
ABSTRACT 

TEMBE, CHINMAY SUNIL. Layout and Parasitic Extraction for FreePDK15™: An Open 

Source Predictive Process Design Kit for 15nm FinFET Devices. (Under the direction of Dr. 

W. Rhett Davis) 

 

Over the years, the semiconductor industry has made rapid technological 

advancements and developments and has adapted to countless new technologies, 

methodologies and processes to save on valuable silicon area and achieve high speed and low 

power utilization. Device scaling has been at the heart of the development of these 

technologies as devices went from the micrometer range till few tens of nanometers. Multi-

gate device structures, commonly known as FinFETs have emerged as a favorable solution 

for scaling beyond the 32 nm node with the large number of advantages it has, over planar 

bulk CMOS technology. However, integrated circuit design with FinFETs is quite complex 

and considerably different from that with older technologies. It is therefore essential for the 

development of open source and easily available tools, kits and process flows for 

introduction of the FinFET technology in university education 

In this thesis, FinFET technology is introduced with a short discussion over its 

advantages and complexities before a short introduction of physical layout verification 

stages. A few possible lithography solutions for sub 32 nm technologies are mentioned and 

based on these solutions and other research and development, a technology layer stack is 

developed for the FreePDK15™, an open source process design kit for 15nm FinFET 

technology. Layout extraction rules are developed and discussed to obtain successful LVS 

checks for various prototypical layouts. Parasitic extraction rules are also developed and 

various validation models are described and parasitic extraction results are compared and 



assessed against these models. The thesis concludes with a brief description of shortcomings 

and possible reasons and solutions for future research. 

This thesis follows the research by Mr. Kirti Bhanushali, as the next steps in the 

development of the FreePDK15™, an open source process design kit for 15nm FinFET 

technology. The entire project aims at introducing FinFET based circuit design in universities 

for developing future circuit design engineers. 
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1. Motivation 

FinFET Technology might well be the epicenter of the all the technological progress 

the semiconductor industry might see in the near future. FinFETs offer all the benefits of 

scalability and with lesser problems that traditional bulk CMOS technology faces. It may 

well be the cornerstone for years of research and development to come. The semiconductor 

industry is already adapting to this new technology which is quite unlike its predecessors and 

has already taken steps to develop new methodologies, design patterns to best suit further 

development using FinFETs. Major foundries like GlobalFoundries and Intel have already 

begun manufacturing FinFETs for 22nm or lower technologies and also have started 

providing design platforms and kits for their customers [1]. 

Universities and academia, however, have reluctantly remained behind owing to lack 

of resources, large number of patents and intellectual properties and the colossal amount of 

money required for proper licensing of tools required to delve more into this area. There is a 

dire need for cheaper alternatives, open source tools in order to get a foothold into this new 

technology. The BSIM group, of University of California, Berkeley, has developed a 

compact model [2] for multi-gate FETs and has already provided a great depth of insight for 

circuit simulations at these technology nodes. Currently, there are no public models, kits or 

rules available for physical layout verification for FinFETs beyond 22nm. 

FreePDK15™ [3] is an open source process design kit for design with FinFETs. The 

project aims at providing an opportunity for university students to gain good understanding 

of the complexities involved in integrated circuit design, especially with FinFETs at sub-

22nm technology nodes. This thesis focusses on layout and parasitic extraction from layout 



 

2 

designs which are important stages of the physical verification flow before fabrication. 

Various techniques like multiple patterning, metal stitching are taken into consideration 

before developing the technology stack for FreePDK15™ before laying out the various 

layout and parasitic extraction rules. A process flow is developed for physical verification 

which encourages development of similar process development kits for different technologies 

and applications. One of the motives is to develop FreePDK15™ in a way, so that it can 

serve as a reference for development of other resources, tools and kits which could be used 

by the academia to better understand and explore designing with sub 22nm technologies. 

1.1. Outline 

This thesis briefly explores the proposed lithography methodologies for sub-22 nm 

technologies, before delving into device and parasitic extraction from layouts and their 

verification. There is an attempt to develop a physical design verification process flow, to let 

the students and researchers gain a thorough understanding of physical design and also 

enable them to develop their own design kits for sub-22nm technology based integrated 

circuits. 

The thesis begins with a brief introduction to FinFET technology and the challenges it 

faces especially from the point of view of parasitics. In chapter 3, A few lithography methods 

proposed for the sub-22nm technology are reviewed and the technology stack for 

FreePDK15™ and its development are discussed. Chapter 4 talks about layout extraction and 

development of rule file for Layout-Versus-Schematic (LVS) checks for logic development.  

The layer rules for the LVS Checks are presented with example circuits and possible 

solutions for common errors. Chapter 5 talks about parasitic extraction and different models 
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to validate the results of a parasitic extraction run. Various results for the parasitic extraction 

runs on a few simple circuits are presented and a few of them are compared with the 

International Technology Roadmap for Semiconductors predictions from the 2011 roadmap 

for the 2016 node, and the chapter concludes with the discussion of possible avenues of 

errors in the extraction results. The last chapter summarizes the thesis and gives an insight 

into the possible future work. 
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2. FinFETs – Solution beyond 22nm 

The Integrated Circuit technology has, over the years, developed with an exponential 

growth rate. From the initial modest beginnings, the device size has gone down to a small 

fraction of a nanometer, and still continues to decrease. To meet the ever-growing consumer 

demands, the semiconductor industry has adapted over the years with several innovations and 

novel design methodologies to provide astonishing speed, accuracy and a wide variety of 

functionality. To tackle the problem of ever-increasing power issues, several low power 

solutions were found and the industry continued to march on. 

Despite several problems that arise, device scaling has continued at a steady pace for 

the industry to, more often than not, meet the “Moore’s Law”. The planar-bulk CMOS 

technology which has been a constant for quite some time until the 32 nm technology node, 

has now run into several issues. According to the International Technology Roadmap for 

Semiconductors (ITRS) 2011 Executive Summary, the conventional path of scaling, which 

was accomplished by reducing the gate dielectric thickness, reducing the gate length and 

increasing the channel doping, might no longer meet the application requirements set by 

performance and power consumption [4]. At such smaller device dimensions, short channel 

effects come into play, which degrade the device performance. Second-order effects like 

channel-length modulation, Drain-Induced Barrier Lowering (DIBL), subthreshold leakage 

and others cause severe problems for short channel devices [5]. The issues and the effects 

they have on device performance are described at length in [5]. Some solutions have been 

found like Metal Gate High-k stack for random dopant fluctuations and gate leakage. 

However, for the technology nodes beyond 22 nm, these solutions may still not be enough 
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for the required performance and power requirements. ITRS 2011 [4] suggests two possible 

implementations which could be adopted for devices beyond 22nm node – Fully Depleted 

silicon-on-insulator (SOI) and multi-gate (MG) structures. While fully-depleted SOI are 

suitable for sub 22nm design, many foundries, notably Intel, are researching and developing 

multi-gate structures. 

2.1.      FinFETs 

Multi-gate structures are commonly implemented and termed as FinFETs owing to 

the narrow Si fin that is formed which is overlapped by the gate. Two implementations of 

multi-gate structures is possible – SOI FinFET and bulk FinFET. [6] compare performances 

of SOI and bulk FinFETs for sub-threshold and on-state performance. Both structures have 

comparable performances in both sub-threshold and on-state regions, but fabrication of SOI 

devices faces some issues like higher wafer cost and higher wafer defect density. 

 

 

Figure 1: a) Traditional Planar Bulk Transistor [7] b) 22nm FinFET [7]  
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FinFETs derive its name from its structure, which has a small Si fin-like structure, 

surrounded on three sides by gate layer. This 3D structure is what gives FinFETs, most of its 

superior qualities over planar bulk MOSFETs. The very obvious advantage is the density that 

can be achieved using FinFETs as compared to planar bulk devices. The ratio of areas of a 

15nm FinFET to that of a 45nm planar MOSFET is approximately 1/6 [5]. Moreover, the 

gate which covers the fin on three sides provides much better gate-control on the channel, 

which leads to reduction in the short channel effects. The Si fin which forms the channel is 

undoped which means that FinFETs have no Random Dopant Fluctuation issues that 

traditional planar devices face. Also, they have reduced gate leakage, which is one of the 

most attractive reasons to use FinFETs beyond 22 nm. 

 

 

Figure 2: a) Sources of Parasitic Capacitances in FinFETs [8] b) Multi-fin FinFET [7] 

 

These advantages certainly give FinFETs the edge over other competitive structures 

for use in scaling beyond 22 nm. However, these advantages come at some hefty costs. The 

major issue is that of the increased parasitic capacitance and gate-resistance for FinFETs. [9] 
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have analyzed the parasitic capacitance due to the complex 3D structure of the FinFETs 

especially the Multi-fin structure shown in Figure 2b) and have developed RC models [10] 

for the same. Figure 2a) gives a good idea of the large number of parasitics that are 

introduced because of the 3D structure of the FinFETs. The gate to S/D capacitance 

dominates the total gate capacitance in a FinFET [9], especially for multi-fin devices. 

Moreover, lithography methodologies for fabricating FinFETs are slightly more complex 

than traditional planar devices. Spacer Lithography and Multiple patterning are some of the 

techniques proposed and successfully experimented on, using 193i water immersion 

lithography which is currently being used for devices until the 32 nm node. The results have 

been satisfying and the industry has adapted these techniques until research on EUV 

lithography produces some ground breaking results. Many new layout coloring algorithms 

[11] [12] have been proposed to utilize multiple patterning. 

Thus, despite the large number of advantages that FinFETs have to offer, designing 

and fabricating these devices is quite complex and takes a great deal of effort and 

understanding. Several modifications have to be made in circuit design as well as the 

physical layout design and verification stages. [5] describes the design rule considerations for 

the 15nm FinFET design, while this thesis describes the layout rules and extraction of 

parasitics from layouts. 

2.2.      Layout Verification 

The final stages of design before fabrication, requires creation and verification of a 

physical layout design of the circuit. A layout is simply a mesh of shapes of different layers 

and description of masks that would be used in fabrication of the chip. This layout has to be 
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checked for violations pertaining to the design rules for the technology used for fabrication 

and also for correctness of the layout, meaning whether the layout represents the desired 

circuit correctly and whether connectivity is passed as desired. There is also a parasitic 

extraction run where, parasitics are extracted from the layout and added to the so-far ideal 

circuit netlist. These parasitic extraction runs give a good idea of the amount of non-idealities 

that might be added once the chip is fabricated to a physical form. The simulation of the 

netlist with the parasitics serves as a good sanity check of how the circuit functionality is 

affected due to parasitics and if modifications are required to obtain desired functionality. 

This is followed by adding process variations to the layout and checking whether the layout 

would generate violations under the worst of lithography process variations. 

The semiconductor industry relies on Electronic Design Automation (EDA) tools to 

forecast all these issues before the design is sent to the foundries for fabrication. DRC 

Checks are used for checking design rule violations while a Layout Versus Schematic (LVS) 

comparison check is made to verify proper connectivity. This thesis makes use of EDA tools 

developed by Mentor Graphics. The tools used are Calibre nmDRC [5], Calibre nmLVS, 

Calibre xCalibrate, Calibre xRC. 

1. Calibre nmDRC is an EDA tool for checking design rule violations in a layout. This 

tool has been used widely in [5] for developing design-rules for FreePDK15™. 

2. Calibre nmLVS is used to perform Layout versus Schematic comparisons. This is a 

good way of checking layout correctness before parasitics are extracted. 



 

9 

3. Calibre xCalibrate is a 3D field solver tool which develops parasitics rule files based 

on the technology file that is input and performing calculations based on Maxwell’s 

equations. It develops the rule files that are required for Calibre xRC [13]. 

4. Calibre xRC generates a netlist of the layout while calculating and adding the 

parasitics that are in the layout. 
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3. FreePDK15™ Technology Stack 

Technology has scaled steadily over the years with new challenges with every new 

technology node. Innovative solutions have been suggested and implemented to tackle these 

problems and the design methodologies and lithography steps have adapted to the 

requirements of the node. As the critical dimension of the devices went down, the 

lithography process transitioned from 248nm to 193 nm. Further modifications were the 

water immersion technology with the 193nm light source. The water immersion lithography 

with 193nm ArF laser has given good yield and manufacturability until the 32nm node. 

Further scaling puts a lot of constraints on this technology. As a result, for patterning below 

32nm technology, three possible solutions have been proposed. 

