurements. ICCAP is used to send the commands to instruments
(Agilent E8364B PNA, and HP4142B) and the probing station is to perform the

measurements for a specific DUT and to gather the measured data for extraction. [y

N 4
Agilent E8364B PNA,
HP4142B Parameter Analyzer

J \

A

Cascade RF Microwave
Probing Station

A

3.2 Two-Port de-embedding

After system calibration is accomplished, the reference plane is located at the
probe tips. However, the measured data still includes the pad effects which consist of
capacitive, inductive and resistive effects. Our goal is to get the measured data of
“pure” device. It is necessary to remove the parasitic effect of the pads including the
metal line connecting signal pad and device. There are some techniques developed to

remove these pad parasitic effect which is so-called de-embedding.
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3.2.1 Open pad de-embedding

The most conventional and easiest method for obtaining the “pure” transistor’s

measured data is to use an extra “open” pad.

When the transistor device is measured with the GSG pad, the layout is like
Fig.3-3, the equivalent circuit is as Fig.3-4 and the open pad’s equivalent circuit is as

Fig.3-5 and Fig.3-6.

Ground pad

Ground pad Source and Body are connected
together in device

Figure 3 - 3: the illustration of device with pad (S and B are connected)

Yes

o Device o

Figure 3 - 4: the equivalent circuit of device with pad
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Ground pad

Port 1

Port 2

Ground pad

Figure 3 - 5: the illustration of open pad layout

Yes

Figure 3 - 6: the equivalent circuit of open pad

After getting the measured s-parameters from device with pad and from open
pad, we transform them to y-parameters and then we can get the transistor
y-parameters by subtracting Yp;, Yp, and Yps from the measured data of transistor

with pad. Theoretically, after this step, we get the pure measured data of transistor.
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We name the y-parameter of device with pad “Ymes’, and the y-parameter of

open dummy “Ypen”, and then

Y = [Y“ *Yp Yoy } ......... (3.1)
e - YP3 YP2 + YP3
Ydut = Ymeas - Yopen

3.2.2 Open, short pads de-embedding

The de-embedding method expounded in 3.2.1 has a defect that it neglects pad
parasitic series effects of the connecting metal line. When device is very small, and
operating frequency is very high, the resistive and inductive effect caused by the
metal line should not be neglected.,S0o it is‘necessary to use one more extra dummy

pad such as “short” pad to remoye the series parasitic components.

Under the considering of pad. parasitic seties effect, the equivalent circuit of

device with GSG pad is as Fig.3-7. The short pad’s equivalent circuit is as Fig.3-8,

Fig, 3-9.
Yers
o Zi Device Zio o
Ye1 Zis Yr2
o 0

Figure 3 - 7: the equivalent circuit of device with pad
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Ground pad

Port 1

Port 2

Ground pad

Figure 3 - 8: the illustration of short pad

Yes

Ye1

Figure 3 - 9: the equivalent circuit of short pad

The first step is to get the Yp;~Yps value by measuring open pad and the
method is mentioned in 3.2.1. After removing Yp;~Yp3, secondly, we have to remove
Zi1~7Z13. We measure the s-parameters of short pad and transform it to y-parameter,
and then use y-parameter matrix calculation to remove Yp;, Yp and Yps in short pad.

Finally, we transform all measured data to z-parameters and use z-parameter matrix
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calculation to remove Zr;, Zi» and Zi3 in the measured data of device with pad.

Please see Fig.3-10 and the equations are showed below 3;.

Yshort - Yopen = Y1
Y! _[ZU + 24 Zys } ......... (3.2)
1 = .
ZL3 ZL2 + ZL3

--------------- a Yp3 pecccccccccccccs peccecccccccccca YP3 pomcccccccccnans
[} boceeld [} (] boeocoed [}
' ' ' '
: : — —
Device Zi2 : : 1 21 I 1 Zi2 I E
[} [} [}
i i
E E Yei Zis Ye2 E E ¢ Y Zis Ye2 1 !
o ' H v e
L L s e
(] (] (] (]
: : : :
First step
;.--Z-u- -; Device ;.--Z-LZ- -; Device
' E Zis
L4
Second step Final

Figure 3 - 10: the illustration of de-embedding procedure

3.2.3 Revised de-embedding method for our case

The de-embedding method mentioned in 3.2.1 and 3.2.2 is based on an
important fact that the transistor is under 2-port GSG pad measurement. So, it is
necessary to connect Source and Body together inter device and then connect to
ground pad (Fig.3-3). However, 4-terminal (Gate, Drain, Source, and Body) MOS

transistor is more practical to circuit designer because it is more flexible. They would
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like to connect Body terminals to ground line individually to make sure the
pn-junction between p-substrate and n+ Drain in nMOS is under reverse-bias and
prevent substrate affecting nMOS operation. And designer might bring into Body
effect by connecting Body to other node except Source or ground to make his circuit

fit specification.

Therefore, the latest sample layout which foundry provides to customers
doesn’t connect Source and Body inter-device. We didn’t change the indigenous
layout and connect the Gate, Drain to two individual signal pads and connect Source,

Body to ground pads separately. (Fig.3-11)

Ground pad

Ground pad Source and Body are NOT
connected together in device

Figure 3 - 11: the illustration of device with pad (S and B are separated)

Furthermore, 4-terminal transistor under 4-port RF measurement and
corresponding system calibration, de-embedding methods are continuous developed,

but not matured yet and will be very complicated expectedly.

Here 1 provide a revised de-embedding procedure which comes from my
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practical measurement experience. And it is suitable for 4-terminal transistor but

under 2-port GSG pad (Fig.3-11).

The equivalent circuit of measured device with pad is as Fig.3-12. I change the
characters of the pad parasitic series components for later explanation. Z, ., means
the parasitic effect of the metal line connecting signal pad and Gate terminal of
transistor and s0 do Zg ext, Zb_exts and Zg ex. If the Source and Body are connected
together first and then connect to ground pad, Zs ex and Z, _ex are parallel and can be

represented by Z; 3 in Fig.3-7.

Yes

(o Zo ext Device Zd_ext o]

YP 1 Zs_ext Zb_ext Yr2

Figure 3 - 12: the equivalent circuit of device with pad (S and B are separated)

First, I extract Yp;, Ypo, and Yps from measured data of open pad (equation 3.1)

and then subtract “just” Yp; and Yp, from measured data of device with pad (Fig.3-13

(a)).

Second, I extract Z, o and Zy <« from measured data of short pad (equation 3.2)
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and then subtract them from the data after first step (Fig.3-13(b)).

