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PREDICTIVE METHODOLOGIES FOR SUBSTRATE PARASITIC
EXTRACTION AND MODELING IN HEAVILY DOPED CMOS

SUBSTRATES

1. INTRODUCTION

1.1. Introduction

The last decade has seen the so-called wireless revolution and this has been

made possible by advances in the areas of integrated circuit (IC) design and elec-

tronic design automation (EDA). With low-cost, low-power and high-speed being

the motto of this revolution, a System-on-a-Chip (SoC) was the proposed solution.

However, there are numerous problems that must be tackled especially

those concerning the practical implementation of such systems. Only then, can

SoC solutions be applied to a wide range of customer specific problems, e.g. those

systems that operate at radio frequencies (RF).

Complementary metal-oxide semiconductor (CMOS) technology is very at-

tractive for analog and mixed-signal applications because of the potential packing

density and power savings it can offer. This has made CMOS the workhorse of

modern digital VLSI circuits. CMOS technology, however, is still in its infancy

when it comes to large mixed-signal and RF applications. This is because of the

increased amounts of digital switching noise generated from the digital portions of

these chips. This switching noise tends to increase with reduced feature sizes and

increasing clock frequencies. Digital switching noise that couples from the digital
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1.2. Motivation

Substrate noise coupling is becoming increasingly important in present day

mixed-signal SoC designs. As shown in Figure 1.1, digital switching nodes are ca-

pacitively coupled to the substrate through either junction capacitances or through

interconnect/bond-pad capacitances. This causes voltage variations in the underly-

ing substrate, which leads to a current pulse flowing from the switching node to the

substrate taps. As this current pulse propagates through the substrate, it causes a

potential fluctuation in the substrate voltage of the underlying transistors that lie

in its path. This can affect circuit performance through the body effect.

The threshold voltage(Vt) of an NMOS transistor is given by,

Vt=Vo+y(\/2F+VsB\/) (1.1)

where VSB is the source to body voltage, V is the zero bias threshold voltage, F is

the Fermi level and 'y is the body effect parameter. As can be seen from Eq. (1.1),

fluctuation of the body potential will lead to changes in VSB, thus causing a change

in the threshold voltage. The drain current of a transistor is given by:

ID(lifl) = {(vGs V) VDs v5} {1 + AVDS} (1.2)

ID(sat) = '(VGS - V)2(1 + )VDS) (1.3)

for the linear and saturation regions, respectively. As these depend on the threshold

voltage V, fluctuations in the transistor body potential directly lead to noisy drain

currents.

Substrate noise manifests itself in various forms depending on the circuit.

As explained above, substrate noise can couple to the drain current of transistors,
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mixing with the signal of interest and thereby degrading the noise performance of

the whole system. Substrate noise causes an increase in the phase noise and jitter

of oscillators and a degradation of the noise figure in low noise amplifiers (LNAs).

The DC components of the substrate potentials can cause a change in the

depletion capacitances that exist between the devices and the substrate. If a device-

substrate capacitance gets forward biased due to a large voltage spike, a large current

gets injected into the substrate and this can lead to permanent damage of the IC

[1].

Over the last couple of years there has been considerable emphasis on solving

issues related to electro-static discharge (ESD), latch-up and power aware synthesis.

To make SoC solutions a reality, substrate noise coupling must be added to this list.

Substrate noise coupling analysis must, hence, be integrated into a standard design

flow and made as seamless as a design rule check (DRC), layout-vs-schematic (LVS),

or parasitic extraction analyses that are very much part of any standard design

flow.

Substrate noise coupling has been a difficult problem to tackle owing to the

number of parameters that can vary. Therefore, one approach to the problem is the

use of numerical methods to model the substrate [2, 3]. These, however, would be

slow for large systems and are not convenient for estimation purposes. During the

initial stages of design of mixed-signal circuits, designers are interested primarily in

obtaining a qualitative idea about the amount of coupling between various blocks.

The exact numerical values of the underlying substrate parasitics are not critical and

a certain amount of accuracy can be sacrificed depending on the stage of design.
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A simple equation that relates key parameters of the substrate and can easily

be adapted to the design problem at hand will aid a designer considerably in design

decisions. This equation can offer more insight into the behavior of the substrate as

a collector and distributor of noise, than a set of differential equations that need to

be solved numerically.

It is with a view to obtaining such equations that empirical methodologies

have been proposed in [4-6] to model the substrate.

1.3. Previous work

As mentioned earlier, considerable work has been done in modeling the sub-

strate. The methods employed currently to model the substrate are listed below:

1. Finite difference method [7], [8].

2. Boundary element method (BEM) [3], [9].

3. Pre-processed boundary element method [2].

4. Scalable macro-model [4], [5], [6].

A detailed description of the various methods can be obtained from the ap-

propriate references. Another comprehensive source for the various methods is [10].

1.4. Contribution of this work

The use of scalable macro-models for the silicon substrate is gaining popu-

larity as an effective and quick means of determining, a-priori, the amount of digital



switching noise that couples from digital portions of the chip to the sensitive analog

portions [4, 5, 11]. However, the limitations of such an approach are:

(i) Existing macro-models address separations only greater than 1Om [13].

In a practical layout, circuit blocks (e.g. substrate taps adjacent to transistors) are

situated at separations as close as 2 5bLm.

(ii) Existing models [5] use geometry dependent parameters that can be am-

biguous. Hence these methods are not directly amenable for implementation in a

CAD framework.

(iii) There is a lack of a formal methodology to extract these models. Process

data from a foundry must be used to determine the substrate resistances for an

arbitrary set of substrate contacts of interest.

(iv) Finally, these approaches cannot be used in regions where the substrate

contacts of interest are so close that proximity effects become important. Hence,

a possible extension of this macro-modeling approach has been suggested which

involves the discretization of the larger substrate contacts into panels.

In this thesis, the emphasis has been on developing a model and an accom-

panying methodology for parameter extraction. The model can be integrated into

a tool to address the problem of accurately modeling the substrate parasitics and

thereby the noise propagation through the substrate.

Additionally, an automated methodology to calibrate the substrate profile

for use with substrate parasitic extractors based on the Green's function approach

[3, 91 has been developed. This results in a simple 3-layered representation of the

substrate, which when used with Green's functions based extractors yields accurate

values of substrate resistances. A heavily doped substrate with an epitaxial layer
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has been used as a platform for the development of this methodology and for the

development of an improved z-parameter based macro-model for the substrate par-

asitics. Though z-parameters have been modeled earlier in the pre-processed BEM

[2] using curve fitting techniques, the emphasis in this work has been on deriving

simple equations that can give the designer a better understanding of the nature of

the noise propagation. This model is an enhancement of that presented in [4] or [5]

in that it is applicable over a wider range of separations. It uses an approach that

lends itself to easy implementation in a CAD framework. This is because it makes

use of unambiguous geometry dependent parameters.

Finally the calibration, model extraction and validation methodologies de-

scribed have been integrated into a Comprehensive Automated Substrate Parasitic

Extraction Routine (CASPER).

1.5. Thesis outline

Chapter 1 is an introduction to the substrate noise coupling problem and the

motivation for this work and its scope. Chapter 2 describes the measurement proce-

dure. Chapter 3 outlines the need for an automated methodology for the calibration

of the substrate profile for use with Green's function based substrate parasitic ex-

tractors, presents the calibration methodology and validates this calibration against

measured data. The rationale behind the model development and the scalable 3-D

model for epi-type substrates is presented in Chapter 4. Chapter 5 presents vali-

dation results as applied to an arbitrary test case of multiple contacts and finally

conclusions are drawn in Chapter 6. This work, can by no means, completely ad-



dress the substrate noise coupling issue and possible future research avenues are also

included in Chapter 6.
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set-up consists of an HP 4156B semiconductor parameter analyzer and a CASCADE

probe station.

The chapter begins with an introduction to z-parameters and their rela-

tionship to the parasitic resistances between two substrate contacts. The above-

mentioned methodology as well as the future macro-model are based on these open-

circuit z-parameters. Then the relevance of the back-plane in heavily doped sub-

strates has been explained in this chapter. This is followed by a comparison of

three different measurement procedures. Finally conclusions based on these results

have been presented, which offer an insight into the mechanism of substrate noise

propagation in heavily doped substrates.

2.1. Z-parameters and substrate resistances

The inherent advantage of developing a model based on the open-circuit

parameters (or z-parameters) instead of one based on the short-circuit parameters

(y-parameters) is that the former can account for the case of multiple contacts in 3

dimensions [13].

For a simple two-port problem, as shown in Figure 2.2, the z-parameter

representation is given by:

V1 = z1111 + z1212 (2.1)

V2 = Z2111 + Z2212 (2.2)

The z-parameters are expressed in terms of a single voltage and current by

setting either I = 0 or '2 = 0, i.e., by forcing a current though one port and

measuring the voltage at the other port which is an open circuit.
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V2

Figure 2.2. The z-parameter representation of a two-port system.

=
, ,2

/V,\ (V2'\

I2=0

(2.3)
Ij =0 120

For a reciprocal network Z,2 = Z21.

The substrate can be modeled as in [4, 6, 13] by a simple ir-network of

resistances. Between two ports' of interest there is a cross coupling resistance, R,2,

and resistances R,, and R22 from each of the ports to the back-plane.