 

 

Figure 3: Proposed Lithography methods a) Immersion Lithography b) Double Patterning 

 

The first solution is to use 193 nm lithography techniques, with high refractive index 

materials, in order to achieve a Numerical Aperture of more than 1.6 (more than water 
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immersion lithography). However, this method requires considerable development in 

material science for new materials with such high refractive indices and high transparencies 

and it might still be some time before this method could become feasible for patterning sub-

32 nm devices [14]. The second method is the use of Extreme Ultra-Violet (EUV) light 

sources. However, EUV sources currently available are unreliable and much more costly for 

researching sub-32nm nodes [15]. The third option is multiple patterning. Multiple patterning 

aims at relaxing the minimum pitch required for lithography by dividing the design into two 

masks. This methodology has been proven to be successful and many methods have been 

proposed to implement double patterning using current lithography processes. The easiest 

one is Litho-Etch-Litho-Etch (LELE) which basically builds on double exposure for the two 

masks, one after another with the help of a hard-mask which protects the pattern created by 

the first mask. Another method proposed includes a ‘freezing’ step to preserve the patterns 

printed in the first step – Litho-Freeze-Litho-Etch (LFLE) [15]. The third process known as 

‘Self-Aligned Spacer Double Patterning (SADP)’ has so far provided promising results. 

SADP avoids overlay errors as patterns are obtained from single exposure while the doubling 

achieved by formation of spacers and bottom hard masks [14]. 

According to the International Technology Roadmap for Semiconductors, total wire 

lengths within an SoC has increased by 60% in the past five years to more than 3km/cm2 

[16]. That is a huge length of wire and it will have a large amount of parasitics associated 

with it. Moreover, with the scaling of devices, as the thickness of the wire has gone down, 

the wire resistance and the contact resistance has gone up. This increase in resistance 

between various connected devices has led to significant performance loss. Instead of 
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connecting the Front-End-of-Line (FEOL) layers to the Back-End-of-Line (BEOL) metal 

hierarchy via contacts/vias, new layers known as Middle-of-Line (MOL) layers are 

introduced which connect to underlying layers (diffusion, poly etc.) without any 

vias/contacts. This greatly reduces the parasitics associated with the large connections to the 

metal layers. These layers also provide a way to have denser layouts by making device 

connections using these layers. 

ITRS 2011 roadmap [4] has predicted that for a gate length of 15.34 nm, the 

minimum number of metal layers in the interconnect stack must be 13. The metal layer stack 

follows the standard ASIC design methodology architecture [4] [5]. There are four kinds of 

metal layers – metal1, intermediate, semi-global and global. 

 

 

Figure 4: Metal Layer Widths [5] 
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3.1.      FreePDK15™ Layers 

The layer stack for the FreePDK15™ 15nm technology has been developed by 

considering all of the things said before. Table 1 gives all the layer names and a short 

description. 

 

Table 1: FreePDK15™ Layer Description 

GDSII Layer Number Layer Name Description 

0 NW N-Well, P-Well assumed to be where NW is not found 

1 ACT Active Area for fin definition 

2 VTH High Threshold adjust mask 

3 VTL Low Threshold adjust mask 

4 THKOX Thick-Oxide adjust mask 

5 NIM N-Implant 

6 PIM P-Implant 

7 GATEA Gate metal, Color A 

8 GATEB Gate metal, Color B 

9 GATEAB Gate metal, single color 

10 GATEC Gate metal cut mask 

11 AIL1 Active-Interconnect-Layer, level 1 

12 AIL2 Active-Interconnect-Layer level 2 
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Table 1: Continued 

13 GIL Gate-Interconnect-Layer 

14 V0 

Via zero, connecting interconnect layers to metal layer 

M1/M1A/M1B 

15 M1A First metal layer, color A 

16 M1B First metal layer, color B 

49 M1 First metal layer, single color 

17 V1 

Via connecting metal layers M1/M1A/M1B and 

MINT1/MINT1A/MINT1B 

18-22 MINTnA Intermediate metal layers n=1,2,3,4,5, Color A 

23-27 MINTnB Intermediate metal layers n=1,2,3,4,5, Color B 

50-54 MINTn Intermediate metal layers n=1,2,3,4,5, single color 

28 VINT1 

Via connecting metal layers 

MINT1/MINT1A/MINT1B and 

MINT2/MINT2A/MINT2B 

29 VINT2 

Via connecting metal layers 

MINT2/MINT2A/MINT2B and 

MINT3/MINT3A/MINT3B 

30 VINT3 

Via connecting metal layers 

MINT3/MINT3A/MINT3B and 

MINT4/MINT4A/MINT4B 
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Table 1: Continued 

31 VINT4 

Via connecting metal layers 

MINT4/MINT4A/MINT4B and 

MINT5/MINT5A/MINT5B 

48 VINT5 

Via connecting metal layer 

MINT5/MINT5A/MINT5B and semi-global metal 

layer MSMG1 

32-36 MSMGn Semi-global metal layers, n=1,2,3,4,5 

37 VSMG1 Via connecting metal layers MSMG1 and MSMG2 

38 VSMG2 Via connecting metal layers MSMG2 and MSMG3 

39 VSMG3 Via connecting metal layers MSMG3 and MSMG4 

40 VSMG4 Via connecting metal layers MSMG4 and MSMG5 

41 VSMG5 

Via connecting metal layer MSMG5 and global metal 

layer MG1 

42-43 MGn Global metal layers, n=1,2 

44 VG1 Via connecting global metal layers MG1 and MG2 

 

 

3.1.1.   BEOL Layers 

According to ITRS 2011 roadmap interconnect tables, for the 2016 node the metal 

hierarchy has 13 metal layers. The number of metals in each type – intermediate, semi-global 

and global can be made by considering the following trade-off. Metals types global and to an 
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extent semi-global as well, are huge and bulky layers with large dimensions and not 

necessarily the best for creating a highly compact layout design. Meanwhile, intermediate 

and metal1 layers, which have same dimensions, can be used for denser layouts, but have 

much higher wire resistance and parasitic capacitances owing to their smaller thicknesses and 

smaller critical spacing. Hence, they contribute in a large way towards the parasitics of the 

circuit. Similar, other relations could be found and a trade-off could be made and an 

appropriate metal layer stack could be decided upon. 

For FreePDK15™, a general layer stack is assumed without worrying much about the 

delays and layout density. 

metal1 is the lowest layer. Two global metal layers are used (for power and ground 

rails). The remaining 10 layers are divided equally into 5 intermediate and 5 semi-global 

metal layers. That gives a total of 13 metal layers. Each pair of metal layers has a via 

between them for electrical connection. A via takes the thickness and dimensions of the 

lower metal layer. 

Tetraethyl orthosilicate (TEOS) is assumed as the dielectric surrounding the metal 

layers while copper is assumed as the conducting material for the metal layers. The minimum 

width of the metal layer – metal1 is assumed to be 28nm. Intermediate metal layers have the 

same dimensions as metal1. Semi-global metal dimensions are twice that of metal1 and 

hence the minimum width for semi-global metal layers is 56nm. Global metal layers are four 

times the dimensions of metal1. Hence, the minimum width for Global metal layers is 

112nm. 
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Since SADP (or some other technique) is used for multiple patterning, all the metal 

layers that have critical dimensions smaller than 32nm are subject to multiple patterning. 

Thus, we have the following metal layer stack and metal layers. 

 

 

Figure 5: BEOL Metal Layer Stack 
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1. M1A, M1B – Multiple-patterning layers of metal1 type. First layer of interconnect 

metal. They are generally used for connecting MOL layers to metal layer stack. 

2. M1 – Single layer for metal1 layers, to be processed later. This layer is useful for 

simplifying layouts. M1 can be used instead of M1A and M1B while creating layouts. 

Layout coloring is generally a later stage when the complete layout is analyzed for the 

best possible coloring scheme. 

3. MINTnA, MINTnB – (n=1,2,3,4,5) Multiple patterning layers of intermediate metal 

type. They are generally used for connecting various devices together. 

4. MINTn – (n=1,2,3,4,5) Single layer for intermediate metal layers, to be processed 

later. This layer is useful for simplifying layouts. MINTn can be used instead of 

MINTnA and MINTnB while creating layouts. Layout coloring is generally a later 

stage when the complete layout is analyzed for the best possible coloring scheme. 

5. MSMGn - (n=1,2,3,4,5) Semi-global metal layers. They are generally used for 

connecting various sub-circuits/circuits together. They are much larger than the 

intermediate metal layers and contribute largely to parasitics. 

6. MGn – (n=1,2) Global metal layers. They are generally used for connecting global 

nets like supply, ground, clock etc. 
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Figure 6: FEOL and MOL Layer Stack 

 

3.1.2.   MOL Layers 

 Middle-of-Line layers are used as local interconnects passing connectivity from fins 

(ACT) and poly (GATEA, GATEB, GATEAB) layers to metal layer stack. [17] observed 

that for 14nm Bulk FinFET devices, introduction of IM1 (local interconnect1, here, AIL1) 

strongly reduces the spread on standard cell performance.  Also, if Self Aligned IM1 (local 

interconnect1, here, AIL1) is used along with Double Patterning LELE GATE layers, 

variability of gate-S/D capacitance is reduced. To account for these observations, 

FreePDK15™ uses two local interconnects – AIL1 and AIL2 for fins and GIL for Gate 
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(AIL2 can also be connected to gate), while double patterning GATEA, GATEB are used for 

device gate definitions. 

The MOL layers are as follows- 

1. Active Interconnect Layer 2 (AIL2) – AIL2 layer passes connectivity from lower 

local interconnect layers onto the BEOL metal hierarchy through via V0. 

2. Active Interconnect Layer 1 (AIL1) – AIL1 connects fins (ACT layer) of devices to 

AIL2 layer. 

3. Gate Interconnect Layer (GIL) – GIL can either connect to AIL2 to pass on the poly 

(GATEA, GATEB, GATEAB connectivity) or can pass the connectivity to the BEOL 

metal layer stack through via V0. 

3.1.3.   FEOL Layers 

Multiple patterning is assumed for gate layers as well so as to get a uniform pattern of 

connected and dummy gates at half the pitch spacing. The FEOL layers are as follows- 

1. GATEA, GATEB – Multiple-patterning layers for gate layer (or poly). They form the 

gate pin and are passed as a layer for device recognition. 

2. GATEAB – Single layer for GATEA, GATEB layers, to be processed later. 

3. GATEC – Gate cut layer. This layer is actually kind of a negative mask. It is used to 

sever connectivity between gate layers that are continuous. It is very convenient to 

form long GATEA/GATEB/GATEAB shapes and the create multiple individual gate 

shapes by using a grid of GATEC layers, rather than patterning multiple gate shapes 

at specific places on the wafer. 

4. ACT – Active area layer for fin definition. 
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SiN is assumed as the dielectric surrounding all FEOL and MOL layers except AIL2 

which has Silicon dioxide. For GIL, the area common to AIL1 has SiN while the area 

common to AIL2 has Silicon dioxide. 

3.1.4.   Other layers/Masks 

These layers are more of patterning masks rather than layers. They are defined as 

layers because the Mentor Graphics’ Calibre Standard Verification Rule Format requires all 

layer operands to be layers. And these layers are used to derive various layers required for 

pin or device recognition. 

1. NW – nwell Mask. pwell is assumed wherever Nwell is not present. 

2. NIM – N-Implant Mask 

3. PIM – P-Implant Mask 

4. VTH – High Threshold adjust mask 

5. VTL – Low Threshold adjust mask 

6. THKOX – Oxide Thickness adjust mask 
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4. Layout Extraction 

‘Layout Extraction’ can be thought of as a collective term for device recognition and 

connectivity extraction from an array of overlapping geometrical shapes of different layers in 

the technology stack. The geometrical design is the physical implementation of a circuit/chip 

and the extraction step must be perfect to derive a meaningful circuit netlist from the 

geometrical design. This extracted netlist is then compared with the netlist of the circuit/chip 

which is to be designed. This is called a Layout Versus Schematic (LVS) Check. The layout 

extraction combined with the LVS comparison step, forms one of the most crucial steps in 

physical verification. Not only does the extraction must be exact, a thorough LVS 

comparison is required to check whether the geometrical design or the layout is an exact 

physical representation of the desired circuit. With the scaling of devices and new 

technological nodes, more and more layers are added to the layer stack and that adds to the 

complexity of creating a perfectly matching layout. LVS comparison is a way to make sure 

that all the desired devices are represented correctly in the layout and that the connectivity is 

established in the layout for every net in the schematic. 

4.1.      LVS Rule File 

Layout Extraction and LVS Comparison are generally performed together 

sequentially by the same tool. Mentor Graphics’ Calibre nmLVS extracts a netlist from the 

layout, generally a .gds file (if Calibre GUI is used a .calibre.db file is created which is same 

as that of a .gds file). The .gds file contains all the dimensional information about the various 

shapes that constitute a layout. Calibre nmLVS (or any other similar tool) accepts a rule file 

as an input, which contains device definitions, layer definitions and layer connectivity 



 

23 

information apart from other Rule-Check statements. Then, based on the device definitions 

and connectivity information, the tool searches the layout for a shape, or a group of shapes 

that matches the device and layer description in the rule file and generates a netlist based on 

the devices and connectivity extracted from the layout. This netlist, which corresponds with 

the layout, is compared with the source netlist (the schematic netlist), and the results are 

printed out. The comparison is on the basis of number of nets, devices and pins/ports in the 

schematic and the layout netlists. If a layout passes the LVS comparison then it perfectly 

represents the schematic and can be sent to the next step of verification. Assuming ideal 

fabrication results, a layout that passes LVS comparison, when fabricated would function as 

expected. 