Third, subtract Yp; from the data after second step. The reason subtracting Yp3
at last is the Yps is almost capacitive and contributed by near metals which are located
at the end of connecting metal line of port 1 and port 2. The original equivalent circuit
shows that the nodes of Yp; are at the pad which contacts probe tip. It is not
reasonable that they should be at the terminators of metal lines. So Yp; should be

subtracted at last. (Fig.3-13)

Although the metal lines connecting to Source and Body are retained, it is
practicable to put external resistance or inductance to fit the measured curve. If we
just use the de-embedding method mentioned in*.3.3.2 which is designed under the
consideration of Source and Bedy.tied together first, it will generates an irrelevant
data because of the incongruous dedembedding, steps. And the model-building work

cannot go on.

Yes Yes
. ll Zg_ext Il Device ll Zd_ext Il . ;.-Z-g-_e-xt-: Device ;.-Z-d-_e-xt- :
i i
E E YP1 Zs_ext Zb_ext YP2 E E Zs_ext Zb_ext
L L
H H
(a) First step (b) Second step
R
- Device - Device
Zs_ext Zb_ext Zs_ext ¢ ¢Zbext
(¢) Third step (d) Final

Figure 3 - 13: the revised de-embedding procedure
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3.3 Extraction of PAD parasitic resistance and inductance

The Z1 and Z;, in Fig.3-9 are regarded the same as Z, x and Zg_cx in Fig.3-12.
However, each time you raise your probe and put down again to measure, the parasitic
series resistances are different. The short pad de-embedding includes measured errors
innately. But de-embedding procedure is still necessary because it at least decreases
much pad effects from measured data of DUT. We can just observe the pad parasitic

series resistance and inductance by the short pads.

The right above figure in Fig.3-10 shows that the short pad equivalent circuit
subtracting Yp;, Yp2. And then Z;; and Z;, can be extracted from the formulas which

are Zlezll-le, ZLZZZZZ-ZQ. And.then

ZLl = Z11 - le
ZL2 = Z22 - le
im(Z exi ) im(Z )
Rg_ext = re(Zg_ext) = re(ZLl )s Lg_ext = g_ew  _ L2 ... (3.3)
® ®
im(Z, ) im(Z,,)
Rd_ext = re(Zd_eXt) = re(ZL2 ), IJd_eXt = (:— t — COLZ
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Chapter 4

Model Parameters Extraction

The extraction work is divided into two steps. First, extracting parameter values
and second, using these values as initial values of each component in model
equivalent circuit and fine-tuning them to make the simulated curves of equivalent
circuit match the measured curves. In the first step, the substrate effect is neglected to
simplify the equivalent circuit and make it easier to extract most parameters. I will
extract intrinsic resistances and intrinsic capacitances in Vg>Vin, Vg=0 or 1.2V and
then extract substrate parameters in V¢=Vqs=0. Therefore, before second step, we will
have many initial values of parameters-includihg interconnect capacitances which are
expounded in Chapter 2. There-is one point noticeable: in first step, the path through
junction capacitance Cjq is neglécted-because we ignore substrate effect, but the path
through C;js need to be handle carefully because the inductance L, o, makes the real
part of the impedance see into node “ns” (Please see Fig.4-2) to ground is serious

frequency-dependent [appendix [a.3]]-

4.1 Intrinsic Resistance

In Chapter 3, I explain the little revised de-embedding method I use. And I
utilize short pad to extract the extrinsic resistances and inductances which result from
the connecting metal line between Gate-port]l and Dran-port2. In this section, I will
extract the resistances which belong to “intrinsic” transistor. These resistances are

so-called intrinsic resistance. The extrinsic resistances have been removed after

29



de-embedding.

Basically, the intrinsic resistance is composed of two-parts: one is
bias-independent which results from process materials such like Poly-silicon, salicide

and the other is bias-dependent which results from channel characteristics.

4.1.1 Gate, Drain resistances extraction

1. V=0, Vo>V,

Here I bring up a new method to extract the Gate and Drain bias-independent
resistances. And then extract the channel resistance under V=0, V>V, In BSIM
model card, channel resistance is used to model non-quasi-static (NQS) effect which
is a very important parameter when device is-operated at high frequency 4. When a
MOS is operated at Vg=0 and Vg>Vys-the-channel is formed. If the operating
frequency is very high, the region under. the gate is like a distributed, uniform,

resistance-capacitance (RC) transmission line.

ACen
_| Drain
ARen
Drain o _|
Zch
X /—’ —|
"./ Gate Ot
H
L}
Gate E
L]
’ H
.
’l
Sourceg —| g
Source Source
[ O

Figure 4 - 1: channel RC transmission line
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In the Fig.4-1, Z., represents the two-port z-matrix of the channel which is a
RC transmission line. The total capacitance under gate is C., and the total resistance is

R¢n. We can derive the Z., matrix and the result is showed below [s:

yL yL(cosh(yL) —1)
_| joC,, tanh(yL) joC,, sinh(yL)

b 7| yL(cosh(yL)—1) 2yL(cosh(yL)—-1)
joC_, sinh(yL) joC,, sinh(yL)

YL = {joCuRg

If |(yL)’|=0CuR,, <<1,

lp i1 1
Z 3 3 ch J(J)Cch 2 ch
ch — 1

ERch Rch

The assumption can be satisfied when the transistor length is very short and the
channel opening is higher than 20%:06f the total channel height. It means that when

Vs 1s larger, the channel resistanice will be smaller and this matrix is more appropriate

[5]

Yers

. Lg_ext Rg_ext Rg_int ngo Na Rd int Rd_ext Ld_ext
Signal Pad [D——rmn—m—o— v —o-AMW—"N—

]

—] Signal Pad

Ground Pad > {] Ground Pad

Figure 4 - 2: the equivalent circuit of transistor with gsg pad

The Fig.4-2 represents the equivalent circuit of the device with the pad. The pad
part is marked with orange color. On the one hand, the parasitic series resistances and

inductances are named with suffix “ext”, on the other hand, the resistances belong to
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device are named with suffix “int” such as Ry in,, R inc and R i Besides the channel
transmission line, the capacitances coupled between Gate-Source, Gate-Drain, and
Drain-Source are named “Cg,”, “Cgdo” and “Cgys”. The suffix “o” means overlap.
Because here we define channel capacitance Cq, which is always categorized to Cgq
and Cg, the surplus Cy and Cg¢ mainly come from overlap capacitances which are
coupling through the overlap thin oxide. Therefore, for clear identification, I name the

29

Gate-Drain and Gate-Source coupled capacitance “Cgqo” and “Cys”. The junction
capacitances between Drain-Substrate and Source-Substrate are represented by C;

and Cjs. And the substrate is represented by a resistance “Rpui”.