Figure 2.3 shows the it-resistive network and Eqs. (2.4) and (2.5) give the

relationship between the resistance values and the equivalent z-parameters. Here a

current I is injected into the substrate at port 1, and port 2 is left open. From

'A P+ diffusion region on the substrate is referred to as a P+ contact, or port. Henceforth

in this thesis the terms port or P+ contact will be used inter-changeably and refer to the

same physical structure. Examples of ports in real circuits are substrate taps and active

regions of transistors.
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I, = 0

udL.I%-pluIIe
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Figure 2.3. The ir resistance network for the substrate parasitics between two ports.

simple circuit theory and application of Kirchoff's laws to the network shown in

Figure 2.3:

= R11I = R11 II (R12 + R22)

P7 7 TI'
L112 -'22'i

R11 R22

R11 + R12 + R22

(2.4)

(2.5)

The above equations have been derived for a case where the back-plane has

been grounded. When the back-plane is left floating, the resistance seen between

the two ports is the parallel combination of R12 and (R11 + R22). This resistance is

denoted by R, and is given by:

R12(R11 + R22)
R = R12I(Ri1 + R22) (2.6)

R11+R12+R22
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2.2. The back-plane and its relevance in heavily doped substrates

The z-parameters must be measured with respect to a reference node, which

in our case is the back-plane. The "back-plane" refers to the physical back side of

the die. In heavily doped substrates, it is a common practice to silence the "bulk"

node by grounding the back-plane [19, 11]. In some cases, the back-side of the

die can be connected to a metal plate via a conductive epoxy [4]. In this case,the

inductance at the back-plane node due to the bond-wire and the epoxy (if used)

must be tuned out with a suitable tuning scheme [3, 19] to prevent voltage bounces

at the back-plane.

To provide a connection to the back-plane, in the test chip described above,

a grounded P+ guard ring around the perimeter of the die was used. This die-

perimeter ring has been found to be an effective means of grounding the back-plane

[11] in heavily doped substrates. The die-perimeter ring was connected to a pin

though a bondwire, and also to a DC probe pad for probing. The measurements in

this thesis were made by probing the on-chip die-perimeter ring pad.

As shown in Figure 2.4, there is a small resistance, RBPDP, between the

actual back side of the die and the die-perimeter ring contact that is probed. This

resistance, albeit small, significantly influences the measured values of the substrate

resistances and its effect must, therefore, be removed.

The measured resistance between the actual back-plane and the die perimeter

ring contact was found to be of the order of 1.5 3 , and dominated by the

contact spreading resistance of the die-perimeter ring pad. The de-embedding of

this resistance from measurement data is described in Appendix C.
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Figure 2.4. Cross section of the heavily doped substrate showing the resistance
between the actual back-plane and the die-perimeter ring contact.

2.3. Measurement procedures

This section outlines three different measurement techniques that were used

to measure the two port z-parameters. Each method approaches the problem from

a different angle, but all must yield the same results in accordance with theory. For

these measurements, if a particular port was to be left floating, a small current2

(usually in the order of 1 10 nA) was forced into it and the voltage was measured.

2This current must be at least a couple of orders of magnitude smaller than the currents

that are being injected or sensed.
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2.3.1. Direct measurement of z-parameters

By definition, the z-parameters are open circuit parameters (Eq.(2.3)) and

are obtained by injecting a current into one port (say and measuring the

voltage at the second port (V38). Exactly the same procedure can be used to

measure the z-parameters on silicon as shown in Figure 2.5. Probe 3 and Probe

2 are used to force the current and sense the voltage V88 at the injector and

sensor, respectively. Probe 1 is used to ground the back-plane, by grounding the

die-perimeter ring contact as explained in Section 2.1. Probe 4, is placed on the

die-perimeter ring probe-pad as well and left floating.

An initial measurement3 involving only probes 4 and 1 yields the value of

the die-perimeter ring contact resistance. A small value of the contact resistance

indicates a good back-plane connection.

The voltage at the die-perimeter ring pad is not exactly zero (though the

probe is grounded) due to the parasitic resistances of the probe. Probe 4 is left

floating after the initial contact resistance measurement. It serves to measure the

small voltage at the die-perimeter ring probe pad. This voltage (VBP) is used in

de-embedding the finite back-plane and bulk resistances as described in Appendix

C.

The z-parameters are calculated as follows:

Vifli VBP
z11-

ljnj
(2.7)

3The switch on probe 4 indicates that the entire measurement is a two-step procedure



vnJ

Probe Probe 2
3

LL) Injector nsoi
contact contact

Substrate

VSUbI
Probe 4 / \ Probe I

1nA

floating

Die perimeter
ring contact

Vsens

floating

= I nA

'sub2

16

Figure 2.5. Measurement set-up for directly measuring z-parameters. Note that the
back-plane is grounded to serve as a reference node.
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Vsens VBP
z12 (2.8)

where and V88 are the voltages at the injector and sensor ports; and 'sefls

are the currents through the injector and sensor probes respectively and VBP is the

voltage at the back plane.

As mentioned earlier, the z-parameters must be measured with respect to a

reference node the back-plane in this case. It is interesting to note what happens

in the above set-up when the back-plane is left floating. Port 2 that has been left

floating provides no path for the current to flow, and hence the voltage at node

2 cannot be determined as shown in Figure 2.6. Hence the two-port z-parameters

cannot be measured without a reference node.

Can take any
value/

I [oangLJ__L!J
() NO path
bJ

substrate

Back-plane floating

Figure 2.6. Voltage at port 2 cannot be determined when the back-plane is left
floating as the circuit is not complete and there is no path for current flow.

When the back-plane is floating, the system essentially reduces to a one-port

network, as shown in Figure 2.7. A one-port system is uniquely characterized by its

self-impedance, Z, and measurement of this parameter calls for the set-up shown

in Figure 2.7. In this case, the Z is given by
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Figure 2.7. Measurement setup for a one-port system.
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(2.9)

For a one-port, there are only two terminals and it does not matter whether a voltage

or a current is forced for the measurements.

Though this direct method of measuring the two-port z-parameters (with

the back-plane grounded) may seem accurate and very simple, it has important

limitations. These limitations have to do with the resolution of the voltage and

current measuring equipment used. This issue is addressed in greater detail in

Section 2.4.
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2.3.2. Measurement of z-parameters with the back-plane floating

An alternate method of determining the z-parameters from measurements

has been outlined in [21]. This method solves the issue of parasitics dominating the

measurement set-up at large separations. Additionally, no back-plane connection

is required and equivalent deductions for the network in Figure 2.3 are made from

measurements of a chip that has the back-plane floating. A pilot measurement is

done for a case where the contacts are sufficiently far apart to determine Z. [19]

suggests that this distance be at least 4 times the thickness of the epitaxial layer

(4tepi). This case corresponds to the one-port discussed earlier (Figure 2.7). Here

the Z of the one-port is equal to the sum of the resistances from each individual

contact to the back-plane, as shown in Figure 2.8.

V =
I I2R1

Z11 = 2R

Figure 2.8. Determining Z with the back-plane floating.

When the contacts are closer to each other (the distance separating them is

less than 4 times the thickness of the epitaxial layer, and denoted as 4tepj in the

figure), the cross resistance between them cannot be ignored and the network is as

shown in Figure 2.9. The Z12 is then calculated as described next.

Assuming the contacts are identical, Eqs. (2.4), (2.5) and (2.6) reduce to:



V = IV

IR
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Figure 2.9. Determining Zj with the back-plane floating for identical contacts.

= R (R12 + R11) (2.10)

R1
2R + R12

(2.11)

R = 2R11 (2.12)

Let (2R11 + R12) = P, and solve for P from Eqs. (2.10) and (2.12). This

yields two values for P.

RR2 + R1
(2.13)

z11

2R11 R12

R
(2.14)

Equating (2.13) and (2.14) and solving,

1 R11

2R11R12 2 R12)
+ (2.15)

Therefore,
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R11 Z11 1
(2.16)

= Rp (2.17)

Thus after making the pilot measurement to determine Z, the values of Z12

can be calculated from a measurement of R.

The main disadvantages of this method, however, are:

(i) This method assumes a constant Z, that is independent of separation.

Though this may be true for small sized contacts, it is not a valid assumption for

large contacts at small separations. This is further explained in Chapter 5.

(ii) This method assumes an a-priori knowledge of the separation "4tepj",

that corresponds to 4 times the thickness of the epitaxial region, beyond which

R12 can be neglected. Beyond a certain separation (here 4tepj), the cross resistance

R12 between the ports becomes large and the current flows vertically though the

epitaxial layer, through the heavily doped bulk and then up through the epitaxial

layer to the sensor [4, 19]. Hence, a designer needs to know the separation between

the substrate ports, beyond which R12 can be neglected.

For the measurements in this thesis, the z-parameters were calculated from

admittance measurements made between the substrate ports. The measurements

were taken with the back-plane grounded.



2.3.3. Determination of z-parameters from equivalent admittance
measurements

The value of Z, or the z-parameter from the contact to the back-plane was

assumed constant in the previous analyses. However it has been observed that for

large contacts (larger than 10im x 10pm) at small separations (less than lOizm),

this assumption is no longer valid. This can be attributed to the fact that at small

separations proximity effects become significant and hence the value of Z changes4.

In heavily doped substrates, a method to reduce noise coupling is to ground

the back-plane [19]. This is very effective in reducing the overall noise that can

couple through the substrate, as has also been shown in [11] as well. Since ICs that

use heavily doped substrates usually have a means for grounding the back-plane,

it is worthwhile to investigate a reliable measurement method for the z-parameters

given that the back-plane is grounded.

The set-up used to perform the measurements has been shown in Figure 2.10.

The main difference between Figures 2.5 and 2.10 is that in the former, a current

is injected and a voltage is measured (at a port which is an open-circuit), while in

the latter a voltage is forced at a port and a current is measured (though a port

that is a short circuit). In Figure 2.10, the voltage is applied at the injector

using Probe 3, and Probe 2 at the sensor is grounded (compare this to the set up in

4This must be noted carefully because the so-called "self-impedance", Z, of the port is

now dependent on other contacts in its immediate vicinity. As the value of Z depends

on its relative location to other contacts, it can no longer be referred to as the "self-

impedance."
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Figure 2.5). As in Figure 2.5, Probe 1 is used to ground the back-plane, by grounding

the die-perimeter ring contact as explained in Section 2.1. Probe 4, is placed on

the die-perimeter ring probe-pad as well. Again, as explained in Section 2.1, the

measurement is a two-step procedure where the initial measurement involving only

probes 4 and 1 yields the value of the contact resistance. Subsequently, probe

4 is left floating to measure the back-plane voltage, as explained earlier. Hence,

the measurement set up described here measures an admittance rather than the

z-parameters.

yin'

VSUbl

I = I nA

Probe 3

unjecior
contact

Probe 4

floating

Isns
IProbe 2J

Sensor
contact

Substrate

\ \ Probe I

'sub2

Die perimeter
ring contact

Figure 2.10. Measurement set up for measuring admittances with the back-plane
grounded.