The rule file is thus, the most crucial resource in the complete layout extraction and 

comparison step. The rule file must contain all the layer definitions, layer connectivity 

information, definitions for all possible devices. According to Mentor Graphics’ Standard 

Verification Rule Format Manual [18], the general rule file contains the following statements 

1. Layer Assignment Statements 

2. Global Layer Definitions 

3. Comments 

4. Include Statements 

5. Rule Check Statements { 

Local Layer Definitions 

Layer Operations 

Rule Check Comments 
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} 

6. Specification Statements 

7. Connectivity Extraction Operations 

8. Parasitic Extraction Statements 

9. Device Recognition Operations 

10. Conditionals 

11. Macros 

12. Runtime TVF Functions 

Although, it is not mandatory for all of these statements to be included in a rule file, 

most of them are, in a way, necessary to have a successful LVS comparison run. 

Layer Assignments and Definitions include defining layers in the layer stack to a 

calibrated layer list while also defining various derived layers to be used for device 

recognition. Layer operations are used to manipulate layer data. There are different types of 

layer operations, with the main basis of qualification being the way connectivity is passed to 

layers in the operation. Comments can be used as and when required. Include Statements are 

used to include various other rule files, to have a better division of rules. This also helps 

when the rule file size grows as more and more features are added to it. Rule-Check 

statements specify layer operations whose resulting derived layers are placed into the results 

database when the statement is executed. Specification statements set the environment for the 

layout extraction runs. Connectivity, Device and Parasitic Operations are special operations 

or rules that extract connectivity trees, define devices, and extract values for parasitics 

respectively. Conditionals are control statements for controlling the compilation of the rule 
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file. MACROs are like functions in programming languages. They are defined once and 

invoked whenever required. Runtime functions require a TVF function to define operations 

to perform when the tool is running. 

As mentioned before, not all of these are required in a rule check statements. The rule 

file for LVS Check for FreePDK15™ uses only a subset of these statements viz. Layer 

Assignment Statements, Comments, Include Statements, Specification Statements, 

Connectivity Extraction Operations, Device Recognition Operations and MACROs. The 

Parasitic Extraction Statements are used in the xRC rule file (discussed in Chapter 5). The 

use of these statements in the rule file for FreePDK15™ is described next. 

Note: The rule files for LVS and Parasitic Extraction are kept separate for convenience and 

taking into consideration the time required for each respective run. 

The Comments, Include and Specification statements are used for the same purposes 

as described previously. Layer Assignment statements are used to define layers which are in 

the Layer Stack and also to define new derived layers using layer operations. These derived 

layers are used to identify possible shapes in the layout and those can be used to pass 

connectivity or define devices. Connectivity Extraction statements are ‘connect’ and 

‘sconnect’. ‘connect’ is the most commonly used statement for connecting two layers directly 

– for the local interconnect layers (MOL) or indirectly with a via – for the metal hierarchy. 

‘sconnect’ is used only in a couple of places for derived layers because all layer operations 

are performed before connectivity is established [18]. Derived layers do not get the 

connectivity because when the layer operation for a derived layer is executed, none of the 

operands have any connectivity that can be passed to the derived layer. This issue does not 
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make any difference in LVS comparison. But if ‘connect’ statements are used instead of 

‘sconnect’ for derived layers used in device recognition, Parasitic Extraction run throws out 

the warning – “ derived_layer is not mapped to a calibrated layer”. 

FreePDK15™ has been developed for FET designs only (no resistances and 

capacitances are separately defined as devices). Hence, the only PFinFETs and NFinFETs are 

the devices defined and recognized in a layout. However, modifications of N and P FinFETs 

are available with low threshold, high threshold and with thick-oxide corrections. The Device 

Recognition statements are used and the corresponding derived/original layers are passed as 

pin layers to define pins on those layers. Connectivity is first established in the layout and 

then the device statements are executed. All possible shapes that match the device statement 

description are subject to a further recognition step. The Device statement passes a device 

seed layer, various pin layers and optional auxiliary layers. The device layer is scanned for 

all possible seed shapes, while the pin layers and auxiliary layers (if any) are also scanned. 

The auxiliary layers are scanned, to find which of the seed shapes touch (overlap or abut), at 

least one of the shapes on the auxiliary layer. The pin layers are scanned to form initial pins 

based on whether the seed shapes touch the pin layers. Once this is done, device shapes that 

passed the auxiliary layer test and have exact number of pins from the initial pins formed, are 

considered as an exact match for a particular device [19]. 

MACROs are like functions in a programming language; they are defined once and 

are invoked whenever required. One MACRO is used in the LVS rule file, to assign 

properties to the instances of P and N FinFETs in the layout. The properties and various rules 

are described in the following sections. 
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4.2.      Layout Rules for FEOL and MOL Layers 

As stated previously, FreePDK15™ has been developed for FET designs only (no 

resistances and capacitances are separately defined as devices). The only devices that are 

defined in the rule file are NFinFETs and PFinFETs. The technology layer stack however, 

provides three masks – Low Threshold Adjust Mask, High Threshold Adjust Mask and 

Oxide-Thickness Adjust Mask and hence 6 other devices are defined two (corresponding pfet 

and nfet) for each mask viz. NFinFET_VTL, PFinFET_VTL, NFinFET_VTH, 

PFinFET_VTH, NFinFET_THKOX, PFinFET_THKOX. 

Designing FETs using traditional bulk technology is considerably different from 

designing FinFETs. To get a better idea of the difference, a layout of a minimum-sized 

NMOSFET designed in the 45nm FreePDK45™ technology is compared with a layout of a 

minimum-sized NFinFET designed in the 15nm FreePDK15™ technology. 

 

 

Figure 7: NMOSFET in FreePDK45™ 
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A bulk MOSFET layout is defined by the width and length parameters, which are 

both scalable with the minimum size being the technology pitch. For instance, for 45nm 

technology, the minimum width and length of the MOSFET are 45nm but depending on the 

requirements of the circuit, both of these can be scaled up to the required values. The width 

of the Active area determines the width of the transistor while the width of the Poly shape 

intersecting the Active area is the length. Dense 45nm layouts are easily printed by the 

193nm water immersion photolithography process. The FEOL layers are connected to the 

metal hierarchy BEOL layers directly with the help of vias/contacts. Also, the drain and 

source areas and perimeters required for the junction capacitance calculation is pretty simple 

for bulk CMOS devices. 

𝐴𝐷 =  𝐴𝑆 = 𝑊 × 𝐿𝐷/𝑆  (4.1) 

𝑃𝐷 =  𝑃𝑆 = 2 × 𝐿𝐷/𝑆 + 𝑊 (4.2) 
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Figure 8: NFinFET (without body contact) in FreePDK15™ 

 

Note: The layouts used for various simulations in this thesis are based on the FreePDK15 

Open Cell Library developed by NanGate [20]. In most of these layouts, the basic transistor 

structure is drawn as per FreePDK15 Open Cell Library by NanGate. However, various 

modifications are made as per the requirement. The metal widths are kept consistent with the 

design rules developed in [5]. 

A FinFET layout on the other hand is much more complicated than the one for its 

bulk CMOS counterpart. The width of the Active area for a FinFET is not the actual width of 

the device. The actual width 𝑊𝑒𝑓𝑓, of a FinFET device is depended on the fin width 𝑊𝑓𝑖𝑛, 

and fin height 𝐻𝑓𝑖𝑛, parameters. It is given by 

𝑊𝑒𝑓𝑓 = 2 × 𝐻𝑓𝑖𝑛 + 𝑊𝑓𝑖𝑛 (4.3) 
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Moreover, FinFETs are characterized by the gate length and number of fins (and also 

sometimes number of fingers). The gate-length is, just like that of a NMOSFET, still the 

channel length. However, the gate-length is not scalable according to the requirements. The 

only allowed gate lengths are 14nm, 16nm, 20nm. Multiple finger FinFETs are used to 

increase the gate lengths. Similarly, width of a FinFET which is given by equation (4.3) is 

hence not scalable either. It is dependent on the number of fins that a FinFET has. The width 

of the Active area can be 48nm at a minimum and only 40nm increments are allowed. Thus, 

both length and width scaling is discrete. The FEOL layers are separated by the BEOL layers 

by the MOL layers. The FEOL layers are connected to the MOL layers – AIL1, AIL2 for 

Fins and GIL, AIL2 for Gate connections. These local interconnects are connected to the 

metal hierarchy by vias/contacts. Also, fabricating FinFETs with 193nm water immersion 

process is not possible which is why we have to use multiple patterning layers for a compact 

layout. Also dummy gates are added to complete the layout. 

Although the formula for source and drain areas are same for single-fingered and 

multi-fingered devices, there are two different formulae for the drain and source perimeters. 

The sidewall contribution for a single-fingered device (or no device in the horizontal 

direction) is more than that for a multi-fingered device. This is because for the multi-fingered 

device, one of the edges is common to two fins and does not contribute to the sidewall 

capacitance. The areas and perimeters of drain and source are as follows. 

For one finger devices,  

𝐴𝐷𝐸𝐽 =  𝑛𝑓𝑖𝑛 × 𝑊𝑓𝑖𝑛 × 𝐿𝑓𝑖𝑛𝐷  (4.4) 

𝐴𝑆𝐸𝐽 =  𝑛𝑓𝑖𝑛 × 𝑊𝑓𝑖𝑛 × 𝐿𝑓𝑖𝑛𝑆  (4.5) 
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𝑃𝐷𝐸𝐽 = 2 × 𝐿𝑓𝑖𝑛𝐷 × 𝑛𝑓𝑖𝑛 + 𝑊𝑓𝑖𝑛 × 𝑛𝑓𝑖𝑛 (4.6) 

𝑃𝑆𝐸𝐽 = 2 × 𝐿𝑓𝑖𝑛𝑆 × 𝑛𝑓𝑖𝑛 + 𝑊𝑓𝑖𝑛 × 𝑛𝑓𝑖𝑛  (4.7) 

However, the values change for a multi-fingered device, as the length has to be 

adjusted as well. ADEJ and ASEJ formulae remain the same but with the reduced drain 

and/or source length. PDEJ and PSEJ, now do not contain the 𝑊𝑓𝑖𝑛 component. 

𝑃𝐷𝐸𝐽 = 2 × 𝐿𝑓𝑖𝑛𝐷 × 𝑛𝑓𝑖𝑛 (4.8) 

𝑃𝑆𝐸𝐽 = 2 × 𝐿𝑓𝑖𝑛𝑆 × 𝑛𝑓𝑖𝑛 (4.9) 

These formulae can be used to find out areas and perimeters for source and drain. 

These parameters can be used to determine additional parasitic capacitances which affect 

circuit performance by adding delays, noise etc. 

4.2.1.   Well contacts 

 Well Contacts for FinFETs are almost same as that in bulk CMOS devices. The only 

difference is the local interconnect layers that are used to pull out the connectivity from the 

active area to the metal hierarchy. The layer stack has a layer NW (nwell) but does not 

provide one for a pwell. The rule says that absence of nwell must be considered as pwell. 

This creates a problem. Generally, we have one well contact per well, but there are numerous 

situations when the well contacts for different devices are connected to different nets. In case 

more than one well connection is found in the same well the Calibre nmLVS tool generates a 

stamping warning, since sconnect is used. Basically multiple nets are mapped on to the same 

net and that creates problems in device definition and connectivity extraction.  
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Figure 9: Common well contact for two inverters 

 

Consider the sample layout in Figure 9. The layout consists of two separate inverter 

circuits. Notice that a common well is created for two sets of NFinFETs and PFinFETs. (This 

is perfectly allowed and this circuit passes LVS check) Figure 10 displays the same circuit 

but with a limited number of layers for more clarity. 



 

33 

 

Figure 10: Common well contact for two inverters - only FEOL layers shown 

 

Consider another layout of two inverter circuits but this time having a bulk contact of 

its own. 



 

34 

 

Figure 11: Two inverter circuits with separate well contacts (generates LVS errors) 

 

 

Figure 12: Two inverter circuits with separate well contacts - only FEOL layers shown 

(generates LVS errors) 
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Figure 13: Solution for creating multiple well contacts 

 

As described earlier, an absence of nwell is considered as a pwell. That means in the 

whole layout area, there can only be one well contact as there is only one shape, where there 

is no nwell. This would cause problems for defining substrate /well contacts on different nets. 

Hence, one solution is to create another shape which can be considered as a pwell. This can 

be done as shown in Figure 13. Enclosing the pwell contact for one device by nwell creates 

two geometries for pwell and hence two well contacts can be created. This concept can be 

extended for multiple pwell contacts. 