After de-embedding (expounded in Chapter 3), the equivalent circuit is
represented by Fig.4-3. As mentioned in Chapter 3, the parasitic series resistances and

inductances connecting Source-Ground and Bedy-Ground are retained.

G Ra_int C?‘i'° N Rd_int D
o MV i— MN o
Aﬁch 2ARen
X TCas = Cid
[l
| |
11
' 3
I
|1
|
Zos(®) gso Ns
Rs int | st
>
S Rbuik
R B
s_ext
- Rb_ext
Ls_ex
Lb_ext

Figure 4 - 3: the equivalent circuit after de-embedding
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G Rg_int C??O N Rd_int D
A Wv

1l
Revg  Cen Ren/2

AAA | |
! /\/\/\/E:Cds
§Rch/2

gso Ns

Zns(m)

Rs_int

Rs_ext
Ls_ex

Figure 4 - 4: the equivalentcitcuit of mos under V>V, and V4,=0

As previously mention, the path-through Cjq 1s neglected temporarily but the
impedance seen into “ny” to ground.is not. This impedance is represented by Zis.
According to the analysis [appendix}, the existence of L .x will cause the real part of Z,,
serious frequency-dependent. The frequency-dependent components consist of Lg exi,
R ext and Cj,. Besides, the imaginary part of Z,s is approximate equal to L.
Therefore, the equivalent circuit becomes as Fig.4-4 and the z-parameter is showed

below which has been modified for our case: s

C, +3C, +3C C,+2C
Rg o +1 ch ds gdo Rch —j 1 +Zns (0)) 1 ch gdo Rch +Zns (0))
7= - 3 C,+C, +C,, o(C,, +C,,+C,,) 2C,+C,, +C,,
1 C,+2C,,
Rch +Zns(m) Rd,int +Rch +Zns(m)

2C,+C,,+Cp,
According to this matrix, I get an inspiration that we can eliminate the complex

component Z,(®)by Zi1-Zi» and Zy-Z;,. Because V=0, Cg0=Cgdo, the formulas

become:
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1C, +2C,,, +C,, +3C, 1 1 1C,,, +3C,
Re(Z, -Z,)=R, o+ - £ 2 ¢ R, -ZR, =R, —*Rch+77wl a "
-3 Ca +2Cy,, 2 6 3C, +2C,,
1 C,+2C_, 1
Re(Z,,-Z,)=zR,  +R, ———= ¥ R =R, . +—R,
( 22 12) d_int ch 2Cch +Cgs“ +ng“ ch d_int 2 ch

The two equations demonstrate a good thinking for us. Now taking Re(Z;:-Z1»)
as example. According to the formulas, Re(Z»-Zi,) can be divided into two parts: one
is Drain resistance (Rq_in)) Which is gate-bias-independent and the other is half channel

resistance which is gate-bias-dependent.

Re(Zy1-Z12) i1s similar to Re(Zx-Z,2) except another additional frequency

1 ngo + 3(:ds . .
dependent component ——————R_, . However, this component will be
3C,, +2C

explained in later Chapter 5 with measured data verification that this component is

less than one-sixth Rg. Consequently,” Re(Z;-Z,,) is approximate equal to

13 29

R, ..« —oR,, . “0” means a constant.

g_int

Following the thinking in last paragraph, when V, increases, the channel
resistance decreases. The extracted Re(Z;;-Z12) and Re(Z:-Z1,) will approach to
constant values, because the bias-dependent component (channel resistance) is
reduced to minimum value even approaches to zero under high V. Under this
condition, the extracted Re(Zi;-Zi2) and Re(Zy-Zi>) should only be V-bias
independent components which result from materials. Therefore, we can extract the
bias-independent resistance under high V. But we must be careful that do not give

too high voltage in Gate otherwise the device will be damaged.

2. Vas=1.2V, Vo> Vi
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ng
Ro_sat S T — Rq_ sat

A vyl ST AL
+ i
i | Cos : 1: FCu
Vgsé__ gmVesT ] Ras | Cas
Y —
Zns(m)
Rs_int | st
Rouk S
R
s Rbiext
Lsfex
Lbfext

Figure 4 - 5: the equivalent circuit of mos.under V>V, and V¢=1.2V

When the device is operated lat“saturation/ region (Vg=1.2V, V,>Vy,), the
equivalent circuit is Fig.4-5, and there we ignhore the path through the junction
capacitance Cjq temporarily. Z,(®) means the impedance seen into node “ns” to
ground. Here the resistances are added suffix “sat” to distinguish from the resistance
extracted under V4=0 and V<V, (Fig.4-3), The components surrounded by dotted

box are intrinsic components and can be represented by Y; parameters.
Y, = Jo(C, +C,y)
Y, = —joCy
Yzil =8m — j(’)ng
YZiZ = gds + j(D(Cds + ng)

And the z-parameters of the full equivalent circuit are ¢:
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(Yy,)*

Z,=R +7Z,(0)+

g_sat

Y,,)*
Z22 = Rd_sat + Zns (0)) + %

Y,
Z12 = Zns (0)) _#
D= Ylileiz - YlizYzil
Here, the equivalent circuit and the z-parameters have been modified little for

our case. And then the Gate and Drain resistance extraction equations can be derived:

Ag
Re(Z, -Z,)=R,  +—*—

e o +B
A
Re(Z,,-Z,)=R, _, + d
2 12 st B
If @>
Rg,int =Re(Z,,-Z,,)

R, .. =Re(Z,,~Z,,)
. { £,C, +84(Co¥C,,) ]2
C,Cy +CyCay +CuCo
_ CylznC +8. €+ C 0] g,
0, Co +C € + € CastCoCi, +C,.Cy +C,iC,,
C,o[2,Cot +2A€4 +C,o)]
C,.Cy +CpCpy +CoiC, T

A, =

4.1.2 Source Resistance

Because of the existence of L ¢ which causes some frequency dependent
component in measured z-parameters, Source resistance is hard to be extracted from

RF measured data. I extract source resistance from DC measurement.

Source resistance will cause g, degradation. According to fundamental

electronics, we can derive this formula:

ng
=—_°omb ... 4.1
B 1+ Rs *8mo ( )

Because the Source and Body are not connected together first, the extracted
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Source resistance includes the pad parasitic series resistance. (R=Rg in+Rs ext In

Fig.4-2)

4.2 Intrinsic Capacitance

4.2.1 Vds=0, Vgs>Vth

When V¢=0, Vo>V, the equivalent circuit is like Fig.4-3. And the Z;-Z, has

been derived in section 4.1 which is:
C,+3C, +3C C, +2C
o int +1 ch ds gdo RCh _1 ch gdo Rch —j 1
- 3 C,+ Cgso + ngo 2C, + Cgso + ngo o(C, + Cgso + ngo)
1
a(Cy, +C,, +Cpap)

Z,-7Z,=R

According the equation, the imaginary part of Z;; is — So

we can extract the Coe=Cn+Cgs0+Codo value from Zy:

== < &N W (4.2)

ng
o Im(Z="75)

When V=0 and V >Vy, the ehannel is formed. It is like a small conductor
connecting Drain and Source. Therefore, Cg, can be incorporated to Drain and Source.