After de-embedding the die-perimeter ring to the back-plane resistance (Ap-

pendix C), RDP_BP, we get the values of the resistances as:
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Table 2.1. Z12 values obtained from direct measurements are in good agreement
with those calculated from the equivalent admittance measurements. This shows
that either method can be used to obtain the z-parameters.

Contact Size
(jim x jim)

Separation
(jim)

Z12 (1k) Direct
measurement

Z12 (1k) From
admittances

4 x 4 10 60.077 61.886
4 x 4 25 10.778 11.258
4 x 4 40 6.473 5.332
4 x 4 50 5.577 5.465
10 x 10 10 31.850 33.672
10 x 10 25 8.551 8.724
10 x 10 40 5.492 5.550
10 x 10 50 4.425 4.374

As mentioned earlier, the direct measurement of z-parameters is limited by

the minimum voltage resolution of the measuring device used in the set-up. The

measurement set-up used to obtain the substrate parameters for the work described

in this thesis consisted of an Agilent 4156B Precision Semiconductor Parameter

Analyzer [17]. The semiconductor parameter analyzer has 4 high resolution medium

power source monitor units (SMUs). The minimum current resolution of the SMUs

is if A, while the minimum voltage resolution is only 2jiV. The minimum current

that can be measured is orders of magnitude smaller than the minimum measurable

voltage. It is, therefore, possible to measure a much smaller short-circuit current

rather than an open-circuit voltage of relatively similar magnitude.

As the admittance measurement method measures the short-circuit current,

it is better suited to measuring larger R12's and hence smaller Z12's. Based on
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these considerations, for measurement results in this thesis, the z-parameters were

obtained using the admittance measurements.

Equivalent deductions about the total resistance between the two ports when

the back-plane is floating can be made from the resistance values obtained when the

back-plane is grounded. As shown in Eq. (2.6), when the back-plane is floating

the resistance is the parallel combination of R12 and the sum of R11 and R22. The

back-plane was left floating and the total resistance between two identical ports was

measured for different contact sizes. The separation between the ports was varied

from 1Om to 5Oizm. For the case of a floating back-plane only a single impedance

can be determined (which happens to be the Z of the one-port network, as explained

in Section 2.2.1). The experiment was repeated with the back-plane grounded and

the resistances R11, R22 and R12 were determined. Using Eq. (2.6), the value of R

was calculated. Figure 2.12 compares the measured values of Z with the calculated

values of R using Eq. (2.6). In the figure the darker bars represent the measured

impedances (obtained when the back-plane was left floating) and the lighter ones

represent the resistances calculated from measurements made when the back-plane

is grounded. The taller bars are for 4jim x 4jzm contacts, while the shorter ones

represent the 1O/2m x 1Ojm contacts. The contact sizes, separations, measured

impedances and the calculated resistances are tabulated in Table 2.2. As can be

seen from this table, the value of the total resistance between the two ports, when

the back-plane is left floating can be accurately predicted from measurements made

when the back-plane is grounded.

2-D device simulations in [4] and [19] show the current flow lines in heavily

doped epi-type substrates. When the substrate ports are sufficiently separated,
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Figure 2.12. Resistances between ports when the back-plane is floating can be pre-
dicted from measurements made when the back-plane is grounded. The contact
sizes are 4pm x 4pm and 10pm x 10pm.

the injected substrate current flows down vertically through the epitaxial layer,

propagates through the low resistivity bulk, and finally flows back up vertically to

the sensor. 2-D device simulations in [4] also show that at separations below 10pm

most of the current flow takes place though the surface. These phenomenon can be

easily observed through simple measurements.

From Figure 2.9, it is seen that at close separations R12 cannot be neglected

since it accounts for surface current propagation. In the limiting case, when the

contacts are sufficiently far apart, the total resistance between them is equal to

the sum of R11 and R22. Therefore, it can be concluded that as the separation

between the ports increases, the effect of R12 diminishes. This is evident from

Figure 2.13, where the values of the parallel resistance, R, and 2 x R11 (two identical



Table 2.2. The total resistance between the two ports, when the back-plane is left
floating can be accurately predicted from measurements made when the back-plane
is grounded.

Contact Size
(pm x jim)

Separation
(jim)

2 x (Il) Direct
measurement with
back-plane floating

R (1k) calculated
from grounded
back-plane
measurements

4 x 4 10 1075.633 1084.325
4 x 4 25 1185.749 1215.654
4 x 4 40 1183.334 1197.113
4 x 4 50 1214.308 1220.187
10 x 10 10 525.688 534.830
10 x 10 25 565.709 573.244
10 x 10 40 578.502 591.589
10 x 10 50 616.318 614.650

0.85jim x 0.7pm contacts) are plotted as a function of the separation. As the

separation increases, the parallel resistance (which incidentally happens to be the

Z of the equivalent one-port network) approaches the value of 2 x R11.

The separation at which the parallel resistance becomes approximately equal

to 2R11 can be considered to be the zone beyond which the substrate noise propa-

gation mechanism becomes predominantly bulk propagation.

2.5. Summary

Different methods to measure z-parameters have been discussed in this chap-

ter and the merits/demerits of each have been listed. Measurements that can serve
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3. CALIBRATION

This chapter describes an automated methodology to obtain accurate sub-

strate parasitics from Green's function based extractors. An optimization based

approach is used which enables the calibration of the substrate profile for use with

such extractors. The proposed technique requires the fabrication of only a few test

structures for z-parameter measurements.

The motivation for the automated calibration methodology is presented first.

Then the calibration procedure is outlined and the chapter ends with the validation

of the results with measurement data.

3.1. Motivation for optimization of substrate resistivities and thicknesses

3-D Green's function based substrate parasitic extractors and most com-

mercially available substrate analysis tools (e.g., Cadence SeismIC, Agilent/EEsof-

Momentum) require the substrate to be described as layers of uniform resistivities.

This layered description of the silicon substrate must be derived from the actual

spreading resistance profile (SRP) data of the particular process run. Typically a

heavily doped substrate is approximated by a 3 layered structure and a lightly doped

substrate by a 2 layered structure [3]. Therefore, the accurate determination of the

equivalent resistivities and the thicknesses of the layers is important. The resistivi-

ties and thicknesses used for the layers have been found to impact the values of the

extracted substrate parasitics significantly. Despite accurate SRP data, it is difficult

to heuristically determine a good approximation to the substrate using only a few

layers of uniform resistivities. For example, both auto doping and out diffusion can
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cause the transition from the doping level of the substrate to that of the epitaxial

layer to be less abrupt than desired [14].

A very fine discretization of the SRP data may yield accurate results, but

the associated computational costs are enormous. For instance, if the number of

layers is increased from 3 to 6 for a single injector-sensor pair, the computation time

increases by about 4 times. This will result in impractical extraction times for a

large number of test cases and especially if such a discretization is applied to large

circuits. Therefore, this work develops an optimization based approach to obtain a

simple layered description of the substrate.

The empirical macro-model introduced in Chapter 4, is extracted using a

least squares data fitting methodology. The accuracy of the model, the efficiency of

its extraction, and its range of application can be improved by using an optimum set

of test structures. This optimum set of test structures can be obtained by developing

an appropriate design of experiments (DOE). However, developing this DOE can be

challenging if sufficient data is not available. In [4] and [5], z-parameter data was

obtained from measurements from test structures fabricated on silicon. This can,

however, be expensive and time consuming.

If an efficient and cost-effective alternative for the measurement data is avail-

able, it is possible to experiment with various sets of test structures and come up

with an appropriate DOE. This would, then involve minimal dependence on fabri-

cated test structures. It is with this objective that the use of "calibrated" Green's

function based 3-D substrate parasitic extractors has been proposed. The accuracy

of these extractors, as discussed earlier, depends on the layered description of the

profile.
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The optimization procedure proposed, uses only a few test structures to ob-

tam optimized substrate layer resistivities and thicknesses. The Green's function

based extractors can be used with these "calibrated" layer resistivities and thick-

nesses to obtain the z-parameters. This provides a cost-effective, reliable and fast

means of obtaining the data which can then be used to develop the DOE, thus

leading to a significant reduction in model development time.

In [4], the macro-model that was extracted from measured data was used

to develop the resistive substrate coupling network between two circuits of interest.

The optimization procedure described in this chapter can lead to reduced time for

the macro-model development. Hence, this leads to the generic flow for substrate

coupling analysis as shown in Figure 3.1.

Circuit
blocks of
interest

SPICE netlist
Develo4Hracjjb5etincorporating

Profile )

substrate

Figure 3.1. Generic flow for substrate noise analysis.

After the optimization, the resulting 3 layered approximation is accurate, as

will be proved later, and speeds up computation of the substrate parasitic network

significantly. The problem that the optimization routine needs to address is to be
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able to suitably discretize the doping profile from the surface to the back-plane as

shown in Figure 3.2.
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Figure 3.2. Actual doping profile and a 3 layered representation of the silicon sub-
strate.

From a circuit design point of view, the noise transfer function (NTF) given

by Eq. (3.1) is of interest.

v0 R22

R12+R22
(3.1)

As can be seen, this NTF depends on the substrate resistances. An error in the

prediction of the substrate resistances will result in a corresponding error in the

calculated noise voltage at the node of interest.
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At this point an analogy is in order. A 3-D extractor like the one described in

[9], can be compared to a circuit simulator, like SPICE. In this case, the resistivities

and thicknesses of the substrate layers are inputs that can be compared to the

parameters of the device models. Incorrect device model parameters are bound

to lead to incorrect results, however advanced and accurate a simulation engine

may be. Hence, it is important to accurately determine the proper resistivities and

thicknesses.

3.2. Calibration procedure

Figure 3.3 shows the flowchart for the calibration procedure which was im-

plemented in MATLAB. A subsequent implementation of this calibration routine in

ANSI C has been developed as well. The details of the ANSI C function are given

in Appendix A. The calibration procedure requires the following:

1. A fast 3-D substrate parasitic extractor.

2. An appropriate calibration metric, which depends on the substrate being cal-

ibrated.