Figures 14 and 15 are layouts of a complete PFinFET and a complete NFinFET. 
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Figure 14: NFinFET Layout 

 

 

Figure 15: PFinFET Layout 
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4.2.2.   Gate Cut Layer 

GATEC is one of the layers in the layer stack that is actually used as a cut mask but 

not to remove extra features introduced by SADP uniform patterning. There are separate cut 

masks for that. Layer GATEC is used a cut layer specifically for gates. When layouts are 

created for multiple gates and stacked together to form a dense layout, gate connectivity is 

passed from a top device to the bottom device to save on the area overhead. However, the 

same gate connectivity is not desired for all devices. Some other devices might be connected 

to opposite clock-phases and hence require a break of connectivity. GATEC is used to chop a 

continuous GATEA/GATEB/GATEAB shape into smaller ones with different connectivities. 

In the following layout, there are four inverters separately placed and tiled so that 

they share the same poly layers – GATEA/GATEB/GATEAB. However, they are driven 

separately and hence it is crucial for the connectivity to not pass from one GATE layer to the 

other. The GATEC cut mask (green) in the center is used for such situations. This allows to 

create denser layouts as many different devices can share the same poly layer and GATEC 

can be used to sever connectivity where required. 
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Figure 16: Gate Cut Mask (GATEC) example 
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Figure 17: Gate Cut Mask (GATEC) example - only FEOL layers shown 

 

The middle-of-line layers are used to decrease the contact resistance and other 

parasitics that spring out from the contact to FEOL layers. The MOL layer rules for 

FreePDK15™ state that AIL1 acts as the first local interconnect to the Fins. Similarly, GIL 

acts as the first local interconnect for any poly area – GATEA, GATEB, GATEAB. 
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However, AIL2 can act as local interconnect layer to both AIL1 and GIL. Thus, GIL can be 

directly connected to M1 using via V0 or via the local interconnect AIL2. 

 

 

Figure 18: MOL layer connections 

 

The NFinFET layout given before had all these rules incorporated into it. The ACT 

layer passes on connectivity to AIL1 at source, drain and bulk nodes, while the GIL connects 
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directly to the poly layer. However, both AIL1 and GIL are connected to AIL2 before the 

connectivity passes to V0 and other higher metal layers. 

4.3.      BEOL Layers 

The BEOL layers rules are simply connectivity rules. Due to the requirement of 

multiple patterning, the Intermediate Metal layers and the M1 layers are subdivided into three 

layers – MINTn, MINTnA, MINTnB (and similarly M1, M1A, M1B), where n=1-5. The 

connectivity is such that any metal layer connects to the one directly upwards in the 

hierarchy through the corresponding via. That means all 9 combinations are possible. 

M1 – MINT1, M1 – MINT1A, M1 – MINT1B 

M1A – MINT1, M1A – MINT1A, M1A – MINT1B 

M1B – MINT1, M1B – MINT1A, M1B – MINT1B 

Of course all of these connections are through via V1. Similarly this can be extended 

for all intermediate metal layers until the semi-global metal layers. 

There are no explicit examples for these rules as these connections can be made in 

different layouts numerous times. 

The use of multiple patterning also leads to the issues generated by misalignment. 

Misalignment can be a major issue especially for designs in the sub 22nm node. 

Misalignment can cause certain lines to be printed closer to each other while some other lines 

to be printed away from each other than the expected design [21]. This can cause variance in 

various geometry dependent parasitic capacitances between the lines and these variances due 

to misalignment may not be captured by the parasitic extraction tools leading to erroneous 

values. It is crucial to characterize these variations introduced by misalignment. However, 
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due to time constraints, these variations aren’t addressed by the layout and parasitic 

extraction runs in this thesis. 

4.3.1.   Metal Stitching 

Until EUV Lithography process becomes available, multiple patterning is imminent 

for the development of sub 32nm technology. In multiple patterning, the layout mask is 

divided into multiple (two or more) masks which contain only a part of the pattern on the 

original mask. However, this division has to be made quite efficiently. This division of the 

pattern is called as coloring scheme and it is very important to have a highly effective 

coloring scheme. When the two masks are laid over each other the total pattern must be free 

of any design rule violations. In case there are any design rule violations, that part of the 

layout must be changed or the coloring scheme must be changed. If changing the coloring 

scheme doesn’t solve the problem and changing that part of the layout adds an area overhead, 

metal stitching can be used to resolve the violations. Splitting up a polygon into multiple 

parts is known as ‘stitching’ and the location where the different masks join is called as a 

‘stitch’. Although such stitches decrease the yield to some extent, they can be used to create 

densely packed layouts with optimum coloring scheme [22]. 

Metal stitching is also incorporated into FreePDK15™, with different 

colors/sublayers of the same layer (multiple patterning layers) connecting one another. For 

example, MINT4A and MINT4B can connect each other. 
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Figure 19: Metal Stitching example 

 

In the layout shown in Figure 19, we have two circuits with one common net and 

other individual nets. Layouts are generally created in a highly efficient manner, with high 

density and closely packed structures, to save on valuable silicon area. However, the layouts 

still follow certain design rules of minimum spacing and extension etc. Consider in the case 

of the example, nets VDD and VDD_2, which are individual to each circuit come very close 

to each other. Since they are at the same metal hierarchy level, this would generate a 

violation of the minimum spacing rule. Multiple patterning may be used to solve this issue 

very easily as with multiple patterning each of these nets could be modeled with a different 

color or essentially a different layer. However, in this particular example multiple patterning 
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alone will not be able to solve the problem. Figure 20a) zooms in on the area and removes all 

other layers for more clarity. 

 

              

Figure 20: Metal Stitching example a) Problem b) Solution 

 

All the nets are on M1 layer. VDD and VDD_2 nets are individual to each circuit, 

while ZN is the common net for both the circuits. Now, multiple patterning could solve the 

problem, if net ZN was not in the picture. However, with net ZN causing additional design 

rule violations with both nets VDD and VDD_2, multiple patterning will not do much good 

on its own. In such situations, either we could redesign the whole layout and increase the area 

or we could utilize a stitch. A stitch is formed, when basically, geometries of two colors of 

the same layer overlap. A stitch can cause decrease in yields but can still save on area as 

described. Figure 20b) can act as a solution where, ZN is modeled half as an M1layer color A 

and the other half as Color B. 

A two input NAND layout is created considering all the various rules and is subjected 

to an LVS check. Figure 21 shows the layout and the netlist extracted from the layout and the 

LVS results are given next. 
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Figure 21: Two input NAND Gate Layout 
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The SPICE netlist extracted from the LVS run is as below, 

* SPICE NETLIST 

*************************************** 

.SUBCKT NAND2 GND VDD A Y B 

** N=6 EP=5 IP=0 FDC=4 

M0 6 A GND GND nfet L=2e-08 W=2.08e-07 nfin=6 adej=2.4e-15 asej=2.4e-15 pdej=6e-07 

psej=6.48e-07 $X=551 $Y=288 $D=0 

M1 Y B 6 GND nfet L=2e-08 W=2.08e-07 nfin=6 adej=2.4e-15 asej=2.4e-15 pdej=6.48e-07 

psej=6e-07 $X=671 $Y=288 $D=0 

M2 Y A VDD VDD pfet L=2e-08 W=2.08e-07 nfin=6 adej=2.4e-15 asej=2.4e-15 pdej=6e-

07 psej=6.48e-07 $X=551 $Y=596 $D=1 

M3 VDD B Y VDD pfet L=2e-08 W=2.08e-07 nfin=6 adej=2.4e-15 asej=2.4e-15 

pdej=6.48e-07 psej=6e-07 $X=671 $Y=596 $D=1 

.ENDS 

*************************************** 
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5. Parasitic Extraction 

The semiconductor industry, right from the modest early 70’s till date, has spent 

millions of dollars and countless efforts in order to stick to the Moore’s Law. Devices have 

shrunk down from the size of our palms till deep into the sub-micron range, and it continues 

to do so. Although broadly speaking, until the addition of middle-of-line local interconnect 

layers, the technology stack has consisted of two sub-stacks, in a way, the device and the 

metal interconnects, these sub-stacks have themselves evolved over time and become more 

and more complex. Many layers have decomposed to give way to sub-layers, local 

interconnects, while multiple-patterning in the sub-micron nodes have added even more 

complexity and that has resulted into a highly complex layer stack, like the one we have for 

the 15nm node. The shrinking of devices has increased the effect parasitics have, on the chip 

performance. 

A simple wire segment, or interconnect, connecting two subcircuits or devices, when 

fabricated onto a wafer, contributes to the performance of the circuit and adds to delays and 

energy losses. A short segment of interconnect possesses a small amount of resistance and 

inductance, while along with the dielectric surrounding it, creates a stray capacitance with 

any other neighboring interconnects. Moreover, these elements are distributed over the length 

of the line and hence a simplistic wire model shown in Figure 22b) doesn’t take into 

consideration the complexities that this, simple interconnect segment adds to the circuit. 
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Figure 22: Interconnects a) Physical view [23] b) Interconnect Model [23] 

 

Smaller chips and denser layouts have increased the length of metal interconnects that 

connect various devices together and with that the parasitics associated with these 

interconnects have gone up. Device scaling has directly resulted into smaller contacts and 

hence larger contact resistances. This, coupled with the large stacks of metal interconnects 

has led to a steady rise in the wire line resistance and the compact layer arrangement has 

intensified the line-to-line crosstalk [24]. This exponential ascent of parasitics has adversely 

affected circuit performance with respect to noise, speed, energy consumption, accuracy and 

reliability [23]. As a result, a crucial part of physical verification involves accurate analyses 

of interconnects and their parasitics in order to gain a better insight on the chip performance. 

Parasitic extraction is therefore, a critical step in the verification flow after a 

successful layout-versus-verification (LVS) check. The layout design is subject to a 3-D field 

solving analyses to get a convoluted tree-structure of capacitances, resistances and 
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inductances. A circuit simulation accounting for this convoluted network of parasitics can 

lead to a more accurate prediction as to the performance of the circuit. 

The flow for parasitic extraction using Mentor Graphics’ Calibre xRC and Calibre 

xCalibrate tools is described below. 

 

 

Figure 23: Process Flow for parasitic extraction using Mentor Graphics' Calibre xCalibrate 

and Calibre xRC 

 



 

50 

The technology layer stack is completely described in a technology file (here, a .mipt 

file). All the physical and electrical characteristics of the layer stack, like the resistivities for 

various conductor layers, permittivities for different dielectrics used, spacing rules from the 

design rule deck etc. are put together and simulated to obtain encrypted rule files (here, 

rules.C and rules.R). These along with the Layout-versus-Schematic Rule Deck act as a xRC 

Rule Deck. The layout and the schematic netlist (which acts as a source) are input to the 

Calibre xRC tool and based on the xRC Rule Deck described, the tool populates the netlist 

with a parasitics corresponding to all the geometries in the design. 

5.1.      The .mipt file 

As described earlier the technology file, henceforth referred as the .mipt file (as that is 

the one used in FreePDK15™), provides all the electrical and physical characteristics of the 

layer stack. Geometrical characteristics like minimum-drawn widths, spacing and layer 

thicknesses are of crucial importance and are required for a complete simulation. Other 

optional geometrical characteristics like, via enclosures, trapezoidal shapes for layers, etc. are 

optional but can be specified for a highly accurate simulation. Electrical properties that are 

mandatory include resistivities (or sheet resistances), permittivities for various dielectric 

layers (dielectric constants), via and contact resistances. All the layers that contribute to the 

parasitics must be specified in the .mipt file and the exact same layer names must be used. 

The various layers are defined as either conductor, diffusion, dielectric, poly, local 

interconnect, vias or contacts based on their properties. Calibre xCalibrate uses these layers 

and their values to generate the encrypted files containing the resistance and capacitance 

values for various layers. 
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Note: For FreePDK15™, two .mipt files are created, one having the names of all the layers 

in the technology stack and the other one which has a compact layer list. Multiple patterning 

layers for metals are not included in the file with a compact layer list. The reason to do this is 

that the rule files generated when the complete stack is simulated by the xCalibrate tool, are 

very large and it takes about 28-30 minutes to run a single parasitic extraction run on a circuit 

as small as a NAND GATE as compared to about 2 minutes with the compact layer stack. 