Here I define the Cys and Cgyq as:

4.2.2 VdS=1'2V, Vgs>Vth

Under this bias situation, the transistor is operated at saturation region, and its

equivalent circuit is showed in Fig.4-5. Cy, and Cgyq are extracted from the formulas:

_Im(Y,,)
9

gd T

o _Im(Y,)

® g8 ®

C

However, these extraction formulas are on a premise that after de-embedding,
37



the source resistance has been removed completely. In our case, there are two
considerations. First: the Source parasitic series inductance is retained and make real
part of Zns(®) [appendix] increases with frequency. Second: although we can extract the
capacitance at lower frequency to reduce the frequency-dependent effect of real part
of Zns(w), the real part of Z,i(®), which is approximate to Source resistance at lower
frequency, is not zero. When finger number of transistor increases, the g, value will
increase and make the current flow through node “ns” increases. And then, the

extracted Cg, and Cyq values are inaccurate.

So before extracting the capacitance value, I subtract the Source resistance first
to make V,s closer to zero and extract at lower frequency for fear of the

frequency-dependent effect of Re(Zas(®)):

Rs Rs T rev -1
Z- =Z™, Y =(Z%)", then

RS RS
I YreV I Yrev
ngz_le) ngzM.........@_;;)
() o

When transistor is operated at saturation region, C,, is roughly equal to Cge+Cyq,

therefore,C,, = C,, —C
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4.3 Substrate Model

Substrate model is very important for RF model. When the device is operated at
high frequency, the impedance of the junction capacitance becomes very small.
Therefore, substrate resistance will affect the small-signal output characteristics of the
transistor because the small-signal in substrate will go through the junction
capacitance to Drain. How to model the substrate effect accurately is an important

issue. Here I adopt the model equivalent circuit showed in Fig.4-6. |7
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Source Gate Drain

o
Body
Figure 4 - 6: the equivalent circuit of mos under V=V 4=0

When the transistor is operated at V<V and V=0, the equivalent circuit is
like Fig.4-6. The substrate is represented by Ryuik. Cjg, and Cj,. Cjq and Cj, are junction
capacitances and Cgq0, Cgs0 represent gate-to-drain and gate-to-source capacitance.
The suffix “0” means they are under zero Vg bias. Cg, represents the sum of intrinsic
and extrinsic gate-to-body capacitarces. Because the device is operated at V<V,
most intrinsic components of -the transistor are negligible. The Gate, Drain, and
Source resistance are neglected-here _because the impedance of them is much smaller

than the impedance of junction capacitance and substrate resistance (7;.

After deriving the y-parameters of the equivalent circuit, we can get the

extraction formulas:

Im(Y,,)
ngo = _TH = Cgso
Im(Y;;) = (Cy + Cpyy +Cpy) o o Im(Y,)+2Im(Y,,)
Im(Y,,) =-0Cy, N g = ® a.4)
Re(Y,,) = 0°R,,, Cy C. o Im(Yy)+Im(Y;,) '
jd —
Im(Y,,)=o(C..,+C.,) ©
22 2d0 jd " N Re(Y22)
T (Im(Y,,) + Im(Y,,))?

However, this extraction method doesn’t match our case because our test-key

retains the pad parasitic series resistances and inductances in Source and Body
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terminals. The existence of inductance will seriously affect the y-parameters. The
extracted parameter curve is not stable with frequency. Nevertheless, this method still
supports initial values of Cjq, Cjq and Ry for us. I extract the initial values under low
frequency and then do some fine-tune work to make the simulated y-parameters

curves of equivalent circuit fit the y-parameter curve of measured data.

According the NMOS layout, we can figure out the junction area between Drain
or Source diffusion region and Substrate. And then we can derive one capacitance
from another. According to the layout, the two-side diffusion regions are Source.
Besides, the areas of the two-side diffusions are little larger than others. The Cjs can
be calculated by the equation (0.73 and 0.42 are the edge length of the Drain region

and two-side Source region. Please see the figure showed in the left side of next

paragraph.):
Np 0.73
Source Area 7_1 0.42
C.z2zC x—=C. x F X D) 4.5
B= 74 Drain Area ja < N Ne ) (4-5)
2 2

There is one thing noticeable that the Cj, value should be smaller than the

calculated result because one side of the diffusion region is oxide except substrate for

0.73 0.42 0.73 the two-side diffusion region. Please see
«—» G 4> G =a4—»

dotted circuit in left Figure. Therefore, this

b_Substrate equation provides the initial value of Cjs
from Cjq but we have to decrease little to

fine-tune the curve.

Besides, the equivalent circuit in Fig.4-6 doesn’t include C4s which appears in
other equivalent circuit. I think the C4s only comes from the interconnect capacitance.
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Hence I use the value simulated by Calibre-xRC to represent Cg4s value. It has been

demonstrated in Table 2-4 in Chapter 2.

During my fine-tune process, I find that if I add two additional components to
the equivalent circuit of Fig.4-6, the simulated curves will fit measured curves better.
These two components are one capacitance and one resistance in series. Moreover,
this series resistance and capacitance are parallel with the substrate resistance (Rpux of

Fig.4-6).

I conjecture that these two components come from the Deep N-Well process
which is for RF design to prevent noise going through substrate. When a circuit
designer arranges his circuit layout; he can put N=well layer surrounding NMOS and
then put a Deep N-well layer 4n rectangular-shape-which covers the inner edge of
N-well “Ring”. And then, the N-well-and-deep N-well will be like a bowl and the
p-substrate will be protected in it. “The pick-up ‘of the N-well is usually bias to the
highest voltage to make the junction between p-substrate and n-well reverse-bias. This
structure is designed to prevent outside noise into the p-substrate and affecting the

performance of NMOS. The instruction of this structure is showed in Fig.4-7.

G
DNW B S D B DNW
=Bl E1 BN F1 E

N-Well P-Substrate N-Well

Deep N-Well

Figure 4 - 7: illustration of Deep N-well in sectional drawing
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Therefore, the additional capacitance results from the junction capacitance
between N-well (including Deep N-well and sideward N-well) and p-substrate. I name
it “Canw". The additional resistance results from the impedance of the small-signal

9

path in Deep N-well. I name it “Ran”. Please see Fig.4-8 as the more clear

illustration.