3. An appropriate initial guess for the variables being optimized.

4. An appropriate termination criterion (e.g. tolerances on the variable values or

gradients).

The Z11 values of eight test structures obtained from measurement are used as a

reference for this calibration. These structures were fabricated on a test chip in the

TSMC O.35,um CMOS heavily doped process. The measurement methodology was
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explained in Chapter 2. The set of structures chosen for calibration must span the

range of equivalent port sizes that can occur in the layout. Also, since both square

and rectangular ports can occur in a layout, the calibration set must include square

and rectangular shaped structures as well.

3.2.1. EPIC

EPIC [9] was chosen as the 3-D Green's function based substrate parasitic

extractor for the work described in this thesis. EPIC can be readily interfaced with

either MATLAB or ANSI C. Hence, it could be used with MATLAB in a variety of

test-benches for testing different optimization techniques. Finally, the source code

was available and this made it an attractive option because future integration with

other software platforms would be possible.

As was explained in Chapter 2, a + guard ring was placed around the

perimeter of the test chip. While obtaining measurements of Z11 to be used as a

reference for the optimization procedure described here, the back-plane of the die

was grounded by grounding this "die-perimeter" ring [11]. It was therefore necessary

to include this die-perimeter ring in simulations with EPIC.

While certain Green's function based substrate parasitic extractors assume

an infinite die size [16], EPIC assumes a finite die size. The die size is specified as

an input by the user. The substrate ports to be analyzed must be placed inside this

bounding box (which represents the die size). The actual size of the fabricated die

was approximately 3OOOm x 3OOOjtm. However, the larger the size of the bounding

box, the larger is the memory and computational time required by EPIC. Hence,
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for simulations with EPIC a bounding box of 1000pm x 1000pm was used. The size

of the bounding box affected the values of Z11 only by about 2 %'.

Further for simulations with EPIC the contacts were placed in the center

of the 1000pm x 1000pm bounding box for simplicity. The values of the substrate

resistances were found to be in close agreement (less than 1 - 2 % variation) with

those obtained when the contacts were placed exactly as they were on the test chip.

The contacts that were taken for calibration did not have any other test structures

within a radius of 30 40 pm in their vicinity. This is a sufficient distance between

neighboring contacts to ensure that measurements made on a structure are not

influenced by the surrounding test structures.

3.2.2. Z11 as a calibration metric

As explained earlier, a simple description of the vertical stratification of the

substrate is to be determined. Z11, the open-circuit parameter that represents the

impedance from the port (at the surface) to the back-plane, is the only parameter

that is used in this calibration procedure. There are two reasons for using Z11. First,

a Z11 measurement can be done independent of other contacts and second, Z11 from

Eq. (2.4), contains contributions of R11 and R12 both of which affect the degree

of signal coupling.

11t is observed that for a heavily doped substrate, the die-size can be small as long as

the test structures are not close to the edges of the substrate.
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Figure 3.3. Flow-chart for substrate calibration.



3.2.3. Optimization ioop

The optimization ioop is based on the Levenberg-Marquardt technique [15].

An arbitrary initial guess for the layer resistivities and thicknesses is made based on

inspection of the actual SRP data. The variables are the resistivities and thickenesses

of the channel stop (pch, th) and the epitaxial (pepi, tepi) regions.The resistivity of

the heavily doped bulk was assumed constant (since the doping level is constant)

and taken from the SRP data. The thickness of the fabricated die was 2OOim. The

thickness of the bulk region is obtained by subtracting the thicknesses of the channel

stop and epi layers from the wafer thickness.

The optimization problem that has to be solved is given by:

mm
1' EPIC(Pch,tch,Pepi,tepi) i}2 (32)

hi mea8ured

where i refers to the test structure used for the calibration.

A simple weighting of the values is inherently achieved by the normalization

used in the above objective function. The Z11 values from EPIC are divided by the

corresponding measured Z11 values. This normalization is needed because some of

the ports are very small (O.7m x O.7m) and hence they have much larger Z11's

as compared to other ports (6Ozm x 6Om) which have small Z11's. This can cause

the resistivities and thicknesses to be biased and the normalization ensures that all

the test cases are weighted equally.

3.2.4. Output of calibration routine

After the calibration routine has completed the optimization, it outputs the

final layer resistivities and thicknesses. When EPIC is used with these optimized
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be explained in Section 3.4, the final values for the layer resistivities and thicknesses

depend on their initial values used for the optimization.

Table 3.1. Z11 values from EPIC after optimization are in good agreement with
measurements for the structures used in the calibration step.

Contact Size Z (1) Measurement Z11 () After Optimization % Relative Error

0.7gm x 0.7gm 1830.9341 1837.411 -0.30

0.85itm x 3.1gm 1016.689 977.430 3.00

1.5zm x 1.5km 1138.192 1157.296 -1.67

2.3zm x 2.3gm 887.186 904.536 -1.96

3.1/1m >< 3.1im 738.027 742.528 -0.60

6m x 6jim 488.034 477.487 2.16

2Opm x 4Opm 96.961 100.727 3.88

60gm x 60gm 37.535 36.150 3.70

3.3. Validation of calibration

Chapter 2 explained the measurement methodology for measuring substrate

resistances. The previous sections developed the calibration procedure and the

motivation for its inclusion in the substrate parasitic extraction flow. This section

compares the results from EPIC with those obtained from measurements.

Figure 3.5 compares the pre- and post-optimization Z11 values for 7 different

structures that were not used in the calibration step. The contact sizes are shown
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Table 3.2. Resistivities and thicknesses of layers before and after optimization.

Parameter Symbol Initial guess Value After Optimization

Resistivity of channel stop Pch 0.6km 0.2051cm

Thickness of channel stop tch 1.8gm 0.9525pm

Resistivity of epi-layer Pepi 61cm 6.5871cm

Thickness of epi-layer tepj 3.2pm 3.235im

in the figure as well. As can be seen from the figure, considering all cases, the

maximum error after optimization is approximately 10 %. Table 3.3 summarizes the

values of Z11 for the 7 contacts after optimization which are in close agreement with

measurements. This demonstrates that the calibration procedure yields accurate

values for Z11.

Figure 3.6 shows the Z12 values, for a pair of 0.85pm x 1.5pm contacts as

a function of mutual separation. The Z12 values obtained from the calibrated layer

thicknesses and resistivities are more accurate than those obtained by using the

initial guess. For noise estimation purposes, the values of R11 and R12 are important

and these can be easily calculated from the values of Z11 and Z12.

Figures 3.7 and 3.8 show the R11 and R12 values, respectively, of a pair of

0.85jm x 1.5km P+ contacts as the separation between them is increased from

0.6pm to 100gm. Using the calibrated layer resistivities and thicknesses, EPIC is

able to accurately match measurements. The maximum errors is 7 % in R11 and

the cross coupling resistance, R12, is predicted accurately to within 10 %.





43

Table 3.3. Z11 values from EPIC after optimization are in good agreement with
measurements.

Contact Size Z11 (1) Measurement Z11 (11) After Optimization % Relative Error

0.85km x 0.7jm 1734.966 1661.197 4.25

0.85jm x 1.5gm 1349.478 1312.058 2.77

2.4pm x 2.4pm 876.386 851.811 2.80

4m x 4j.im 661.859 636.542 3.83

10zm x 10tm 350.157 316.073 9.73

10pm x 30gm 155.321 170.297 -9.64

40pm x 40gm 58.136 65.407 -12.51
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Figure 3.6. Z12 values (before and after optimization) of two 0.85itm x 1.5iim con-
tacts as a function of separation.
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Figure 3.7. R11 values (before and after optimization) of two O.85m x 1.5gm con-
tacts as a function of separation.
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Figure 3.8. R12 values (before and after optimization) of two O.85zm x 1.5pm con-
tacts as a function of separation.
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Table 3.4. NTF values from EPIC after optimization are in good agreement with
measurements.

Separation

(1am)

NTF

Measurement

NTF Before

Optimization

NTF After

Optimization

% Relative

Error

0.6 0.5324 0.3707 0.5345 -0.4

1.8 0.3584 0.2418 0.3818 -5.5

2.4 0.3041 0.1849 0.3083 -0.4

3.6 0.2353 0.1600 0.2645 -8.3

5 0.1775 0.1185 0.2018 -11.1

10 0.0762 0.0438 0.0851 -11.7

100 0.0001 0.0001 0.0001 0

3.4. Notes of caution

. The calibration module that has been described is not a universal calibration

routine. For instance, sometimes it is insufficient to use only the Z's as the

calibration parameter. Z was an apt calibration metric because the substrate

in question was a heavily doped one. The substrate resistances between any

two contacts will depend only on their relative location and geometry pro-

vided other contacts are sufficiently far away. Hence the Z can be obtained

easily for a contact. However, this is not the case in a lightly doped substrate.

In a lightly doped substrate, the substrate resistances between any two ports

can be affected by other ports on the die. Hence, it is impossible to isolate
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the contribution of a single contact, or a pair of contacts. In order to apply

this optimization procedure to a lightly doped substrate, it may be necessary

to calculate the Thevenin equivalent resistance between the ports of interest

using a SPICE simulation. For such a case, SPICE will need to be interfaced

with the calibration routine.

The optimization that has been implemented here is a local optimization rou-

tine. The final "optimized" values of the resistivities and thicknesses of the

substrate layers depend on the value of the initial guess. It is logical to expect

multiple solutions to the layer resistivities and thicknesses because the sub-

strate noise coupling mechanism will depend on the ratio of the resistivities

and the ratio of the thicknesses between the layers. Hence, it is quite possible

that there can be multiple optimum solutions or local minima.

The data that has been used for obtaining the macro-model described in Chap-

ter 4 was generated using the substrate profile shown in Figure 3.10. To gen-

erate this profile, the initial guess chosen for the resistivities and thicknesses

were those output by the Dop2sti program [18] which is part of the SeismIC

package from Cadence Design Systems. The values for the resistivities and

thicknesses that were output by Dop2sti are also shown in Figure 3.10.