Hence, the compact layer stack is used. Multiple patterning is very crucial for fabrication but 

for parasitic extraction runs, the layout can be modified to only contain the layers in the 

compact stack and later on converted back to using the multiple patterning layers after the 

parasitic extractions are done. 
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5.1.1.   FEOL and MOL Stack 

 

Table 2: FEOL and MOL Layer Properties 

Layer Name 

/Type in .mipt 

file 

Thickness 

(nm) 

Resistivity 

(ohm-m) 

Relative Dielectric 

Permittivity 

Minimum 

Width 

(nm) 

Minimum 

Spacing 

(nm) 

ACT/diffusion 30 

5e-08 

(Assumed) 

7 96 32 

GATE/poly 

30 

(over 

ACT) 

7e-08 7 14,16,20 44 

AIL1/local 

interconnect 

50 7e-08 7 28 36 

AIL2/local 

interconnect 

85 7e-08 3.9 24 40 

GIL/local 

interconnect 

105 7e-08 

7 (thickness 

common to AIL1) 

3.9 (thickness 

common to AIL2) 

56 40 

gate-oxide 

/dielectric 

1 - 3.9 - - 
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Table 2 provides all details of the FEOL and MOL layers that are used in the 

technology stack for FreePDK15™. The oxide layer is not in the technology stack and its 

properties are assumed. The width and spacing rules are developed taking into consideration 

the predictions in ITRS 2011 roadmap [4] for the 2016 node and the results in [17]. 

The FEOL and MOL layers - Active, Gate and Local Interconnect Layers are added 

first as the general structure of the .mipt file is bottom-to-top. The FEOL and MOL layers 

can be seen in Figures 24a) and 24b). The Stack-Viewer which is a part of the Calibre 

xCalibrate tool, overlaps layers that are the same z-coordinate and does not allow parallel 

stacks. The overlapping does not mean that the layers are shorted together, as the .mipt file 

simply dictates the z-coordinates of various layers while the x and y coordinates are obtained 

from the layout (.gds or .db file). Figures 24a) and 24b) show two different stacks for the 

FEOL and MOL layers, one extracting connectivity from the GATE layers through the Gate-

Interconnect Layer (GIL) while the other extracting connectivity from the fins (ACTIVE) 

through the Active-Interconnect Layers (AIL1 and AIL2). 
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Figure 24: FEOL and MOL layer stacks in Mentor Graphics' Stack Viewer a) Stack with poly 

and GIL b) Stack with AIL1 and AIL2 
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5.1.2.   BEOL Stack 

The values for various widths and pitches for various metal layers in BEOL layers are 

taken from the Interconnect tables from ITRS 2011 predictions [4] for the 2016 node. The 

ITRS 2011 predictions are slightly aggressive for metal pitch scaling and since the metal 

pitch does not scale according to the gate length pitch, the minimum metal width (that for 

metal1 layer M1) is assumed to be twice that of the minimum gate length. Thus, we have the 

metal pitch to be 28nm. The rest of the values are obtained by using this assumption and 

taking other values from the ITRS 2011 tables. In the .mipt file, metal layers are defined by 

the layer type ‘conductor’ and vias are defined by the layer type ‘via’. 

 

Table 3: BEOL Layer Properties 

Layer Name 

Thickness 

(nm) 

Resistivity 

(ohm-m) 

Relative 

Dielectric 

Permittivity 

εr 

Minimum 

Width 

(nm) 

Minimum 

Spacing 

(nm) 

MG2 260 1.9e-08 2.5 112 112 

VG1 260 1.9e-08 2.5 112 144 

MG1 260 1.9e-08 2.5 112 112 

VSMG5 130 5.26e-08 2.5 56 72 

MSMG5 130 5.26e-08 2.5 56 56 

VSMG4 130 5.26e-08 2.5 56 72 
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Table 3: Continued 

MSMG4 130 5.26e-08 2.5 56 56 

VSMG3 130 5.26e-08 2.5 56 72 

MSMG3 130 5.26e-08 2.5 56 56 

VSMG2 130 5.26e-08 2.5 56 72 

MSMG2 130 5.26e-08 2.5 56 56 

VSMG1 130 5.26e-08 2.5 56 72 

MSMG1 130 5.26e-08 2.5 56 56 

VINT5 60 7e-08 2.5 28 36 

MINT5 60 7e-08 2.5 28 36 

VINT4 60 7e-08 2.5 28 36 

MINT4 60 7e-08 2.5 28 36 

VINT3 60 7e-08 2.5 28 36 

MINT3 60 7e-08 2.5 28 36 

VINT2 60 7e-08 2.5 28 36 

MINT2 60 7e-08 2.5 28 36 

VINT1 60 7e-08 2.5 28 36 

MINT1 60 7e-08 2.5 28 36 

V1 60 7e-08 2.5 28 36 

M1 60 7e-08 2.5 28 36 

V0 60 7e-08 2.5 28 36 
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The BEOL layers simply stack one on top of each other extracting connectivity from 

the MOL layers through to the Global Metal layers (MG1 and MG2). The thicknesses and 

drawn widths go on increasing from bottom to top as expected to provide the required 

contact resistances. The BEOL stack as can be seen from Figures 25a), 25b) and 25c) are 

basically alternating conductor (metal) and via/contact layers. 

 

Figure 25: BEOL layer stack in Mentor Graphics' Stack Viewer a) Global metal layers b) Semi-

Global metal layers c) Intermediate metal layers and layer M1 
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5.2.      Parasitic Extraction for two input NAND Gate 

The following layout contains a 2-input NAND gate with connectivity extracted 

through all the metal layers till the Global Metal layers –MG1 and MG2. The source net/pin 

‘VDD’ is placed on MG1 while the ground net/pin ‘GND’ is placed on MG2. The layout is 

compared with the source netlist with the Calibre nmLVS tool for correct layout extraction 

following which it is simulated with the Calibre xRC tool. A Parasitic Extraction (PEX) 

Report file is generated, which acts as a transcript of all the activities that happen while 

parasitics are being extracted. A successful run creates three netlist files [25] 

1. .pex.netlist file – This file is the main netlist that the Calibre xRC tool generates 

which contains the basic circuit information (here, a NAND gate) along with some 

top level parasitics. It includes the other two files (.pex.netlist.pex) generated by the 

tool 

2. .pex.netlist.pex file – This file contains one sub-circuit per net. The sub-circuit is a 

RC tree structure of the extracted parasitics for the corresponding net. These sub-

circuits are instantiated in the third file (.pxi file) generated by the tool. 

3. .pxi file – This file contains instantiations for the RC tree sub-circuits from the 

.pex.netlist.pex files along with parasitics between nets. This file contains coupling 

capacitances between nets. 
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The Calibre xRC tool also lets the user choose what elements need to be extracted. 

The various options are and their denotations (which will be used further in the document) 

are described below. 

1. C only – Individual capacitances to ground net only 

2. CC only – only the coupling capacitances are extracted 

3. R only – only resistances are extracted 

4. R+C – resistances and individual capacitances are extracted 

5. R+C+CC – resistances and all possible capacitances are extracted 

6. No Inductance/Inductance – whether or not to extract inductances 

5.3.      Validation 

The Calibre xRC tool generates a complex netlist with various parasitic capacitances, 

resistances and inductances corresponding to various geometries for different layers of the 

technology layer stack [26]. The accuracy of these parasitics’ values depends on the rule 

file/s that are used by Calibre xRC tool to generate these netlists. The rule files used for the 

development of FreePDK15™ are the LVS rule file in the SVRF format, the Capacitances 

and Resistances rule files generated by the Calibre xCalibrate tool as described above. These 

rule files are a complete representation of the Technology Stack that the circuit/chip will be 

developed in. Thus, if the parasitic values are to match the realistic values (values expected 

from a certain circuit in a particular technology), it is very crucial that these rule files be very 

accurate and exact. A successful parasitics extraction run with a new set of rule files isn’t 

enough and the rule files, that are developed, must be subjected to validation runs to 

determine their accuracy. 
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The accuracy may be determined by simulating the netlist, containing the parasitic 

values, and comparing the results with expected sets of values and/or various graphs. 

However, the results might require further detailed investigation to determine the source of 

the error. The other way is to do several sanity checks on the results obtained from a parasitic 

extraction run. A simple NFinFET layout was created and parasitic extraction run results 

(R+C+CC) were obtained. The following netlists give an idea to the complexity of the 

parasitics for just a single NFinFET. 

 

 

NFinFET.pex.netlist 

.include "NFinFET.pex.netlist.pex" 

.subckt NFinFET  B G S D 

* D D 

* S S 

* G G 

* B B 

Mnfet N_D_Mnfet_d N_G_Mnfet_g N_S_Mnfet_s N_B_Mnfet_b NFET L=2e-08 W=4.8e-

08 

+ NFIN=2 ADEJ=6.08e-16 ASEJ=6.08e-16 PDEJ=1.68e-07 PSEJ=1.68e-07 

.include "NFinFET.pex.netlist.NFINFET.pxi" 

.ends 
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NFinFET.pex.netlist.pex 

.subckt PM_NFINFET%B 1 4 14 

c4 4 0 0.0135816f 

c5 1 0 0.0223236f 

r6 4 14 2.45904 

r7 1 4 2.60775 

.ends 

 

 

.subckt PM_NFINFET%G 1 3 6 10 17 

c10 10 0 0.00540246f 

c11 6 0 0.00660417f 

c12 3 0 0.0197963f 

c13 1 0 0.00758874f 

r14 8 10 2.29894 

r15 6 17 2.37568 

r16 3 8 0.461071 

r17 3 6 1.52031 

r18 1 10 0.485091 

.ends 

 

.subckt PM_NFINFET%S 1 5 16 
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c12 16 0 0.00791327f 

c13 5 0 0.00737795f 

c14 1 0 0.0173772f 

r15 5 16 2.54239 

r16 1 5 2.09306 

.ends 

 

.subckt PM_NFINFET%D 1 16 

c10 16 0 0.00525011f 

c11 1 0 0.0444172f 

r12 8 16 3.20925 

r13 1 8 5.28412 

.ends 

 

NFinFET.pex.netlist.NFINFET.pxi 

x_PM_NFINFET%B N_B_Mnfet_b N_B_c_2_p B PM_NFINFET%B 

x_PM_NFINFET%G N_G_Mnfet_g N_G_c_8_p N_G_c_9_p N_G_c_5_p G 

PM_NFINFET%G 

x_PM_NFINFET%S N_S_Mnfet_s N_S_c_16_n S PM_NFINFET%S 

x_PM_NFINFET%D N_D_Mnfet_d D PM_NFINFET%D 

cc_1 N_B_Mnfet_b N_S_Mnfet_s 2.844e-19 

cc_2 N_B_c_2_p N_S_c_16_n 9.01811e-19 
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cc_3 N_B_c_2_p S 2.99084e-19 

cc_4 N_B_c_2_p N_D_Mnfet_d 2.45041e-19 

cc_5 N_G_c_5_p N_S_Mnfet_s 6.80072e-19 

cc_6 N_G_c_5_p N_S_c_16_n 6.69471e-19 

cc_7 N_G_Mnfet_g S 5.69604e-19 

cc_8 N_G_c_8_p S 4.04568e-19 

cc_9 N_G_c_9_p S 0.00101654f 

cc_10 N_G_Mnfet_g N_D_Mnfet_d 0.00906528f 

cc_11 N_G_c_5_p N_D_Mnfet_d 0.0044332f 

cc_12 N_G_Mnfet_g D 2.04861e-19 

cc_13 N_G_c_8_p D 2.50876e-19 

cc_14 N_G_c_9_p D 0.00116907f 

cc_15 N_S_Mnfet_s N_D_Mnfet_d 0.00263071f 

cc_16 N_S_c_16_n N_D_Mnfet_d 0.00891868f 

cc_17 S N_D_Mnfet_d 0.00144006f 

cc_18 S D 0.00179813f 
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As explained before, the .pex.netlist.pex file gives one RC Tree per net in the 

layout/circuit and the .pxi file gives all the coupling parasitics between the nets. A sample 

schematic representing the netlists generated can be produced as in Figure 26. The schematic 

does not include the coupling capacitances. It is complex just with the RC trees in them 

 

 

Figure 26: Schematic with various parasitics in an NFinFET Layout 

(without coupling capacitances) 

 

Various RC tree wire delay models calculate the propagation delay through a circuit. 

However, it must be said that the RC tree for even a single net can be very complicated 

owing to the number of layers the technology stack has. If the net is modeled at a higher 
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metal layer in the BEOL hierarchy, each layer and each via/contact contributes to the RC tree 

which makes it complicated. As can be seen from Figure 26, it is difficult to map the various 

resistances and capacitances to each shape in the layout and comment on the accuracy. Other 

simpler methods must hence, be explored. 

The accuracy can be determined by creating sample layouts of frequently occurring 

structures and applying approximations or models that have been developed over the years. 

The results obtained from parasitics runs on these sample layouts can be compared to the 

values from the approximations and the accuracy can be determined. The approximations or 

models can be as simple as those for a parallel plate capacitor to those for a mesh of wires 

enclosed by large plates of conducting layers. The more complex the approximations are, the 

more precise is the comment on accuracy of the runs. 