Source Gate Drain Body DNW
o) o)

Body and DNW are
connected together
in our test-key

T T
Rbulk
P-substrate MN
T Cdnw
Deep N-Well Ranw
NN

Figure 4 - 8: the equivalent cireuit which is added Cgy,y, and Rypy

Although I do some fine-tune. work, I am™not aimless. There are two basic
principles: first is getting the value under low frequency to minimum the retained
inductive effect; second is following the simplified equivalent circuit for Y, which is

showed in Fig.4-10.

I explain my substrate model extraction steps for summarization:

(1) Operating the transistor at Vg=V4=0 and the equivalent circuit is like
Fig.4-9. (R ine and R ex are summed up to Ry which extracted in section
4.1.2; Ry ext» Ls ext and Ly exe results from our test-key situation which is
mentioned in chapter 3; Moreover, Cgnw and Rgny are added to the circuit.)

(2) Extracting Cgy0 and Cgqo and Cgp from the measured data according to

equation 4.4. Because there is no current flowing into the node “ns”, the
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results of revised extraction mentioned in section 4.2 is almost the same as
un-revised. However we still extract capacitance from revised extraction
method because the initial values of Ryux and Cjq are extracted at low
frequency too.

(3) Ry int and Ry jn are bias-independent because the channel doesn’t exist.
Their values are extracted from Re(Z;-Z12) and Re(Z;,-Z1,) under V4=0
and Vg is large enough. (Please see the explanation in section 4.1.1.)

(4) According to equation 4.4 and 4.5, and calculating the Ry, Cijg and Cj,
values. They will vary with frequency. Observing the curves, and take the
values under lower frequency (about lower 3 GHz) as initial values for
fine-tuning.

(5) Extracting L cx value aécording to equation 4.6. (This extraction will be
explained in next 4.4.)- Ly exi is assumed equal to L cx.

(6) The C4s value comes ' from simulated /interconnect Cgs value which is
discussed in chapter 2.

(7) After steps (1) to (6), we now have all initial values of parameters in Fig.4-9
except Ranw and Cypny. Next, we build a circuit like Fig.4-9 in software: ADS
and then simulating its y-parameters. After the calculating and fine-tuning
parameters, we can get these parameters final. The calculating equation is
showed in Fig.4-10. Basically, the parameters which don’t belong to

substrate are not tuned.
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Figure 4 - 9: the equivalent circuit’of NMOS-under Vo=V 4=0V
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Figure 4 - 10: the Ry, Canw fine-tuning extraction process
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4.4 Source Extrinsic Inductance

In Chapter 3, I expound the de-embedding procedure and mention that the pad
parasitic series resistance and inductance are retained in the Source and Body
terminals. In 3.3, I introduced that we can extract the pad parasitic series resistance
and inductance of Gate and Drain terminals from Short and Open pads. To extract the
pad parasitic inductance in Source terminal, we have to bias the device under Vo>V,
and V4=0 and the equivalent circuit is like Fig.4-3. To explain easier, here we can just
use a small resistance R, to replace the RC transmission line in Fig.4-3. And
according to the analysis in Appendix [a.3], the real part of Z,(®) is serious
frequency-dependent but the imaginary part of Z,(®) is approximate equal to wLs. If
the finger number is larger, the®Cj; value will be larger and it will make the
approximation incredible. Therefore, I extract the Source extrinsic inductance from
the measured data of Nr=18 transistor and-take the average of the imaginary part of

7, at frequency=5GHz~40GHz.

The Zi, of Fig.4-3 which is mentioned in 4.1.1 is

1 2C, +2C,
?72¢,+C, +C,

R, +Z, (®)

Im(Z,,) =Im(Z, (o))
oLs-oR;C, -o’LiC, + 'R, L,C},

(1-0’L,C,)*+o’ (R, +R,)’C]

=L, (4.6)
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Chapter 5

Experiment and Analysis

5.1 Pad parasitic series resistance and inductance

Theoretically, after de-embedding, the pad parasitic effect can be removed.
Actually, it is hard to achieve. However, it is still a very important procedure that
de-embedding can remove some critical pad parasitic effect initially such as inductive

and capacitive effects.

5.1.1 Inductance

When operating frequency is very high; the thin metal line will behave as an
inductance. We can extract the Gate, Drain parasitic series inductances from the short

pad which subtracts the pad parasitic capacitive effect. It is mentioned in 3.3.

Besides, the source inductance extraction need to be extracted by the help of

small channel resistance under V>V, and Vg4,=0. It is mentioned in 4.4.
The inductive effect becomes obvious when frequency is high enough. We take

the average value of frequency=5GHz to 40GHz as the extracted parasitic inductance

values. They are:

47



Gate parasitic | Drain parasitic | Source  parasitic

inductance inductance inductance

Unit: pH 48.82 47.39 50.64

Table 5 - 1: extracted parasitic inductance values

5.1.2 Resistance

We take the average of the values at frequency=5GHz to 40GHz as the

extracted parasitic resistance. They are:

Gate parasitic fésistance Drain parasitic resistance

Unit: €2 1.14 1.067

Table 5 - 2: extracted parasitic resistance values

5.2 Intrinsic resistance

According to the demonstration in section 4.1.1, the Gate and Drain resistance
can be extracted from Re(Z;1-Z12) and Re(Zy-Zi). They include two parts:

bias-dependent and bias independent.

5.2.1 Gate, Drain resistances

1. V=0, Vo>V, (average of 15SGHz~30GHz)
I name the extracted values of Re(Zi1-Zi2) and Re(Zx-Z12) “Rg” and “Rp”.

First, we see the extraction curve of Rg, (Fig.5-1). We can find that the curve is not
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flat at lower frequency. It is because the extraction method expounded in 4.1.1 is
under the situation that the channel is like a transmission line. If the frequency is not
high enough, the RC delay in the channel is not obviously. Besides, although the
channel resistance is small, and under this bias condition, we neglect the substrate
effect, we have to sample the data carefully especially when extracting Rp which will
be influenced by Cjq easily. Therefore, I sample the data at 15GHz to 30GHz and take
average as the extracted value. We can find the curves of Re(Z»,-Z1,) become unstable

when the frequency is higher than 30GHz.

! —=—V_=0.5V
\ —e—V_ =12V

Rc(Q)

10G 20G 30G 40G
Frequency

[«N

Figure 5 - 1: extracted Rg of Ng=18 NMOS under V=0, V,=0.5 and 1.2V

The extracted Rg and Rp values under Vo>V, and V=0 are showed in Table

5-3 and Table 5-4.