3.5. Summary

This chapter has discussed the motivation behind the use of a calibration

procedure and the role it plays in model development and extraction. The van-

ous factors that need to be considered before a calibration of the substrate can be
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undertaken have been verified. The means of integrating the calibration procedure

into a standard substrate noise coupling analysis have been explored. The proce-

dure developed and the results presented in this chapter show that it is possible to

accurately model a heavily doped epitaxial substrate as a 3 layered structure, with

uniform layer resistivities. Furthermore, the Z11 of a single contact is sufficient for

use in the proposed calibration procedure. Systematic calibration of the substrate

is an effective and seamless means of accurate substrate parasitic extraction, thus

enabling substrate noise coupling analysis in large mixed-signal SoCs.
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4. 3D MACRO-MODEL FOR EPITAXIAL CMOS SUBSTRATES

4.1. Methodology and background

The model formulation to handle multiple contacts requires the use of the two

port z-parameters as explained in [21] and [5]. The 3-D macro-model for substrate

resistances described in this thesis has been extracted in a similar fashion to the one

described in [13]. The basic procedure for the formulation of such a model for N

contacts is as follows:

1. The z-parameters for the substrate ports can be obtained either from measure-

ment (as described in Chapter 2) or from 3-D substrate parasitic extraction

programs (such as EPIC). The relationship between the substrate resistances

and the two port z-parameters are given by Eqs. (2.4) and (2.5).

2. The 2-port z-parameters are calculated for contacts taken two at a time. For

N substrate ports, this results in Nc2 2 x 2 z-matrices.

3. The Nc2 2 x 2 z-matrices are then stamped into a N x N dense z-matrix

as shown in Figure 4.1. This N x N z-matrix contains contributions of all

substrate ports. The matrix is symmetric about its principal diagonal. This is

because for a purely resistive representation of the substrate, Z = Z, even

if the ports i and j are of different sizes. The diagonal elements of the matrix

are the self impedances (Z's) of the ports, representing the impedance from

the port (at the surface) to the back-plane.

4. This z-matrix is then inverted to give the conductance matrix, Y.
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Figure 4.1. The symmetric N x N Z-matrix.

5. The values in the resistance matrix, R, are obtained as follows:

(4.1)

= (4.2)

As explained in Chapter 2, the Z of a port can be measured independent

of any other ports. This implies that the expression of Z is dependent only on the

geometry of the port of interest and the substrate profile.

The concept of a constant Z is pivotal to the formulation of the z-parameter

based modeling methodology described here. Interestingly, it also is the primary

limitation that hinders the extension of such a macro-modeling approach to regions
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where effects due to current re-distribution on the ports become significant. This

current re-distribution phenomenon occurs due to the proximity of a port to other

ports [20].

Consider the case when two substrate ports (assumed here to be of the same

size) are moved apart on the surface. R12, the cross resistance between the ports,

increases monotonically with separation as is expected (Figure 3.8). It is observed

from 3-D simulations and measurements (Figure 3.7) that the value ofR decreases

with increasing separation and settles to a constant value beyond a certain distance.

Figure 4.2 plots the normalized R11 and Z11 values for two 2m x 2im contacts as

a function of the separation between them. The normalization is done by dividing

the Z11 (or R) values at each separation by the corresponding value Z11 (or

R11 oo), i.e., the value of Z11 or R when the contacts are very far apart (in this

case 100gm). As can be seen from Figure 4.2(a), at a separation of about 1gm,

the R11 values vary by as much as 1.5 times their values at lOOiim. However, the

corresponding variation of Z11 at the same separation is only about 2 % as is evident

from Figure 4.2(b). Hence, Z11 can be assumed to be a constant for this case.

At this point it is worthwhile to appreciate that the two-port z-parameters

model only the behavior of the entire system. They are only a representation that

is mapped to the electrical domain in the form of the ir-resistive network. Z11

contains contributions of all "circuit" elements R, R12 and R22. The variation

in Z11 with separation is much less than that observed in R11 because R11 and R12

vary in opposing directions with an increase in separation. Hence, it is reasonable

to conclude that these opposing trends cancel each other, resulting in Z11 remaining

relatively constant.
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Figure 4.2. The R11 and Z11 values normalized to their respective values at a very
large separation (1OOpm) as a function of separation.
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In the cases where this "cancelation" is not valid, the Z11 varies considerably

(almost up to 15 %). This variation in Zii is observed in contact sizes that are about

l5pm x l5pm and larger. The assumption that Z11 is constant is then no longer

valid. This translates to limits on the separations and contact sizes for which the

proposed macro-modeling approach is applicable. This issue is addressed in greater

detail in the next chapter.

4.2. Shortcomings of the existing model for multiple contacts and focus
of the proposed model

A simple, resistive macro-model for the z-parameters in a heavily doped

substrate has been given in [5]. The model is simple and accurate, but it does not

address certain key issues. The salient points addressed in the modeling scheme

described in this chapter are as follows:

1. It was assumed in [13] that the z-parameter based modeling methodology is not

valid for separations below 10pm because the values of Z change. However,

as seen from the case of the 2pm x 2pm contacts in Figure 4.2, the value

of Z11 varies by only 2 % at a separation of 1pm. Hence, it is reasonable

to assume Z11 is a constant. This thesis shows that it is possible to extend

this z-parameter based macro-modeling approach to separations as small as

1.5 pm.

2. The model for Z12 described in [13] is inadequate for separations less than

10pm. This is because at closer separations the behavior of the 2-port system

is affected by the lateral current flow in the epitaxial layer [21]. An alter-
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nate expression has been developed that models the Z12 accurately for these

separations.

3. The expression for Z12 in the model described in [5] defines the parameter c

to be equal to the Z11 of the structure obtained when two contacts are merged

into one. This "merged contact" is ambiguous and can lead to problems when

implementing the model in a CAD frame-work. An example of the possible

ambiguity that can arise is shown in Figure 4.3. This problem is not apparent

when one considers the coupling between two identical square or rectangular

contacts of relatively similar dimensions. However, when the contacts are

oriented in different ways or are relatively thin and long, then this problem is

highlighted. In the model proposed in this work, the geometric quantities used

can be implemented in a CAD framework without any ambiguity. A generic

methodology to apply the technique to a large number of contacts has also

been addressed.

4. Methods to incorporate this z-parameter based macro-modeling approach into

a complete substrate parasitic extraction flow have been addressed. From

[5] the limitations of a z-parameter based macro-modeling approach are not

apparent. Contact sizes and separations at which the assumptions made for

this macro-model are not valid have been determined. Heuristic guidelines

about where such a modeling approach can be used have been presented.
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Figure 4.3. There are two possible ways to merge the two contacts. This leads to
different values, PM1 and PM2, for the "merged" perimeters. This is a problem
when the contacts are thin and long, and are of significantly different sizes.
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4.3. Enhanced 3-D scalable model for separations less than 10pm

The coordinate axes used for developing the 3-D model are shown in Fig-

ure 4.4. EPIC with the calibrated layer resistivities and thicknesses shown in

Figure 3.10 has been used to obtain the simulated data points.

ports on surface

Y(Jt
z substrate

Figure 4.4. Coordinate axes used for determining the macro-model.

A case of three 4pm x 4pm contacts was analyzed to determine whether the

assumption of a constant Z is valid. Contact 3 was moved from position A to

position C through position B as shown in Figure 4.5. Figures 4.6 (a), (b) and (c)

show the variation in Z of contacts 1, 2 and 3 respectively.1 As expected from

Figure 4.2, the Z's decrease when the separation between the contacts reaches its

minimum, i.e., at position B. At this point, the maximum change in Z for each of

'Though all three contacts are of the same size, the slight (less than 5 %) difference

between their Z values is due to the fact that they are not symmetrically placed about

the bounding box that EPIC considers as the die boundary.
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1
Zfl

K1Area + K2Perimeter + K3
(4.3)

where K1, K2 and K3 are empirical parameters. Figure 4.7 compares the Z values

obtained from the model with the data from EPIC simulations. There is good

agreement between the model and simulations.
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Figure 4.7. The model accurately predicts the Z11 for different contact sizes.

4.3.2. Conventions for x and y separations

To model the Z12 between two ports/contacts in three dimensions, it is nec-

essary to consider the separation between them, in both the x and y directions. As

shown in Figure 4.8(a), x is defined as the separation between the inner edges of the
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two contacts. y is defined as the separation in the y-direction between the contact

centers.

Since x is the separation between the inner edges of the contacts, it must

be greater than or equal to zero. y, however, can be both positive and negative, as

contact 2 can be above or below contact 1 in Figure 4.8(a).

Contact 2

x

Contact 1LJ
x (a)

Location Location
II I

Contact 2 Contact 2r1

r
LLJ

Contact 1 -

I I
I i

Y (b)

Figure 4.8. x and y separations. (a) Both x and y are positive. (b) When x is zero
or negative, the coordinate axes are rotated by 900.

Next consider the case in Figure 4.8(b) where contact 2 moves from location

I to location II. At location II, the x separation as calculated using the coordinate

axes shown in Figure 4.8(a) is negative. It then becomes necessary to rotate the

coordinate axes by 90° as shown in Figure 4.8(b). The x and y separations are

again defined as the distance between the inner edges and between the centers,

respectively. This rotation of the coordinate axes by 90° must be done whenever

the x-separation is zero or negative. This leads to the important conclusion that
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the x and y separations can be used interchangeably as long it is ensured that one

is an edge-to-edge separation, while the other is a center-to-center separation.

x has been defined to be an edge-to-edge separation because as the contacts

move closer to each other, there is a significant effect on the values of the two-port

z-parameters. This effect on the circuit parameters is due to current distribution

and proximity effects between the two contacts. Later, in Chapter 5, a methodol-

ogy that involves the division of larger contacts into panels is investigated. This

requires the problem of calculation of Z12 between adjacent panels to be addressed.