 

Note: For all formulae and approximations that are used in the sections below, W is the 

width of an interconnect, H is the thickness of the dielectric separating the two conducting 

layers, T is the wire thickness, S is the separation between adjacent wires and for the last 

approximation, H1 and H2 are thickness of the dielectrics of wire above and below 

respectively. 
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5.4.      Parasitic Capacitance 

The majority of the parasitic elements in the netlists are capacitances. Any geometry 

or shape in the vicinity of another and separated by a dielectric accounts as a coupling 

capacitance. There are various wire models for calculating the values of parasitic 

capacitances for multiple wires. However, in general, the wiring is extremely complex and 

the numbers of geometries and nets are large even for smaller circuits. That is why, instead of 

providing a highly accurate model for the complete wiring geometry, using a simple model to 

get a good approximate of the parasitic values is preferred. This helps save a great deal of 

analysis and large amounts of time. 

 

 

5.4.1.   Parallel Plate Capacitance Validation 

The most commonly occurring structure is a dielectric separating two conducting 

layers. The most simplistic model for such a structure is the parallel plate capacitor 

approximation as shown in Figure 27. However, this approximation holds good for wire 

widths (W) much larger than the wire thickness (H) and the thickness of the dielectric (T). 
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Figure 27: Parallel plate capacitance 

 

The total capacitance of the single wire on a ground plate is the addition of the 

parallel plate capacitance and the fringing capacitance. However, as stated earlier the parallel 

plate capacitance dominates the fringing capacitance when the wire width (W) is much larger 

than the wire thickness (H) and the separation (T) between the pair of layers forming the 

plates of the capacitor. From Table 3 for layer properties, the maximum wire thickness (and 

for the layer separation) we have for the 15nm layer stack is 260nm for the global metals – 

MG1 and MG2. If the width ‘W’ is much larger than this value, the contribution from the 

fringing capacitance would be negligible. Thus, simple calculations can be compared with 

the results obtained from the Parasitic Extraction runs to verify the accuracy of the parallel 

plate parasitic capacitance. The parallel plate capacitance can be calculated as 

𝐶𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙−𝑝𝑙𝑎𝑡𝑒 =
∈𝑟∈0𝐴

𝐻
  (5.1) 

where, A = area common to the plates and H = thickness of the dielectric. 

 



 

68 

 

Figure 28: Layout modification for parallel plate approximation 

 



 

69 

 

Figure 29: Parallel plate capacitor 

 

The NAND2 layout has been modified to have a huge parallel plate capacitor on one 

side between two nets (here VDD and GND). The two nets are modeled using adjacent metal 

layers (here, MG2 and MG1) to create a parallel plate capacitor. The parallel plate capacitor 

dimensions length and width (1mm each), are much larger as compared to the largest metal 

layer thickness which is 260nm. The parasitic extraction run would give a very large 
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capacitance between the VDD and GND nets as expected and the value of that capacitance 

can be compared for accuracy by using the parallel plate capacitor formula. The layout can 

be modified to check the capacitance values between different layers in the BEOL stack. 

Table 4 provides the values and accuracies of the parallel plate capacitor model. 

C+CC Extraction was performed. 

 

Table 4: Parallel plate capacitance values and accuracies for metal layer pair MG2-MG1 for 

different dimensions of the plates forming the capacitor 

Dimensions of the parallel plate 

capacitor 

PEX 

results 

Expected value from the 

formula 

Error 

% 

L = 1000 μm, W = 1000 μm  85.198 pF 85.13640 0.07 

L = 1000 μm, W = 500 μm 42.615 pF 42.56821 0.11 

L = 500 μm, W = 500 μm 21.315 pF 21.2841 0.15 

L = 100 μm, W = 100 μm 857.607 fF 851.36421 0.73 

L = 10 μm, W = 10 μm 9.171 fF 8.51364 7.72 

L = 1 μm, W = 1 μm 0.183 fF 0.085136 114.52 

 

 

Table 4 shows a drop in the accuracy, as the capacitor dimensions are reduced. At 

such smaller widths, fringing capacitance can even dominate the total capacitance value. 

A similar observation is made by modifying the layout to check the parasitic values 

for all pairs of metal layers in the BEOL stack. C+CC Extraction was performed in each case. 
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Table 5: Parallel-plate capacitance values for all metal layer pairs 

Dimensions/ 

Layer Pairs 

1000*1000 

(μm
2
) 

1000*500 

(μm
2
) 

500*500 

(μm
2
) 

100*100 

(μm
2
) 

10*10 

(μm
2
) 

1*1 

(μm
2
) 

MG2 – MG1 85.1981pF 42.6146pF 21.3151pF 857.607fF 9.1706fF 0.182632fF 

MG1 – 

MSMG5 

170.354pF 85.1976pF 42.609pF 1.71095pF 17.867fF 0.270873fF 

MSMG5 – 

MSMG4 

170.349pF 85.1936pF 42.6064pF 1.71042pF 17.8076fF 0.254421fF 

MSMG4 – 

MSMG3 

170.348pF 85.1927pF 42.6058pF 1.71028pF 17.7932fF 0.250611fF 

MSMG3 – 

MSMG2 

170.346pF 85.1915pF 42.605pF 1.71013pF 17.7765fF 0.247411fF 

MSMG2 – 

MSMG1 

170.343pF 85.1895pF 42.6037pF 1.70987pF 17.7484fF 0.243234fF 

MSMG1 – 

MINT5 

369.009pF 184.527pF 92.2742pF 3.69796pF 37.7693fF 0.454421fF 

MINT5 – 

MINT4 

369.003pF 184.521pF 92.2708pF 3.69728pF 37.7fF 0.444fF 

MINT4 – 

MINT3 

369.005pF 184.522pF 92.271pF 3.69712pF 37.6794fF 0.439814fF 
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Table 5: Continued 

MINT3 – 

MINT2 

368.998pF 184.518pF 92.2685pF 3.69682pF 37.6548fF 0.437239fF 

MINT2 – 

MINT1 

368.994pF 184.515pF 92.2666pF 3.69645pF 37.6135fF 0.429869fF 

MINT1 – M1 368.993pF 184.513pF 92.2646pF 3.69583pF 37.5509fF 0.427332fF 

Average error 0.03% 0.05% 0.07% 0.35% 3.57% 39.33% 

 

 

The results show that the parallel plate capacitance extracted is very accurate when 

the dimensions of the two metal plates are kept large. When the dimensions of the capacitor 

are 1 μm * 1 μm, the accuracy is adversely affected by the fringing and coupling components 

which start dominating the parallel plate capacitance component. However, it can be safely 

concluded that the parasitic capacitance extraction for the simple parallel-plate capacitance 

between two plates is accurate. 

5.4.2.   Fringing Capacitance Validation 

With the scaling of technology, devices have shrunk and the wire density has gone up 

to save on valuable silicon area. This has led to a steady reduction in the W/H ratio [23]. In 

the sub-micron technology nodes, the W/H ratios have reached unity and have gone beyond 

that. For such cases, the parallel plate approximation fails to give a good parasitic 

capacitance value. This is because the fringing capacitance begins to equal and sometimes 

dominate the parallel plate capacitance. As a result, it is necessary to validate both the 
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parallel and fringing capacitance values that contribute to the total parasitic capacitance of 

the geometry. 

There are numerous wire models that model the total capacitance as a sum of parallel 

and fringing capacitance. However, it is very difficult to verify the accuracy of a parasitic 

extraction run of a layout with only fringing capacitance in it. As a result the total 

capacitance values are compared and the accuracy found. 

 

 

Figure 30: Layout modification for fringing capacitance approximation 
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The layout has been modified to account for fringing capacitance. One of the nets 

(here, GND) is kept as it is in the earlier layout, while the width of the second net is reduced 

to a very small value, with the layout closely resembling the microstrip line. The width of the 

line is kept as the minimum possible width for the corresponding layer. The wire is modeled 

with the layer which is higher in the BEOL layer stack and the ground plane is modeled with 

a layer which is lower in the stack. For instance, when MINT2 – MINT1 layer pair is used, 

the wire shape is of MINT2 layer type while the ground plane is of MINT1 layer type. As 

before the lengths are modified to verify the accuracy for different dimensions. Parasitics are 

extracted for this layout and the accuracies are compared with three approximations/models. 

 

 

Figure 31: Total capacitance approximation [23] 

 

Continuing on with the wire model, proposed by [23], a rather simplistic model splits 

up the total capacitance into two components, one the parallel plate capacitance and the other 

fringing capacitance. Each of these two components is modeled separately. The fringing 

capacitance is modeled as a cylindrical wire with diameter equal to interconnect thickness 

‘T’. The total capacitance per unit length is given as 
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𝐶𝑤𝑖𝑟𝑒 = 𝐶𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙−𝑝𝑙𝑎𝑡𝑒 + 𝐶𝑓𝑟𝑖𝑛𝑔𝑖𝑛𝑔 =
∈𝑟∈0𝑤

𝐻
+

2𝜋∈𝑟∈0

log (𝐻/𝑇)
  (5.2) 

where, the parallel plate capacitor width is 𝑤 = 𝑊 − 𝑇/2 

However, this approximation has a drawback as the denominator term for the fringing 

capacitance equation, is valid only for dissimilar dielectric and interconnect thicknesses. 

Moreover, this approximation inherently assumes dielectric thickness to be larger than the 

wire thickness. For the technology stack for FreePDK15™, neither of these conditions is 

valid for any of the metal layer pairs and hence, this approximation is not used. 

[27] proposes simple models for common structures like a wire on a ground plane, or 

two adjacent wires on a ground plane (Section 5.4.3.) which are relatively easy to analyze a 

given circuit for correctness. The approximation holds good for wires having their 

dimensions within the constraints – 0.3<(W/H)<30 and 0.3<(T/H)<30. All the metal layer 

pairs in the FreePDK15™ stack satisfy these constraints. By this approximation, the 

capacitance per unit length is 

𝐶

∈
= 1.15 (

𝑊

𝐻
) + (

𝑇

𝐻
)

0.222
  (5.3) 

The first component models the parallel plate capacitance along with the contribution 

from the top surface, while the second term models the side-wall flux. 

Chang’s approximation [28] for fringing capacitance is highly accurate but complex 

and time-consuming at the same time. A modified approximation [29], however, obtained 

from applying curve-fitting on results obtained from Chang’s formula is much simpler and 

can be used as an added assurance. The Chang’s approximation with curve-fitting gives the 

total capacitance per unit length as 
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𝐶

∈
= (

𝑊

𝐻
) + 0.77 + 1.06 (

𝑊

𝐻
)

0.25
+ 1.06 (

𝑇

𝐻
)

0.5
  (5.4) 

This approximation is accurate within 2% for wires having dimensions (W/H)>1 and 

0.1<(T/H)<4 and within 6% for wires having dimensions (W/H)>0.3 and (T/H)<10 

These two approximations are used to calculate the relative accuracies of the various 

PEX runs. The wire thicknesses and dielectric thicknesses can be obtained from Table 3. The 

results obtained are tabulated in Table 6. C+CC Extraction was performed in each case. 

 

Table 6: Fringing capacitance values and accuracies for all metal layer pairs 

Layers Width 

of the 

wire 

Total 

Capacitance 

measured 

Sakurai's 

Approximation 

Error 

(%) 

Chang's 

Approximation 

Error 

(%) 

MG2 - MG1 112 nm 63.7895fF 72.943 fF 12.55 69.049 fF 7.62 

MG1 - 

MSMG5 

112 nm 95.6996fF 94.219fF 1.57 91.901fF 4.13 

MSMG5 - 

MSMG4 

56 nm 73.0826fF 72.943fF 0.19 69.049fF 5.84 

MSMG4 - 

MSMG3 

56 nm 73.1963fF 72.943fF 0.35 69.049fF 6.01 

MSMG3 - 

MSMG2 

56 nm 73.3295fF 72.943fF 0.53 69.049fF 6.20 
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Table 6: Continued 

MSMG2 - 

MSMG1 

56 nm 73.288fF 72.943fF 0.47 69.049fF 6.14 

MSMG1 - 

MINT5 

56 nm 100.622fF 97.343fF 3.37 95.303fF 5.58 

MINT5 - 

MINT4 

28 nm 74.4096fF 73.859fF 0.75 70.231fF 5.95 

MINT4 - 

MINT3 

28 nm 74.3985fF 73.859fF 0.73 70.231fF 5.93 

MINT3 - 

MINT2 

28 nm 74.3655fF 73.859fF 0.69 70.231fF 5.89 

MINT2 - 

MINT1 

28 nm 74.4066fF 73.859fF 0.74 70.231fF 5.95 

MINT1 - M1 28 nm 74.3744fF 73.859fF 0.70 70.231fF 5.90 

 

 

The results show that the parasitic capacitance extracted for capacitors modeled 

between different layers is quite accurate according to the approximations modeled by 

Sakurai and Chang. As these models account for both, the fringing and parallel-plate 

components, the parasitic extraction results are accurate for the BEOL layer shapes with 

large dimensions. To see the effect on smaller dimensions the size of the wire segment is 
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reduced and the capacitance extracted is compared to the approximations. Also, the results 

for metal layer pair MG2-MG1, are less accurate as compared to others and the reason is that 

with the increase in the number of metal layers, the amount of coupling capacitance goes up. 