Vs 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

NI8 -3.03 | 0.448 | 1.76 2.37 2.7 2.92 3.08 3.21

N36 -0.978 |0.782 | 1.38 1.66 1.81 1.89 1.98 2.05

N72 -0.857 |0.244 |0.636 |0.744 |0.82 0.866 | 0.933 | 1.07

Table 5 - 3: extracted Rg values under V4,=0 (unit: Q)
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Vs 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

NI18 17.271 | 9.771 | 6.94 5.603 | 4.854 |4.39 4.081 | 3.866

N36 8.4 5.37 4.07 3.44 3.12 3.01 2.88 2.72

N72 3.6 1.86 1.22 0.907 |0.735 |0.628 |0.572 |0.574

Table 5 - 4: extracted Rp values under V4=0 (unit: Q)

d 12 13

04 05 06 07 08 09 10 1
Vgs

Figure 5 - 2: extracted Rg vs Vg under V=0

Now I plot the extracted Rg figure according to Table 5-3 and show in above.
Observing the curves, we can find the extracted values vary with V. We take the

equation mentioned in section 4.1.1:

1 1 ngo +3C,,

Re(Zyy=Z,) 2Ry = Ra+ 357 S Ry,
ch gdo

According to this equation, we can find the real part of Re(Z;-Z,) consists of
two parts: a bias-independent resistance and a bias-dependent resistance associated
with channel resistance. First we check the third component in the equation.

Observing the extracted Cg, values under V4=0, which are showed in later Table 5-8,
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we can find when Vg is higher than about 0.7V, the Cy value approaches to a
constant. In addition, the Cg4, value, which contributed by overlap and fringe
capacitances, should be about one-third Cgq from experience, and under V=0, Cyq 18
equal to half Cg,, therefore, Cyq, is about one-sixth Cg,. Besides, C4s mainly results
from interconnect capacitance and the simulated values have been showed in Table

2-4.

We take Ng=72 NMOS as example. Its Cg value under Vy=0, Vg=1.2V is
431.11F (later Table 5-9). The Cqyq, value is about one-sixth Cg, and is 71.8fF. Cyem of

Ng=72 NMOS is 18fF (former Table 2-4) Therefore, we can figure out that

C.. +3C C.. +3C
- % s about 0.29. And then 1 o gs

—_— s==————— R, 1is less than one-sixth R¢,
C, +2C 3C,+2C
ch gdo ch gdo

surely. It means that Re(Z1-Z») is.a constant “Re iz subtracting a value associated
with channel resistance. When Vg incréases,-channel resistance decreases. Therefore,
the result of a constant subtracting a smaller value is larger than before. It explains the

trend of the curves in Fig.5-2 reasonably.

Therefore we can utilize this phenomenon to extract the Poly-silicon resistance
which is bias-independent component associated with the materials. We can bias Vg
carefully little higher than Vpp and then the channel resistance reaches an extreme

small value which can be neglected. And then R, iy is equal to Re(Z1-Z»)
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Vgs

Figure 5 - 3: extracted Rp vs Vg under Vg=0

The above Fig.5-3 is according to Table:5-4 which is the extracted Rp plots

varying with V. First, the Rp equation mentioned in-section 4.1.1 is:

1
Re(Zzz - le) = Rd_int +ERch

According to this equation, we can-eXplain the curves of Re(Z»-Z;») trend.
When V,, increases, channel resistance decreases. Therefore, the constant, Ry iy adds
a smaller value and gets a smaller value than before. Base on the former discussion
just elaborated, we can bias Vs carefully little higher than Vpp, and then get the
intrinsic Drain resistance value which is just associated with the impedance in

diffusion region.

This extraction brings two benefits. First, it can exclude the measured resistance
error results from the contact between probe tip and pad. Because the contact
condition of each time measurement is different, the extracted resistance is influenced

by it each time. However, if we can extract the bias-independent component, it must
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include the resistance results from the contact. And when we build a resistance model,
we can subtract this component first. And then we can be sure the left resistance is
associated with channel. Therefore, second, it makes the model more physical.
Originally, we always get a large values need to be fit. Now we at least can build the
resistance model as like “Rg=R int+Ri(Vgs, ®)” and “Rp=Rgy_in+Ro(Vs, ) first. And

then we start to model the channel performance as the parameter “R(Vg, ®)”.

2. V=12V, V>V, (average of 38.2GHz~40GHz)

The Rg extraction curves under Vg4,=0 and Vg=0.5, 1.2V are showed in Fig.5-4.
According to the extraction method expounded in 4.1.1, this method is reliable when
the frequency is infinity. However, our measurement is limited by equipment and just
up to 40GHz. But the curve is truly flatter when the frequency is higher. Here I

sample the values at highest 10 frequency points which are 38.2 GHz to 40GHz.

(] 10G 20G 30G 40G
Frequency

Figure 5 - 4: extracted Rg of Ng=18 NMOS under V4=1.2V, V=0.5 and 1.2V

The extracted Rg and Rp values under Vo>V and Vg=1.2V are showed in

Table 5-6 and Table 5-7.
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Vs 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
N18 16.498 | 15.969 | 15.353 | 14.825 | 14.337 | 13.682 | 13.38 12.874
N36 11.209 | 11.156 | 10.9 10.615 | 10.323 | 10.017 | 9.702 | 9.366
N72 5.511 6.086 | 5.94 5.795 |5.648 |5.501 |5.312 |5.128
Table 5 - 5: extracted R values under Vg=1.2V (unit: Q)

Vs 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
N18 30.476 | 28.296 | 26.91 26.092 | 25.515 | 25.021 | 24.539 | 24.024
N36 14.935 | 14.045 | 13.547 | 13.207 | 12.947 | 12.708 | 12.455 | 12.181
N72 5934 | 5487 |5267 |5.117 5 4.891 4772 | 4.652

Table 5 - 6: extracted Rp values under Vg=1.2V (unit: Q)

Although the curves really ‘conform to the prediction mentioned in reference

paper 4-3 and trend to constants, the substrate effect is still a latent problem. When

V4s=0 and V4>V, the existence of channel resistance causes a small impedance path

and then the path through Cjq is ignorable. However, when the transistor is operated at

saturation region, the small channel resistance is replaced by a current source and an

extreme large resistance. Under this situation, the impedance of the path through Cjq

might not be ignorable.

5.2.2 Source resistance

Following the extraction procedure mentioned in 4.1.2, the extracted Source

resistances are showed in Table 5-8. Moreover, Fig.5-5 shows that R will causes I4

and g, degradation.