Here, considering x to be the edge-to-edge separation simplifies model development,

because panels that are adjacent are identified by having a zero x-separation.

y has been defined to be a center-to-center separation. As has been explained

earlier, the Z12 between contacts is maximum when the centers are aligned. A center-

to-center definition is useful in modeling as it has an implicit dependency on the

sizes of the contacts embedded into it.

4.3.3. Z12 model for separation in x-direction

The variation of Z12 for two identical contacts is studied as the separation

(edge-to-edge) between them is increased3. The separation between the inner edges

of the contacts (x) is a useful indicator of how close the contacts actually are. If

the edges are closer than a certain separation, then as described earlier, proximity

effects become important.

31n this case, Z12 does not tend to 0 as x -+ oo as this expression aims to model the

behavior of Z12 with increasing x, only up to a range of about 10 12pm.
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The variation of Z12 with separation for different contact sizes is shown in

Figure 4.9. As can be seen Eq. (4.4) models the variation of Z12 with x accurately:
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Figure 4.9. Simulations and model for the variation of Z12 as function of increasing
separation in the x-direction show good agreement.

Z12(x) = mi(e_m2x + e_m3) (4.4)

where m1, m2 and m3 are parameters that depend on the process and contact

dimensions, and WYavg is the average of the contact lengths in the y-direction, as

given by:

WY1 + WY2
WYav9

2
(4.5)

Next, the dependence of m1, m2 and m3 on the contact dimensions have to

be determined. From simulations performed by varying the areas and perimeters of

the contacts, the following expressions for m1, m2 and m3 have been determined.
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A1
m1 = (4.6)1 + BiPavy + CiAavg

m2 = A2 + B2Pavg + C2A9 (4.7)

m3=A3+B3( 1

A) + CP (4.8)

where Pavg, Aavg and ()avg are the average perimeter, area and ratio of perimeter

to area of the two contacts, respectively, as given by the equations below.

Perimeter1 + Perimeter2
Pay9 = (4.9)

2

Area1 + Area2
Aavg = (4.10)

2

Perimeter1 + Perimeter2

)avg

Area1 Area2 (4.11)
2

Figures 4.10(a), (b) and (c) show that the expressions (4.6), (4.7) and (4.8) model

m1, m2 and m3 accurately for a range of contact sizes.

From Eqs. (4.4) through (4.8) it can be concluded that the macro-model

is scalable with contact size and separation, because once the data points and test

structures for a particular process have been determined, the constants can be ob-

tamed though curve-fitting of this data.

4.3.4. Z12 model for separation in y-direction

When dissimilar contacts are placed at different locations relative to each

other on the x-y plane, [13] showed that the maximum coupling, for a given x-

separation, occurs when the centers of the two contacts are aligned. At this point,
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Figure 4.10. m1, m2 and rn3 for different contact sizes. The contact sizes corre-
sponding to the contact numbers have been listed in Appendix C.



for the given x-separation, the Z12 value is maximum. Further, the Z12 values mono-

tonically decrease in a symmetric manner about this point. Also, when two identical

contacts are moved in the x-y plane, the coupling (for a given x) is symmetric about

the point where the centers are aligned. Hence, this point is chosen as the point

of zero y-separation. This is shown in Figure 4.11, where the Z12 will be equal at

y = Yi and y = yi and will be a maximum at y = 0. Before developing a model

y=y1

x =x0 EIi- Y = -Vi

Figure 4.11. Definition of y-separation. y = 0 is defined as the point where the
centers of the two contacts are aligned.

for the dependence of 2'12 on y-separation, it is necessary to isolate the dependency

of Z12 on y-separation. The separation between the contacts is increased in the

y-direction, while maintaining the same x separation (= xe,) for all contact sizes.

The values of Z12 are then normalized with respect to the value at y = 0. This can

be represented as below, where Z(y) is the normalized Z12:

Z(y) Z12(x0,y)= V contact sizes (4.12)
Z12 (x0)

The normalization results in the curves shown in Figure 4.12. As expected, the
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Figure 4.12. The values of Z12 as a function of the y-separation, normalized with
respect to the value of Z12 at y = 0.



curves are symmetric about y = 0, where the maximum equals 1. This behavior can

be modeled as:

1+m4yI
1 + rn5y2

(4.13)

where m4 and m5 are parameters that depend on contact dimensions. This expres-

sion models the behavior of Z12 with y-separation correctly, because when y = 0,
qN -
'12

As in the case of x-separation only, expressions for m4 and m5 are obtained

by analyzing their trends for various contact sizes. This results in the following

expressions.

m4 = A4(1 + B4Pavg) (4.14)

m5=A5+B5log 1 C5

Psum
+

d
(4.15)

where Wdavg is the average of the diagonals of the contacts as shown in Figure 4.13

and Psum is the sum of the perimeters of the two contacts.

Figures 4.14(a) and (b) show that Eqs. (4.14) and (4.15) model m4 and m5

accurately for a range of contact sizes.

Correspondingly, to obtain the actual Z12 values, a de-normalization must

be done. Eqs. (4.13) through (4.15) predict the behavior of Z12 with y for different

contact sizes accurately, as is evident from Figure 4.15.

The next step is to integrate the two equations to obtain a model for the

dependence of Z12 between two contacts based on their size and relative location in

the x-y plane.



-0.021

-0.0215

-0.022
E

-0.0225

-0.023

-0O245

Wx2

WY2

Wx1_______________________

N wd1 = Jwx 2 +
2

wd2=-\/WX22 + WY22

wd + wd 2Wd=
2

Figure 4.13. Calculation of Wdavg.

2 4 6 8 10 12
Contact number

(a)
x 10

12

10

6

4
0 2 4 6 8 10 12

contact number
(b)

Figure 4.14. m4 and m5 are modeled accurately for a range of contact sizes. The
contact sizes corresponding to the contact numbers have been listed in Appendix C.
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4.3.5. 3-D model for Z12 in the x-y plane

The complete expression that models the behavior of Z12 with separations in

the x and y directions can be obtained by multiplying Eqs. (4.4) and (4.13). Thus

the complete model for Z12 based on separation and geometry is given by:

71 +m4Iy\Z12(x, y) = mi(ern2x +
1 + Tfl5y2)

(4.16)

where the expressions for m1 through m5 have been presented earlier.

The model that has been developed in this chapter is able to accurately

predict the values of the substrate resistances as will be validated in Chapter 5.

This model also predicts the noise transfer function for multiple contacts of different

sizes that are within a separation of 1Oim. The results for all these are presented

in Chapter 5.

The model development procedure is summarized in Figure 4.16. A func-

tion has been implemented in MATLAB, using the same nonlinear optimization

technique that has been used in the calibration procedure described in Chapter 3.

4.4. CASPER

The calibration routine procedure in Chapter 3 and the curve-fitting ap-

proach described in the previous section can be combined to give a unified

methodology for developing scalable macro-models of the substrate. The overall

flowchart for a Comprehensive and Automated Substrate Parasitic Extraction Rou-

tine (CASPER) is shown in Figure 4.17. SRP data from the foundry and a set of

reference values for the calibration metric (Z11 in this case) are used to calibrate a
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Figure 4.16. The generic flow of a curve fitting methodology to extract the macro-
models for 2'12 for accurate substrate resistance prediction.
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3-D Green's function based substrate parasitic extractor. A design of experiments

(DOE) analysis determines the test structures to be used for model extraction. The

3-D substrate parasitic extractor is used with the calibrated layer resistivities and

thicknesses to obtain the data points (here z-parameters) for the test cases. These

data points are used by the curve-fitting engine to extract a macro-model for the sub-

strate. The engine uses a non-linear least squares curve-fitting technique to extract

the macro-model. The resistance network can be obtained from this z-parameter

based macro-model by inverting the z-matrix and can be stored as a SPICE sub-

circuit for later analysis. On the other hand, the z-parameter representation of the

network can be combined with the digital switching noise information [22] to di-

rectly yield the vector of noise voltages at the nodes of interest. Also shown in the

figure are the various software platforms for which the different sections of CASPER

have been implemented. The respective interfaces to a Green's function based ex-

tractor, EPIC in this case, for the calibration and curve-fitting engines has been

implemented as well.

4.5. Summary

This chapter has provided the background and presented a methodology to

extract scalable models for substrate coupling parasitics. Using this methodology,

models for the z-parameters for heavily doped substrates have been developed. This

automated approach can be extended for different substrates and can lead to a quick

development of such empirical models. The next chapter shows that the models

proposed here are applicable to a general case of multiple contacts of various sizes.

The limitations of the modeling approach are also described.
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Figure 4.17. The CASPER methodology to extract scalable substrate noise coupling
models for silicon substrates.
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5. VALIDATION OF 3-D SCALABLE MACRO-MODEL

This chapter presents validation results for the 3-D macro-model proposed

and developed in Chapter 4. The model is compared with measurement data and

simulation results. The limitations of the z-parameter based macro-modeling ap-

proach have also been identified.

5.1. Validation of model for x-separations

The model in Eq. (4.4) for Z12 as a function of separation in the x-direction

is verified first. The z-matrix obtained using Eqs. (4.3) and (4.4) was inverted and

the substrate resistances were calculated using the procedure outlined in Section

4.1. The resistance values are then compared with measurements made on the

fabricated test structures described in Chapter 2. Figure 5.1 compares the values of

R12 obtained using the model and those obtained from measurement of two different

contact sizes. As can be seen, the model predicts the values of R12 accurately.

5.2. Validation of model for both x and y separations

The complete expression that models the behavior of Z12 with x and y sepa-

rations is given by Eq. (4.16). The model predicts the Z12 values between contacts

to within 15 % of EPIC simulations as seen in Figure 5.3. The contacts are ap-

proximately within 1O,am of each other and are separated in both the x and the y

directions as shown in Figure 5.2.

As explained in Chapter 3, the actual values of the resistances are important

from a circuit design perspective. Figures 5.4 and 5.5 show that the resistance values
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Figure 5.1. The model accurately predicts R12 as a function of separation, x.
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Contact 2

x
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4

Figure 5.2. Experiment for verification of the Z12 model for x and y separations. In
this figure x = y. The Z12 values are plotted in Figure 5.3
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Figure 5.3. The model accurately predicts Z12 with separation in the x and y direc-
tions. The separation in the x-direction is equal to that in the y-direction for this
figure.



obtained from the above z-parameter models are in good agreement with those from

EPIC.