This contributes more to the capacitance than the fringing model and hence the accuracy is 

low. However, even in the worst case, it is still about 12% from the precise value and a 

decent approximation for the capacitance value. 

To verify the accuracy at smaller dimensions, the wire length is reduced at intervals. 

Table 7 gives the change in the accuracy as the wire length is reduced for the metal layer pair 

– MINT2 MINT1. Even when wire length is 1 μm, the capacitance extracted is within 10% 

of both approximations. The accuracies for metal layers lower in the BEOL hierarchy are 

observed to be higher than those higher up in the hierarchy, the most probable reason being 

the reduced coupling with other metal layers. C+CC Extraction was performed in each case. 

 

Table 7: Fringing capacitance values and accuracies for metal layer pair MINT2-MINT1 for 

different line lengths 

Wire 

lengths 

Capacitance 

measured 

Sakurai's 

Approximation 

Error 

(%) 

Chang's 

Approximation 

Error (%) 

1000 μm 74.4066fF 73.859fF 0.74 70.231fF 5.95 

100 μm 7.44489fF 7.3859fF 0.8 7.0231fF 6.01 

10 μm 0.746311fF 0.73859fF 1.05 0.70231fF 6.27 

1 μm 0.0768576fF 0.073859fF 4.06 0.070231fF 9.44 
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5.4.3.   Coupled Capacitance Validation 

In most layouts, long parallel lines dominate most of the intra-layer coupling 

capacitance. The coupling capacitance between two parallel lines of the same layer can be 

considered as the worst case intra-layer coupling capacitance. It is hence, essential to verify 

the results obtained for this structure as well, to be able to comment on the overall accuracy 

of the complete PEX run. The earlier layout is modeled with the two nets being two thin 

strips with large lengths. The layout is simulated and the accuracies can be obtained with the 

following approximations/models. 

With two wires running parallel, there is coupling between them which causes 

crosstalk and noise problems in the circuit, which is why quantifying crosstalk is very 

crucial, especially for communications chips or high-speed transceivers. The coupling effect 

is modeled by [27] as an extension to his previous formula for the capacitance for a wire on a 

ground plane. 

The total capacitance of the wire per unit length, in vicinity of another wire can be 

approximated as the sum of the coupling component, fringing component and the parallel 

plate component. 

𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑤𝑖𝑟𝑒 + 𝐶𝑐𝑜𝑢𝑝𝑙𝑒        (5.5) 

𝐶𝑡𝑜𝑡𝑎𝑙

∈
= 1.15 (

𝑊

𝐻
) + (

𝑇

𝐻
)

0.222
+ [(0.03 (

𝑊

𝐻
) + 0.83 (

𝑇

𝐻
) − 0.07 (

𝑇

𝐻
)

0.222
) (

𝑆

𝐻
)

−1.34
] (5.6) 

The terms in the ‘[]’ (square parentheses) accounting for the coupling component. 

The first and the second terms in the coupling component account for the top and side wall 

contribution respectively while the last term is the reduction in the capacitance due to side 
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walls. This formula is valid for interconnects satisfying the following constraints - 

0.3<(W/H)<10, 0.3<(T/H)<10 and 0.5<(S/H)<10 

The author believes that there is an inherent assumption that, the second wire needs to 

be modeled as ground as well in order to validate the direct addition of the two capacitances. 

With that in mind the layout is modified by connecting one of the wires to the ground plate 

while calculating the capacitance of the other wire with respect to ground, which consists of 

both the wire capacitance to ground as well as coupling capacitance to the neighboring wire, 

which is connected to ground. The wires are modeled with minimum possible widths 

separated by smallest spacing that is allowed by the design rules. 

 

 

Figure 32: Layout modification for coupled capacitance 

 

The length and the separation between the lines are changed, one at a time to get an 

idea of the amount of effect they have on the total coupling capacitance. The capacitance 
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obtained from the approximation is per unit length and hence the extracted capacitance is 

halved when the length is halved. Increasing the separation would decrease the amount of 

coupling and hence the coupling capacitance would reduce. The metal layers MSMG1-

MINT5 show the highest accuracies and one possible explanation is that the (W/H) and (T/H) 

for these two layers is greater than unity (also for MG1-MSMG5). Also these two metal pairs 

have the highest (S/H) ratio. This results in a larger component of the coupling capacitance 

coming from the overlapping area for the two wires. As the separation between the wires and 

that between one of the wires and ground plate is lesser than the others, this causes a larger 

amount of flux to flow in this short separation and hence this capacitance dominates the 

overall capacitance. As this capacitance can be modeled quite simply by the W/H and the 

T/H terms, their contribution is larger and hence the accuracy is more. (In other words the 

dependence on separation ‘S’ is reduced) 

The accuracies for MSMG1 – MINT5 layer pairs can be observed for four sets of 

measurements. C+CC Extraction was performed in each case. 

 

Table 8: Coupled capacitance values and accuracies for metal layer pair MSMG1-MINT5 

Dimensions Capacitance Measured Sakurai's Approximation Error (%) 

L=1000μm, S=92 nm 117.608fF 119.111fF 1.26 

L=500μm, S=92 nm 58.8209fF 59.555fF 1.23 

L=1000μm, S=184 nm 104.446fF 105.94fF 1.41 

L=500μm, S=184 nm 52.2355fF 52.97fF 1.38 
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5.4.4.   Additional Validations 

The validations discussed above act as a sanity check for the parasitic capacitance 

extraction results. It can be safely assumed, that accurate results in these three validations 

translate to the overall accuracy of the parasitic runs for smaller circuits. However, for 

circuits much larger and for smaller tolerances, many other structures can be used to verify 

the values of the parasitics. Sample layouts like the ones created for the earlier validations 

can be created representing the different structures and various approximations and models 

can be used for verification. Two other models are described for additional validation, if need 

be. 

Three parallel wires:  

Using the same principle as that for a pair of parallel wires, the approximation can be 

extended for three wires and so on. The simplest model [27] for three wires calculates the 

total capacitance for the wire in the middle as the wire capacitance of that wire to ground 

added with twice the coupling component described in the earlier section. In other words 

with geometry same between the wires on either side, the coupling capacitance between 

wires 1 and 2 is essentially the same as that between wires 2 and 3. Hence, the total 

capacitance for wire 2 is the self-capacitance added with twice the coupling capacitance 

between either wires 2 and 1 or wires 2 and 3. 

𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑤𝑖𝑟𝑒 + 2𝐶𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔  (5.7) 

where 𝐶𝑤𝑖𝑟𝑒, 𝐶𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 are from equations (5.3), (5.5) and (5.6) 

However, this is very rough estimate and does not give an idea of coupling between 

wires 1 and 3, which can also have significant performance degradation due to crosstalk. 
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Wires between parallel plates: 

So far, the validation has only been restricted to structures over an infinite ground 

plane. But, frequently, there are occurrences of structures described above in between a pair 

of parallel plates. The plate above adds to complexities as it draws the flux from the top of 

the plate and hence the fringing capacitance approximations, which link the top-surface-flux 

to the bottom ground plate, cannot be used. A very complex formula [24] has been developed 

for this situation and can be used for 0.16μm<H1<2.71μm and 0.16μm<H2<2.71μm. The 

total capacitance per unit length is given by 

𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑝𝑙𝑎𝑡𝑒𝑠 + 2𝐶𝑐𝑜𝑢𝑝𝑙𝑒  (5.8) 

 

𝐶𝑐𝑜𝑢𝑝𝑙𝑒

∈
= 1.4116 (

𝑇

𝑆
) exp (− (

2𝑆

𝑆 + 8.014𝐻1
) − (

2𝑆

𝑆 + 8.014𝐻2
)) + 1.1852 (

𝑊

𝑊 + 0.3078𝑆
)

0.25724

× {(
𝐻1

𝐻1 + 8.961𝑆
)

0.7571

+ (
𝐻2

𝐻2 + 8.961𝑆
)

0.7571

} exp ((−
2𝑆

𝑆 + 3(𝐻1 + 𝐻2)
)) 

(5.9) 

 

𝐶𝑝𝑙𝑎𝑡𝑒𝑠

∈
= (

𝑊

𝐻1
+

𝑊

𝐻2
) + 2.04 (

𝑇

𝑇 + 4.5311𝐻1
)

0.071

(
𝑆

𝑆 + 0.5355𝐻1
)

1.773

 

+2.04 (
𝑇

𝑇+4.5311𝐻2
)

0.071
(

𝑆

𝑆+0.5355𝐻2
)

1.773
 (5.10) 

There are numerous other approximations developed over the years for modeling 

different wire meshes, some similar, others more complex and they can be utilized as well. 

The three most simplest have been utilized from the standpoint of the scope of this thesis. 
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However, by the author’s reckoning the structures described in the thesis are quite enough for 

a good validation. 

5.5.      Parasitic Resistance 

The simplest model to validate parasitic resistance values is with the help of sheet 

resistance. The resistance of a wire is given by 

𝑅 =
𝜌𝐿

𝐴
= (

𝜌

𝑇
) (

𝐿

𝑊
) = 𝑅𝑠ℎ𝑒𝑒𝑡 (

𝐿

𝑊
)  (5.11) 

where, 𝑅𝑠ℎ𝑒𝑒𝑡 =
𝜌

𝑇
, 𝜌=resistivity  

For any given technology, all the metal layers will have a constant thickness (T) 

which means that assuming the resistivity of that metal layer remains same, the term 
𝜌

𝑇
 will be 

constant. This term is called as ‘sheet resistance’ and is a very simple way to determine 

resistance of a geometrical shape in a layout. The total resistance of a shape will be sheet 

resistance multiplied by the ratio of length by width. In other words, square shapes will have 

the same resistance. Also, if the length can be expressed in terms of width then the total 

resistance is merely the number of squares (or length/width) times the sheet resistance. 

For a simple NFinFET layout, R extraction is performed. The results are obtained 

and the pex.netlist.pex file is observed. The length of the M1 layer shape near drain, is 

increased to about 100 times the width of the M1 layer shape. The only thing to be taken care 

of is that the port name must be taken to the farther end of the line. Calibre xRC calculates 

parasitic resistance only until the net name/port name. 
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Figure 33: Layouts for resistance validations a) NFinFET Layout b) NFinFET layout with 

increased length for Drain terminal metal layer 

 

R Extraction is performed and the increase in resistance should be 100 times the sheet 

resistance of layer M1. That should be about 116.7 ohms, which is what we see in the netlist. 
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NFinFET 

.subckt PM_RES%D 1 16 

r0 8 16 2.70911 

r1 1 8 5.28412 

.ends 

 

NFinFET with length of M1 – 100 times its width 

.subckt PM_RES%D 1 16 

r0 8 16 116.867 

r1 1 8 5.28412 

.ends 

 

NFinFET with length of M1 – 50 times its width (width is doubled) 

.subckt PM_RES%D 1 16 

r0 8 16 58.4334 

r1 1 8 5.28412 

.ends 

 

NFinFET with lengths of M1 and MINT1 – 100 times its width 

.subckt PM_RES%D 1 18 

r0 14 18 115.7 

r1 14 15 1.16709 
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r2 8 15 116.7 

r3 1 8 5.28412 

.ends 

 

NFinFET with lengths of M1, MINT1, MINT2 – 100 times its width 

.subckt PM_RES%D 1 7 

r0 21 22 1.16709 

r1 15 22 116.7 

r2 4 21 115.533 

r3 3 7 115.7 

r4 3 4 1.16709 

r5 1 15 5.28412 

.ends 

 

As you can see changes can be made to the layout to add large lengths of wires, 

which would add resistance. R extraction is performed to see if the results track these 

changes. The width can also be varied in which case the resistance would drop for an 

increase in width. Thus, simple sheet resistance calculations are enough to get a good idea of 

the accuracy of resistance extraction. 

Resistance validation is not made as frequently. This is because, when the chip is 

fabricated a mix of various metals and materials called silicides are used to create an 

adhesive, conductive film which has much lesser contact resistance than a single metal. In 
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this case the resistivity of the metal layer varies according to the type and proportion of 

silicide used [23]. 

Also when the frequency of operation increases, charges tend to stick closer to the 

surface of the conductor giving rise to a differential in the current density in the conductor. 

This effect is called skin effect. More current flows through the outer surface of the 

conductor than inside meaning the resistance varies with distance from the center of the 

conductor, with the maximum on the inside and decreasing with distance from the center. 

Moreover, the fact that the values of the resistances and the gradient change with frequency, 

further reduces accuracy of the parasitic resistance validation. 

These are the reasons that the resistance validation is restricted to mere sanity check 

with sheet resistance formulae. Only when a very precise analysis is required and when the 

exact composition of the materials used for interconnects and operation environment is 

known can a detailed validation be made. 

The following section entails results from PEX runs on different simple circuits. 

These runs were made after the validations were made successfully for the rule files 

developed for FreePDK15™. The results obtained can be a basis of further analysis and 

design using FreePDK15™. 