54




Source resistance NF=18 NF=36 NF=72

Unit: 2 2.0798712 2.079875 2.30155

Table 5 - 7: extracted Rg values from DC measurement (unit: Q)

60.0m
[ |—=—w/oRsld
500m}F | O w/iRsld
| | —2—w/oRsgm A e
40.0m | —v—w/iRsgm
> I
< 30.0m}
< 3
S
© 20.0m}
< 3
10.0m |
0.0 eSS ESEw

Figure 5 - 5: simulation‘of kg-and-gz vs 'V, w/i and w/o R

5.3 Intrinsic capacitance

5.3.1 V4=0, Vg>Vy, (average of SGHz~15GHz)

The extracted Cge curves under Vg=1.0, 1.2V and V4=0 of Ng=72 transistors
are showed in Fig.5-6. We observe that when the frequency increases, the curves
become unstable. We have discussed in Chapter 4. In the first step of extraction work,
we ignore substrate first which includes Cjq and Rpuk. (Because the L oy exists, the
Gjs 1s special to un-neglected. It is discussed in Appendix). Therefore, if the frequency

1s very high, the Cjq and Ryui will start to affect the y-parameters or z-parameters.
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Besides, the Cy, will be extracted from the equation 4.2 in section 4.2.1. It

isC,, =-— . This equation has to satisfy an assumption mentioned in
o-Im(Z,,-7Z,,)

Appendix [a.1] that is |yL|2 =oR,C, <<1. And when finger number is larger, Cg, is

larger. Moreover, if the frequency is too high, the assumption is not established
anymore and this equation cannot be used. Therefore, in Fig.5-6, the curve of Ng=72

NMOS under high frequency becomes unstable.
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Figure 5 - 6: extracted Cy, of Ng=72 NMOS under Vg=0 and V,=1.0V, 1.2V

1
Therefore, I take the average of at frequency=5GHz~15GHz

olm(Z,, -7Z,,)

as the Cg, values. The extracted Cg, values under different V,, are showed in Table

5-8.

Vs 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

NI18 105.1 |109.6 | 111.5 112.2 | 1125 | 1124 | 1122 | 111.9

N36 206.6 | 2144 |217.9 |2193 |219.7 |2195 |219.1 |218.6

N72 408.6 | 423.8 |430.5 |433.4 |4342 |434 4329 |431.1

Table 5 - 8: extracted C,, values under V4=0V (unit: fF)
56



The Cg and Cyq are equal to half Cye and the values are showed in Table 5-9.

Vs 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

NI18 52.55 |54.8 55.75 | 56.1 56.25 |56.2 56.1 55.95

N36 103.3 | 107.2 | 108.95 | 109.65 | 109.85 | 109.75 | 109.55 | 109.3

N72 204.3 | 2119 | 215.25 | 216.7 |217.1 |217 216.45 | 215.55

Table 5 - 9: extracted Cyy values under V=0V (unit: {F)

5.3.2 Vds=1.2V, Vgs>Vth

There are two problems when extracting C,, under Vg=1.2V and V¢>Vy, which
has been mentioned in section-4.2.2 First,- the.imaginary part of Y, is decreasing
when frequency is increasing because the frequency-dependence of real part of Z,(w).
Fig.5-7 is the extracted Cg curves of Np=18, 72 transistors under Vg=V4=1.2V
which are directly extracted from imaginary part of Y;; divided by ®. We can find that
the curves are obviously decreasing when frequency is increasing. As mentioned in
section 4.2.2, we can extract Cg, at lower frequency to make this bad effect minimum
(Fig.5-8). Second, the imaginary part of Y; is decreasing when the finger number of
transistor is increasing because the more current flow into the node “ns” which is
indicated in Fig.4-2, the node voltage is higher and causes the imaginary part of Y,
decreases. Therefore, even I extract Cg, under lower frequency as showed in Fig.5-8,
the Cg, value of transistor whose finger number is 72 is not reasonable. It is not about
4 times of the Cg value of transistor whose finger number is 18. Therefore, as
mentioned in 4.2.2, I subtract Ry first from the measured z-parameters under low

frequency and then transform it to y-parameters and use these y-parameters to extract
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Cge. Fig.5-9 is the result of revised extraction. We can find the Cg, values are
reasonable. The R values are from the extraction result elaborated in Table 5-8 in
section 5-2-2. The frequency range is 0.4GHz~2.2GHz, the first 10 frequency points
except 0.2GHz. Cyq extraction has similar problem. Cg and Cgq are extracted from
equation 4.3 under 0.4GHz to 2.2GHz. The extracted Cge, Cgd, and C,s values under

different V bias are showed in Table 5-11, Table 5-12 and Table 5-13.

Vs 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

NI8 94.82 | 101.9 |106.1 |108.7 | 110 111.1 111.7 112.2

N36 182.5 | 194 201.5 |205.8 |208.5 |210 2109 |211.4

N72 366.4 | 391.3 |409.6 |419.5 |424.2 |4259 |4259 |4252

Table 5 - 10: extracted Cy, valuestunder'Vy=1.2V (unit: fF)

Vs 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

NI8 29.07 |29.15 |29.31 |[29.55 |29.89 |30.23 |30.66 |31.13

N36 57.06 |57.04 |57.38 |57.88 |58.52 |59.29 |60.2 61.26

N72 116 116 116.2 | 117 1182 | 119.7 121.7 | 1241

Table 5 - 11: extracted Cyq values under V4=1.2V (unit: fF)

Vs 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

NI8 65.75 | 72775 | 76.79 |79.15 |80.11 |80.87 |81.04 |81.07

N36 125.44 | 136.96 | 144.12 | 147.92 | 149.58 | 150.71 | 150.7 | 150.14

N72 250.4 | 2753 |293.4 |302.5 |306 306.2 | 3042 |301.1

Table 5 - 12: extracted Cy values under V4=1.2V (unit: fF)
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Figure 5 - 7: extracted Cy, of Ng=18, 72INMOS under Vy4=1.2 and V,=1.2V
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Figure 5 - 8: extract C,, at lower frequency (continue Fig.5-27)
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Figure 5 - 9: subtracted R, effect first and extract Cg, at lower frequency (continue Fig.5-28)

5.4 Substrate Model

The equivalent circuit of NMOS under V4=V =0 has been showed in Fig.4-9.
Cag, Codo, and Cgp, values of different finger number NMOS are extracted according to
first two equations in equation 4.4. The curves are flat up to about 20GHz. If the
frequency is higher, the y-parameter curve will behave the resonant effect especially
when finger number is 72. 1 follow the former capacitance extraction sampling
frequency range which is 0.4GHz to 2.2GHz. The extracted capacitance values are

showed in Table 5-13.