_1

0 1 2 3 4 5 6 7 8
separation (pm)

Figure 5.4. The model accurately predicts R11 with separation in the x and y direc-
tions. The separation in the x-direction is equal to that in the y-direction for this
figure.

The noise transfer function (NTF) introduced in Chapter 2 is the quantity

of interest for circuit designers. The NTF depends on the values of both R11 and

R12 and is predicted accurately as shown in Figure 5.6.

5.3. Validation of model for a 3 contact example.

The z-parameter based macro-model is verified for multiple contacts in this

section. The three contact case of Figure 5.7 was simulated with EPIC and the

methodology outlined in Section 4.1 was applied to obtain the resistances between



4000
01

79

1000

1000

000

o 1rnx51m-EPIC
- 1mx5m-modeI
A 5m x 5m - EPIC
--5mx5m-modeI

I
I

I......-................. I

I

0 1 2 3 4 5 6 7 8
separation (pm)

Figure 5.5. The model accurately predicts R12 with separation in the x and y direc-
tions. The separation in the x-direction is equal to that in the y-direction for this
figure.
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Figure 5.6. The model accurately predicts the NTF with separation in the x and y
directions. The separation in the x-direction is equal to that in the y-direction for
this figure.
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the ports. Table 5.1 compares the resistance values from EPIC with those obtained

using the model for this example. The resistance values are within 20 % of simula-

tions.

4 urn

Contact 2 4 urn

4um _____________I
I i4

Contact I

1 3um

5um

Contact 3 2 urn

5urn
lurn 3urn

Figure 5.7. The three contact case that was simulated to verify the application of
the model to multiple contacts.

5.4. Extension of 3-D macro-model to separations greater than 10pm

The model described thus far was developed specifically to model the be-

havior of the z-parameters as a function of separations which are less than 10pm.

However, the same expression can be used to model the z-parameters for separa-

tions greater than 10pm. The data that needs to be supplied for the curve-fitting

must be the z-parameter values for separations greater than 10pm. This means the



Table 5.1. Resistance values from the model are in close agreement with those
obtained from EPIC for the three contact case of Figure 5.7.

Resistance EPIC (0) Model (1) Percentage error %

R11 1175.82 1231.95 4.8

R22 9340.98 953.46 2.1

R33 1475.41 1705.66 15.6

R12 3303.79 3069.74 7.1

R13 4436.12 3887.01 12.4

R23 1949.89 2123.02 8.9

functional forms proposed in Chapter 4, can be retained for Z12 and for the

parameters m1 through m5 for separations greater than 10pm.

Figures 5.8 and 5.9 show the Z12 and R12 values, respectively, as a function

of separation in the x-direction for two differently sized contacts. As can be seen,

the model captures the behavior of Z12 and R12 accurately beyond a separation of

10pm.

In [5], the expression for Z12 for separations greater than 10pm was given by:

= ae (5.1)

where 3 is a process dependent parameter. c is defined to be the Z11 of the contact

obtained by merging the two contacts between which Z12 was being determined. A

discussion on the possible ambiguity that can arise from this concept of merging of

contacts has been presented in Section 4.2. This translates to an ambiguity in the
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Figure 5.8. The model accurately predicts Z12 with separation beyond lOjtm for
different contact sizes. A logarithmic (base 10) scale is used for the Y-axis.
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Figure 5.9. The model accurately predicts R12 with separation beyond 10pm for
different contact sizes. A logarithmic (base 10) scale is used for the Y-axis.



calculation of a and hence in the final value of Z12. This ambiguity can be solved

by using the model proposed in this chapter.

5.5. Limitations of the z-parameter based macro-model

The extraction methodology for the macro-model and its accuracy have been

verified with the results presented thus far. The results show that the model is valid

over a wide range of separations and contact sizes. A model is incomplete, however,

if its limitations are not identified. Assumptions are made during the formulation

of any model. When these assumptions are no longer valid, the model will then be

inaccurate.

The primary limitation of the macro-model, as mentioned in Chapter 4, is

due to the proximity of contacts. The proximity effect is pronounced in the case

of large contacts. In Figure 4.2 it was seen that the variation in Z11 for a pair of

2pm x 2m contacts is minimal. However, from Figure 5.10, it is evident this is not

the case as the contact sizes increase. The figure plots the normalized Z11 values for

contacts as a function of the separation between them. The normalization is done

by dividing the Z11 values at each separation by the corresponding value (Z11
)

when the contacts are very far apart (100/1m). Four different contact sizes have

been investigated.

As can be seen from the figure, Z11 for all the contacts is relatively constant

until the separation becomes less than 10tm. Then the Z11's vary considerably

with decreasing separation. This variation clearly depends on the size of a contact.

Hence, to be able to use the z-parameter based modeling approach one must know a-

priori the separations at which the proximity effect becomes significant. A relation



0.98

0.96

0.94

gO.92

N: 0.9

N

0.88

0.86

0.84

0.82

0.8
100 101 102

separation (1m)

Figure 5.10. The Z11 values normalized to their respective values at a very large
separation (100im) as a function of separation for 4 different contact sizes.



between the absolute size of the contacts and the separation between them needs to

be developed.

The z-parameter based approach fails as it now becomes necessary to include

a dependency of a neighboring contact on the Z value. This contradicts the as-

sumption that the Z of a contact is independent of other contacts. Incorporation

of a dependency on neighboring contacts on the Z implies, for an N-port case, each

diagonal element in the N x N matrix will have a dependence on each of the N

other ports. It is, therefore, impossible to build the over-all Z-matrix by stamping

the 2 x 2 two-port Z-matrices as described in Section 4.1.

A reasonable bound must be established for the maximum allowable variance

in Z11 with respect to its value at oc. A practical value for this tolerance would be

5 %. This corresponds to a contact size of about 5tm x 5izm from Figure 5.10.

For contacts sizes larger than the ones permitted by the bounds, an approach

based on the discretization of the contacts into panels has been proposed in the

following section.

5.6. Division into panels - a possible methodology to extend the z-
parameter based approach

The computational efficiency of the z-parameter based macro-modeling ap-

proach over traditional approaches that divide the contacts into smaller panels is

addressed in [12]. Using the z-parameter based approach, the size of the matrix to

be inverted is reduced by orders of magnitude. This is possible primarily due to

the scalability of the macro-model with contact dimensions. This implies that the





As shown in Figure 5.11, two large contacts are divided into an array of

panels. The extraction algorithm used in this procedure is as follows'.

Phase I: Initial set-up.

* Divide the two contacts into a panels each.

* Calculate the sizes of the panels and separation between them based on geometric

data.

Phase II: Calculation of panel-level Z-matrix (Zr).

* Zp is a 2a x 2a matrix.

* Diagonal elements of Zp are calculated (Eq. (4.3)).

* To calculate non-diagonal elements:

for i = 1 to (2a 1)

for j = (i + 1) to 2a

if panels are adjacent,

else

end

end

Zp(i,j) = Z of "merged" panel (Eq. (4.3))

Z(i,j) = Z,2 between the panels (Eq. (4.16))

'A MATLAB function was written to verify if this approach can account for proximity

effects. The following assumptions have been made for simplicity: (a) only a two-contact

case has been investigated, (b) both the contacts are divided into the same number of

panels, and (c) only a 1-D discretization into panels has been assumed.



Phase - III: Calculation of two-port Z-matrix for verification.

* Yp = inverse(Zp) is the panel level Y-matrix.

* First calculate the resistances R11, R12 and R22.

To calculate self-resistances R11 and R22:

for each contact

for i = all panels on the current contact

end

end

= sum(Yp(i,:))

To calculate cross-resistance R12:

for i = panels on contact 1

for j panels on contact 2

end

end

R23 = (Yp(i,j))

* Calculate two-port Y matrix (1',) from the resistances above.

* Calculate two-port Z matrix (Z0) by inverting Yt,0.

The Z11 of the two-port Z-matrix obtained from the above procedure is plotted as a

function of separation in Figure 5.12. As can be seen from the figure, the two-port

Z-matrix obtained after applying the paneling approach can predict the decrease in

as the separation between the contacts gets smaller. This key behavior is not
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exhibited by the two-port Z-matrix obtained by using oniy the macro-model as is

seen from the straight line shown in Figure 5.12.

570
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r..J
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0 1 2 3 4 5 6 7 8 9 10

separation (Mm)

Figure 5.12. The variation of Z11 as the separation decreases for two 5im x 5jm
contacts is predicted by the division of the contacts into panels. Each contact has
been divided into 6 panels each.

There is, however, a difference between the actual values of Z from EPIC

and those predicted by this paneling approach. This is probably due to the error in

calculating the between panels that are adjacent to each other. Further analysis

is required to find the correct expression for the Z, between adjacent panels.

5.7. Analysis of the mechanism of noise propagation in CMOS epitaxial
substrates

Section 2.3 presented measurement results which proved that, as the separa-

tion between two ports is increased, the effect of R12 diminishes. This was concluded
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from the fact that beyond a certain separation the parallel resistance, R, between

the two identical ports approached the value of 2 x R11. Hence, it was proposed that

the (so-called) critical separation at which the parallel resistance becomes approxi-

mately equal to 2 x R11 is the separation at which substrate noise coupling becomes

predominantly a bulk phenomenon.

Simulations have shown that the approximate value for this critical separation

is independent of the size of the contacts. It is a function of only the substrate layer

thicknesses and resistivities.

The separation between two small (0.85im x 0.7jm) identical contacts is

increased. The separation at which the ratio becomes greater than 0.95 (i.e.

the value of R is within 5 % of 2R11) is considered to be the critical separation. The

above experiment is repeated for two large (60zm x 60tm) contacts. The results

for the above two cases are plotted in Figure 5.13. From Figure 5.13, it is seen that

the critical separation lies approximately in the range of l5jim 25im.

Despite the significant difference in size, the critical separation for either

contact remains approximately the same, proving that this separation is independent

of the size of the contacts.