In order to have more realistic values of parasitics, which can be utilized for circuit 

design using FreePDK15™, PEX runs were made for layouts of basic devices/circuits like 

NFinFET, PFinFET, Inverter, Two-input-NAND gate, Ring Oscillator. The parasitic netlists 

extracted using the developed rule files are available for further analyses or use for circuit 

design. These results also act as a basis for comparison with other technologies being 
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developed and the extent and reach of FreePDK15™ as compared to these other 

technologies. The parasitic netlists are also used to simulate these simple circuits in HSPICE 

to get a better idea of the propagation delays for generic gates and circuits. 

The technology models used for the HSPICE simulations were PTM’s 14nm High 

Performance Models [30] for nfets and pfets, which are based on the BSIM models for 

common multi-gate devices [2]. A transient analysis graph was obtained. The propagation 

delay was obtained for 

1. Basic circuit 

2. Circuit with values of Areas and Perimeters of Source and Drain regions. 

3. Circuit including the values of Areas and Perimeters of Source and Drain regions and 

the extracted parasitic netlist for the corresponding circuit layout. 

5.6.      HSPICE Simulations for NFinFET 

An NFinFET and a PFinFET are simulated with initial conditions on Drain voltage 

when the gate is supplied with a activating voltage (Logic High for the NFinFET and Logic 

Low for the PFinFET). The results obtained clearly show an increasing delay with the level 

of detail added. The delay for the basic circuit is about 665fs, while with the areas and 

perimeters of source and drain is 1.3ps. The delay is further increased due to the added 

parasitics which are included in the next graphs. 
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Figure 34: Propagation delay calculation for NFinFET - Basic circuit 

 

 

Figure 35: Propagation delay calculation for NFinFET - circuit with areas and perimeters of 

drain and source 
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Figure 36: Propagation delay calculation for NFinFET - with all extracted parasitics 

 

The delay with the parasitics in the circuit is about 1.81ps. However, an NFinFET 

simulation is hardly a basis of comparison, which is why we have runs for a chain of 

inverters. 

5.7.      HSPICE Simulations for Inverter Chains 

Similar results are obtained for a chain of nine inverters. A pulse input is utilized to 

activate the circuit. Two such circuits are created – one of the inverter chains has a fanout of 

1 and the other has a fanout of 4. The results obtained are compared with the ITRS 2011 [4] 

Roadmap for the Process Integration, Devices and Structures’ predictions. The results are 

better than the predictions as FreePDK15™ rule files do not delve completely into the 

complexity of the FinFET layout design. FreePDK15™ acts as a starting point to understand 
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and design circuits with FinFETs mainly for research and academic purposes. The possible 

reasons for the dissimilarities with the ITRS’s values are discussed in Section 5.8. 

 

 

Figure 37: Chain of inverters (FO1) - well, implant layers not shown 

 

 

Figure 38: Chain of inverters (FO4) - well, implant layers not shown 
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Figure 39: Propagation delay for inverter chain (FO1) – with all extracted parasitics 

 

 

Figure 40: Propagation delay for inverter chain (FO4) - with all extracted parasitics 
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The propagation delay for the chain of inverters with a fanout of 1 is approximately 

1.808 ps per stage. The same delay for a chain of inverters with a fanout of 4 is 

approximately 4.39 ps per stage. ITRS predicts a delay of about 3ps per stage and 7.18 ps per 

stage respectively for fanouts of 1 and 4. The results obtained are about 60% better in each 

case. The reasons for obtaining results better than the ITRS predictions are discussed next. 

5.8.      Avenues for Errors 

The validation runs described so far compare only a few of the simple 

models/approximations to the measured parasitic values. More complex models can be used 

for more accuracy at the cost of increased time for calculations and verification. The models 

described in this thesis are enough to get a general picture of parasitics in FinFET layouts and 

aid in the better understanding of design and physical verification using FinFETs from a 

research and academic perspective. Additional models, simulations and analyses are 

encouraged and required for higher accuracies and better understanding of the parasitics and 

their sources. However, they are not required for the scope of this project. 

The parasitics values obtained from FreePDK15™ kit may not match the predictions 

of ITRS or other such predictions. There may be several reasons for that and the sources of 

the disparity could be in the .mipt file, the LVS rule file developed or the BSIM model 

assumptions. Two possible sources which may stem out from the files developed in the 

development of FreePDK15™ are discussed below. 

One of the reasons may be the way fins are portrayed on a layout. For instance, the 

fin width according to the FreePDK15™ rules is 8 nm. However, the layout contains active 

area (ACT layer), which models the fins, to be at least 48 nm wide with additional 
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increments of 40 nm. This is because for simplicity in device recognition, fin area and not 

fins are depicted in the layout. As is clear from Figures 42a) and 42b), the ACT area is much 

larger than the actual fin area, and the separation between fins is also included under ACT 

area. 

The major source of parasitics for the multigate FinFET device, as per various 

researches over the world, is the 3D folding of gate (poly) over the fins. There are lateral 

overlap capacitances and even more numerous gate-S/D fringing capacitances which cannot 

be accounted with the style of layouts that are described and utilized in the PEX runs in this 

thesis. [9] [10] have developed parasitic models for FinFET parasitic capacitances and 

resistances. 

 

 

Figure 41: Multi-fin FinFET [9] 

 

In Figure 41, the fringing capacitances from the sides of the fins to the gate are 

multiple in numbers and the small separation mean that these parasitic capacitances play a 

significant role in determining device delays and leakages. Neither the .mipt file nor the 
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layout, considers the 3D folding of the poly over active and hence the total effective width is 

not considered for parallel capacitance. The total effective width, once again, is given by 

𝑊𝑒𝑓𝑓 = (2 × 𝐻𝑓𝑖𝑛 + 𝑊𝑓𝑖𝑛) × 𝑛𝑓𝑖𝑛  (5.12) 

Considering the corresponding values for 𝑊𝑓𝑖𝑛 and 𝐻𝑓𝑖𝑛 for the FreePDK15™ kit (8 

nm and 30 nm respectively), the effective width for overlap gate capacitance is 68 nm/fin. 

While the layout created for two-fin NFinFET or PFinFET have a poly-active overlap of only 

48nm. That’s only about 35%. The ratio decreases for even larger devices. Moreover, when 

the fin width will actually be the area for the ACT-AIL1 contact, the contact resistance will 

be increased even more. Here, the width considered for calculating the contact resistance, for 

a two-fin NFinFET device is the width of the active area which is 48 nm. The actual contact 

width will be 8 nm (since AIL1 won’t be folded like the poly will be) which is the width of 

the fin and there will be two contacts for two fins. Hence, the current resistance value is 

much smaller than the actual value. That is a significantly small approximate of the actual 

parasitic resistance. 
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Figure 42: a) Actual fin layout b) fin layouts used for simulations so far 

 

One solution is to modify the fin layouts as in Figure 42a). However, the rules 

developed for the purpose of this thesis do not distinguish multiple fins and multiple devices. 

So although the layout on the left would give a correct LVS check with an NFinFET source 

netlist, the netlist generated from the layout would still contain two devices. Moreover, this 

doesn’t take into account the 3D folding of the gate and hence is not an adequate solution for 

extracting parasitics. 

Here are the parasitics generated for two NFinFETs modeled as in Figures 42a) and 

42b). 
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NFinFET Capacitances - Figure 42 b) 

cc_1 B S 0.00174723f 

cc_2 B D 3.77101e-19 

cc_3 G S 0.00352466f 

cc_4 G D 0.0162058f 

cc_5 S D 0.014797f 

 

NFinFET with Fin adjustment Capacitances – Figure 42 a) 

cc_1 B S 0.00173919f 

cc_2 B D 2.53164e-19 

cc_3 G S 0.00352466f 

cc_4 G D 0.0162107f 

cc_5 S D 0.014788f 

The values from runs for layout in Figure 42 a) must include the fringing capacitance 

between the fins and the poly shape and hence must be larger than the values from runs for 

layout in Figure 42 b). However, there isn’t much difference in the parasitics values 

generated from the two runs. In fact, the parasitic values for parasitic run for layout in Figure 

42 a) are slightly smaller than that in Figure 42 b) because of the reduction in the overlap of 

active and poly layers. A possible reason might be that the description of Active and Gate 

layers in the .mipt file might not have modeled the 3D folding of gate over the fin. Changes 

can be made to the .mipt file and the whole process can be repeated for checking the 
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accuracies. However, due to time constraints these modifications are left for future research 

and development. 

Moreover, there might be other possible solutions for rectifying this large amount of 

difference between expected values and values obtained from the parasitic extraction runs, 

but from point of view of the development of FreePDK15™, this is as far as author could 

come to. These errors need to be accounted for and the best way to account them would be 

involve the 3D folding in the device description or the .mipt file, indicating the need to use 

more advanced 3D tools. Also other steps may be taken to develop new PDKs in various 

novel methodologies to incorporate the 3D folding of gate. This thesis aims at creating a 

process flow in the development of other PDKs which can either on its own or with the aid of 

such modified and more advanced tools bridge the gap between the values offered and the 

values predicted by ITRS or other such collaborations around the world. 
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6. Conclusion and Future Work 

Although FinFET Technology might probably be the cornerstone for all the research 

and development in the near-future, currently the technology and the tools required to gain an 

understanding of integrated circuit design with FinFETs aren’t available for all. With the 

patents and intellectual properties of the semi-conductor industry and the high cost for the 

licenses for various tools and kits, it is very difficult for students and academia in general to 

gain access to this technology. Open source accurate design kits, models and tools must be 

developed and made available to the academia so that they gain a better understanding of 

designing with FinFETs. 

This thesis forms one part for the development of FreePDK15™, an open source 

process design kit which can be used in university education and for designers to get 

acquainted with the process flow for design at technology nodes smaller than 22nm. This 

thesis focusses on the physical verification flow and aims to serve as a process flow to enable 

the designers to develop their own design kits suitable to the integrated circuit technology 

they are using. 

In the beginning of the thesis, lithography methods proposed for the sub-32nm 

technologies are studied briefly, in chapter 3. Multiple patterning is discussed which is the 

most viable option for lithography as of now. Multiple patterning is also discussed from the 

perspective of the development of FreePDK15™ Technology Stack. 

The next part of the thesis is mainly divided into two parts – layout extraction and 

parasitic extraction. In Chapter 4 - layout extraction, guidelines are given for developing a 

rule file for LVS Checks, which act as the next crucial step in the physical verification 
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process after DRC Checks. The rule file for LVS checks for FreePDK15™ has been 

developed and the features and layer rules covered in the LVS checks are explained with 

ample example circuits. Lithography techniques for sub 32nm technologies like Multiple 

patterning, Metal stitching are also accounted for in the layout extraction rules. 

Chapter 5 – parasitic extraction, explains everything regarding parasitics, the basic 

sources, development of the rule deck to enable parasitic extraction for FreePDK15™ and 

validation runs to act as sanity checks after the parasitic netlists are generated successfully. 

These validation runs are crucial to check whether the results of the parasitic runs map the 

layout correctly and come as close to the expected values. Simple approximation models are 

utilized for the validation runs. The chapter ends with comparison of achieved results with 

those predicted by ITRS 2011 [4] roadmap and on a short discussion on the possible sources 

of errors. 

The design rules developed in [5] combined with the layout and parasitic extraction 

rules developed in this thesis complete a physical verification process flow for the 15nm 

FinFET devices. With the development of the rules and the process flow, as described in this 

thesis, FreePDK15™ can be introduced in university education to enable students to create 

layouts for circuits designed using FinFET devices, verify them with Calibre nmDRC and 

Calibre nmLVS checks and extract parasitics so as to gain valuable insight in the effect they 

have on circuit performance. Currently, FreePDK15™ is the only such public resource 

available for design and layout verification for FinFET devices. However, the process flow 

developed in the thesis encourages further development and creation of accurate predictive 
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design kits for sub-22nm technologies in order to exploit their advantages in university 

education and academic research. 

This thesis aims to serve as a process flow for the similar design kit development for 

numerous technologies. Future work could be in developing a highly accurate predictive 

process design kit with various complex validation models cited in this thesis. Research on 

modeling the gate 3D folding over the fins is much appreciated, so that with a way to account 

for the parasitics that are dependent on this 3D modeling, the design kit developed would be 

even more accurate in determining parasitics within each device and maybe can lead to 

results which can be compared more closely with ITRS Roadmap or other predictions. A 

highly accurate predictive process design kit for physical verification along with the common 

multigate gate models for FinFET technology, by the BSIM Group of University of 

California, Berkeley and the PTM models by NIMO Group of Arizona State University can 

be a really good way to introduce integrated circuit design using FinFETs to students in 

various universities pursuing careers in VLSI and circuit design. FreePDK15™, BSIM CMG 

models [2] and the PTM models [30] together can be harnessed for further research in the 

never-ending quest for scaling of devices. 
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