Ceg Cedo Cep
N18 73.81 31.05 11.71
N36 141.1 61.26 18.58
N72 281.6 125.2 31.2

Table 5 - 13: extracted Cg,, Cyq0 and Cyp, under Vg =V =0
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Cj¢ and Rpyi initial values come from the last two equations in equation 4.4.
Taking Ng=36 NMOS as example. Please see Fig.5-10 and Fig.5-11. As I explained in
section 4.3, because the retained L o and R, the Ryux and Cjq extracted curves are
not stable with frequency. However, when frequency is not very high, we can regard
the impedance of inductance eliminated. Therefore, we can roughly sample the values
in red dotted circuit as the initial values of Ry, and Cjq. Moreover, Cjs is estimated

from equation 4.4 but might be tuned smaller.
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Figure 5 - 10: extract Ry initial value under V=V =0
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Figure 5 - 11: extract Cyq initial value under V=V =0
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Besides, we refer to the values of R and L <, and estimate the values of pad

extrinsic series resistance and inductance connecting to Body equal to 2ohm and

40pH, because the Body connecting metal is little wider then the Source connecting

metal.

As I elaborated in section 4.3, the Ry in;, Ra_int, R, and L ¢y are extracted from

some methods. Here I omit the process. Now we get all parameters initial values

except Canw and Rynw. After fine-tune process which is showed in Fig.4-10, we can get

the parameters showed in Table 5-14 and 5-15. Because the substrate effect influences

the imaginary part of Y most, I fit im(Yx)/o first. Fig.5-12 to 5-14 are the

im(Y)/® curves of measurement and simulation of the equivalent circuit model

showed in Fig.4-9 after adding the two new components “Rgny” and “Cgny”. The

figures include Np=18, 36 and 72 NMOS.

Ry in(€) | Riind©) | RUQY Plsen(pH) 7 Co(fF) | Cu(fF) | Cup(fF) | Coi(fF)
NF=18 |3.18 5.04 2.08 |55 31.05 [31.05 |10.5 4.53
NF=36 |2.08 2.4 2.08 |55 61.26 | 61.26 |18.58 |[9.05
NF=72 | 1.1 1.2 231 |55 125.2 | 1252 |31.2 18.07

Table 5 - 14: extracted parameters of Fig.4-9

Cu(fF) | Gs(fF) | Rpu(€2) | Canw(fF) | Ranw(Q) | Rp_exi(Q2) | Lo_exi(pH)
NF=18 |52 55 230 26 240 2.08 40
NF=36 | 105 110 120 52 120 2.08 40
NF=72 | 200 210 70 120 50 2.3 40

Table 5 - 15: extracted parameters of Fig.4-9
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Figure 5 - 12: measured and simulated Im(Y5,)/@ curves of Ng=18 NMOS w/i Cyy,y and Rypy
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Figure 5 - 13: measured and simulated Im(Y5,)/@ curves of Ng=36 NMOS w/i Cyyy, and Rypy
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Figure 5 - 14: measured and simulated Im(Y5,)/® curves of Ng=72 NMOS w/i Cyyy, and Rypy
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Chapter 6

Conclusion and Future Work

6.1 RF De-embedding

In Chapter 2, the interconnect capacitances are demonstrated by the help of
software. In Chapter 3, the de-embedding methods to remove pad parasitic effects are
discussed. The parasitic effect of pad “Yps” (Fig.3-12) is capacitive effect between
two signal ports. The effect is mainly contributed by the interconnect capacitance.
Moreover, when device is smaller, the,capacitive effect between signal pad and
ground pad which is contributed by interc¢onnect capacitance will increase. Traditional
open pad for de-embedding just retains metal layers higher than M3 (exclude M3)

because the metals lower than M3 is categorized to “intrinsic” device.

To get the more “pure” intrinsic measured data of device, we can try to remove
the interconnect capacitances after de-embedding. Nevertheless, although the
de-embedding method can remove most pad parasitic effects to get more accurate
pure device measured data, it will cost more dummy pads but not only open and short

pads [9]-

6.2 Parameters Extraction

After the extraction process elaborated in the thesis, we have two aspects of thinking.

One is traditional 2-port RF measurement and the other is 4-port RF measurement.
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In our test-key, the Source and Body are not connected together first and
connect to ground pad separately. If we connect them first, it returns back to
traditional 3-Terminal (3T), 2-port case. And the real part of the impedance seen into
node “ns” (Fig.4-2) which is associated with L ¢ will be simplified to Source

29

resistance “Rg in’. Because the pad parasitic series inductance “Lg ey is removed
after de-embedding, the component which causes Re(Z,(®)) increases with frequency

doesn’t exist. In future work, we can put a test-key under this case to verify.

Besides, there are many published papers [0y, (113, [12] using other formulas to
extract parameters under 2-port measurement. For example, we can also extract Gate,

Drain, and Source resistances from Y-parameters €éxcept Z-parameters ;.

Relative to 2-port measurement-and patameter.extraction, the published papers about
4-port are fewer. But 4-port measurement and-eXtraction is a trend because of the need
of 4-T transistors for circuit designers. Even though the system calibration technique
and measurement are more complex, more and more engineers devote to this research.
It includes the accurate system calibration and precise measurement. Under 4-port RF
measurement, the parameter extraction will be more complex than 2-port

measurement. But the built model card will behave more close to reality.

6.3 Substrate Model

In this thesis, I propose two new parameters to model the effect of deep N-well

and one resistance to model the effect of p-substrate.
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There are several papers about substrate model are published continuously. For
example, in the reference paper [10], substrate model is composed of three resistances
which are showed in Fig.6-1. Besides, in accordance with the three resistance
substrate model, in reference paper [13] and [14], the different authors propose
different analysis. 1 also design a test-key to study this three resistance substrate
model. In future, we can analyze the measured result of the special-designed test-key

to analyze substrate effect deeper.

Source Gate Drain
o) o)

Body

Figure 6 - 1% 3=resistances:substrate model
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Appendix

The impedance seen into “ns” to ground

Rg_int ng
AAA 11
WV 11

Rd int
A

VVv

Zns(m)

Rs=Rs_int+Rs_ext

A

Zns(e)

Ls_ext=Ls Rb=Rbulk+Rb_ext

\AAAS

wlb<<1/wCis

R, +0'RIEZC+0’R R, (R, +R,)C,
(1-o’L,C.) +o’(R, +R,)’C},
oL, - oRC, -o’L:C, +o’R; L .C},
1-0’L,C,)* +@’ (R, +R,)*C;,

Re(Z, (o)) =

Im(Z, (®)) =
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