The values of R and R11 used in Figure 5.13 were obtained for the profile

shown in Figure 3.10. The same experiment was performed using the heavily doped

substrate profile taken from [1]. This substrate profile has been reproduced in

Figure 5.14. Figure 5.15 plots the values of as a function of separation for

the same two contact sizes as in Figure 5.13 for this profile. The critical separation

in this case lies between 35pm 45am, and as observed from simulations using the

previous profile, is independent of the contact size. From the two cases presented
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Figure 5.13. The range of separations at which becomes greater than 0.95 is
independent of contact size. The values have been obtained using the profile shown
in Figure 3.10.
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Figure 5.14. Profile of heavily doped substrate used to obtain the values of R and
2R11 in Figure 5.15.
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Figure 5.15. The range of separations at which becomes greater than 0.95 is
independent of contact size. The values have been obtained using the profile shown
in Figure 5.14.
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above, it can be concluded that the critical separation is a function of the substrate

profile and is independent of contact size. This implies, that for a heavily doped

substrate, the separation at which the effect of R12 can be neglected is independent

of the sizes of the contacts.

This critical separation can be obtained by different means. For instance,

Figure 5.16(a), plots the variation of the that has been described above. Fig-

ures 5.16(b) and (c) plot the variation of -' and respectively, as a func-

tion of separation. These curves have been plotted for two different contact sizes

O.85m x O.7m and 6Oim x 6Om. From Figure 5.16(b) it can seen that below a

separation of about l5iim, the ratio of Z11 to Z12 is independent of the size of the

contacts. Beyond a separation of approximately 25itm, this ratio depends signifi-

cantly on the sizes of the contacts in consideration. Hence, for this substrate, it can

be concluded that the critical separation lies between 15im 25gm.

Finally, from Figure 5.16(c) similar inferences can be drawn about the crit-

ical separation. As can be seen, the ratio of approaches 1 in the range of

15gm 25zm.

The results presented above provide insight to the mechanism of current

propagation through heavily doped substrates. Additionally, the fact that the ratio

of Z11 to Z12 is relatively independent of contact size, for separations lower than

about l5iLm, can be used to model the variation of Z11 due to the proximity effect

at these separations. These results can be used for better noise management in

mixed-signal circuits.





5.8. Summary

The above sections have shown that the z-parameter based macro-modeling

approach is flexible and can be applied to a number of cases. Certain limitations

of this approach have also been described. Possible solutions to these limitations

have been proposed. These solutions involve the discretization of the contacts into

panels. Heuristic guidelines for the use of the z-parameter based modeling have been

presented as well.



6. CONCLUSION

6.1. Contributions
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This thesis presents a comprehensive methodology and modeling approach

for substrate noise coupling analysis in heavily doped CMOS processes. Guidelines

for calibrating a 3-D simulator and a methodology to integrate this into a substrate

network extraction program have been presented. An existing Z parameter based

macro-model that is applicable to multiple contacts and is scalable with both the

geometry and spacing of contacts has been enhanced and metrics for its performance

have been described. Good agreement has been achieved between the model, simu-

lations and measurements in terms of the percentage of noise coupling to a point of

interest.

A Comprehensive Automated Substrate Parasitic Extraction Routine

(CASPER) has been developed that enables the development of such scalable mod-

els. It automates calibration, data acquisition, curve fitting, verification and finally

post processing. This will enable resources to be focussed on obtaining the cor-

rect expressions for substrate z-parameters and determining an efficient design of

experiments for the test structures to be used in the curve-fitting.

The panel-based methodology that incorporates the z-parameter macro-

model proves that it might be necessary to use different methodologies to obtain an

accurate analysis of the digital switching noise that couples from the digital circuits

to the sensitive analog circuits in large mixed-signal designs.

With this methodology the entire process of characterizing a substrate, ex-

tracting a scalable model and finally computation of substrate resistances can be



done orders of magnitude faster than existing approaches and without the depen-

dence on extensive fabrication of test structures for the purpose resulting in a

reduction of both, cost and cycle time.

6.2. Suggested future research avenues

This thesis is part of an effort to develop a CAD tool that accurately and

efficiently addresses the problem of substrate noise coupling. The CAD tool must

be able to work from a layout and must be able to address the problem at a circuit

level. It must also be able to provide a rough estimate of noise coupling before the

actual full custom layout is in place.

Multiple software platforms have been used for the implementation of the

various sections of CASPER. There is a stand-alone ANSI C calibration function

(ORSTCAL). However, the curve-fitting engine for the model development has been

developed in MATLAB. This must be implemented in C if future integration into a

larger software environment is envisioned.

Further investigation on the relation of contact sizes to the mechanism of

current propagation in the substrate will yield results that can significantly aid

design decisions.

While the optimization routine and calibration procedure are complete in

themselves and are automated already, the curve-fitting engine requires further au-

tomation.

First, a more efficient design of experiments (DOE) to determine the test

structures for use in curve-fitting must be developed. The test structures that are
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used to extract the parameters used in the expressions significantly affect the final

values.

Second, the expressions used have been selected manually though a process

of elimination and intuition. This particular step involves manual interference, to

the otherwise almost completely automated CASPER set-up. One such method

that may be feasible is to train a neural network to perform the "learning." A large

database of possible functions can be set up and the neural network, as it progresses

through its learning phase, can eliminate those functions that do not fit the data.
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APPENDIX A. ANSI C Calibration Routine

A short description of the ANSI C implementation of the Calibration routine

is presented.

1. ORSTCAL is a stand-alone ANSI C application that can be compiled either

on a Solaris or HP Workstation.

2. It has an interface to EPIC.

3. The user needs to input only the reference values of the calibration metric (Z11

for different contact sizes in a heavily doped substrate) and the initial values

for the substrate layer resistivities and thicknesses. This must be done in the

file main. c. The contact sizes and separations between the contacts must be

listed in a file that is defined by the pre-processor macro CALIBSTRS. The

default file name is cal data. dat.

4. Suitable options for the optimization can be set in the header file options. h.

Machine specific options must be set in the file mconf.h.

5. The default options that have been set, yield results comparable to the initial

MATLAB implementation of the same calibration routine.

6. A Makefile has been created which when executed creates an executable called

ORSTCAL. Additional information about program specifics have been pro-

vided in the documentation accompanying the package.

7. To run the application type orstcal at the command prompt.
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APPENDIX B. Measurement structures on Test Chip

The test structures that were fabricated on the test chip in the TSMC 0.35tm

CMOS epitaxial process are listed below.

1. Arrays of 0.85im x 0.7jm, 0.85im x 1.5zm and 0.85pm x 3.1gm contacts for

measuring Z12 at small separations.

2. Arrays of 2.4jm x 2.4pm, 4um x 4,am, 6um x 6jim and 10pm x 10pm contacts

at separations of 10, 25, 40 and 50 pm.

3. Arrays of 10pm x 3Opm, 2Opm x 4Opm,contacts at separations of 10, 25, 40

and 50 pm.

4. Three 4Opm x 4Opm contacts at separations of 10, 25, and 50 pm.

5. Two 6Opm x 60pm contacts at separations of 10 and 25pm.
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APPENDIX C. De-embedding the Back-plane to Die-perimeter ring re-
sistance

The figure below shows the resistance between the actual back-plane and the

die-perimeter ring contact. Also shown in the figure are the resistances between the

injector and the die-perimeter ring and between the sensor and the die-perimeter

ring.

The resistance RBP_DP between the die-perimeter ring and the back-plane is

in reality the of the die-perimeter ring. A guard ring can be considered to be

like any other contact that has been discussed so far only different in shape. From

Chapter 4 it is seen that Z11 of a contact decreases with increasing size. Hence, the

die-perimeter ring in the die will have a very low self-resistance.

p R

of chip

a-perimeter
ig contact

perimeter
ring

The procedure to de-embed the back-plane to the die-perimeter ring resis-

tance is shown below. The various currents and voltages are explained in the fol-

lowing figure. The known quantities (from measurements) are:VF, etc.



VF

die-perimeter ring

BP

'F = '1 + 12

Is = 12 + 13

Ii = 'BP + 13

106

(Cl)

(C2)

(C3)

But R22 >> RBP_DP. This implies that 13 << 'BP From measurements, it is seen

that I is at least a couple of orders of magnitude smaller than 'BP Hence, Eq. (C3)

can be approximated as

'1 'BP (C4)

R11 must be obtained as

VFVBP
R11 = (C5)Ii

But using the approximation of Eq. (C4),
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VF-VBP
R11 = (C6)

'BP

R12, the cross resistance between the injector and the sensor must be calculated as

follows:

VF-VS VF-O VF
= (C7)

'2 'F Il , VF-VBP
F Ri1

or

VFR11
R12 =

R11IF VF + VBP
(C8)

Note that Eqs. (C6) and (C8) correspond to Eqs. (2.18) and (2.19), respec-

tively.
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APPENDIX D. Test Structures used to Fit Expressions for m1, m2, in3,

m4 and m5

As described in Chapter 4, Section 4.3.3, the expression for Z2 as a function

of x requires three parameters, m1, m2 and m3, which are a function of contact

dimensions. The table below lists the contact numbers and corresponding contact

sizes used to fit expressions for in1, m2 and m3 in Figure 4.10.

Contact Number Contact Size (pm x pm)

1 lxi
2 1x3
3 l.5x1.5

4 1x4
5 2x2
6 2.4x2.4

7 2x5
8 3.1x3.1

9 3x5
10 3.5 x 3.5

ii 4x5
12 6x6

As described in Chapter 4, Section 4.3.4, the expression for Z12 as a function

of y requires two parameters, m4 and m5, which are functions of contact dimensions.

The table below lists the contact numbers and corresponding contact sizes used to

fit expressions for m4 and rn5 in Figure 4.14.
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Contact Number Contact Size (pm x pm)

1 0.85 x 0.7

2 0.85 x 1.5

3 0.85 x 3.1

4 lxi
5 1x2
6 1.5x1.5

7 2x2
8 2.4x2.4

9 2x4
10 3.1 x 3.1

11 5x5
12 6x6




