Lab Module 4: Layout Design of a CMOS Inverter and Physical
Verification

Duration: 3-4 Hours (depending on prior exposure and complexity of design rules)
1. Objective(s):
Upon successful completion of this rigorous laboratory session, students will be able to:

e Master Layout Editor Navigation: Competently navigate and utilize the advanced
functionalities of a professional VLSI layout editor tool, including layer selection,
drawing primitives, editing operations, and visualization controls.

e Apply Design Rules Critically: Comprehend the necessity and apply fundamental
layout design rules (both minimum dimensions and spacing constraints, whether
Lambda-based or micron-based) specific to a given CMOS process technology with
precision.

e Translate Schematic to Layout: Accurately translate a symbolic CMOS inverter
schematic into a full-custom mask layout, demonstrating a nuanced understanding of
transistor sizing, relative placement, and layer-specific interconnections.

e Perform Comprehensive DRC: Execute Design Rule Check (DRC) systematically,
interpret error messages effectively, and iteratively rectify all physical design rule
violations within the layout until it is "DRC clean."

¢ Implement Critical Contacts: Understand the profound electrical importance and
correctly implement well contacts and substrate connections, ensuring robust
power/ground biasing for NMOS and PMOS bulk regions to prevent parasitic issues.

e Grasp Physical Design Foundation: Develop a robust foundational understanding
of the intricate relationship between a circuit's abstract schematic representation and
its precise physical layout, laying the groundwork for subsequent physical verification
and fabrication.

2. Theory and Background:

Following the logical design and simulation of circuits at the transistor and gate level, the
next monumental step in the VLSI design flow is to transform these abstract electrical
schematics into a tangible, physical blueprint that can be manufactured on a silicon wafer.
This critical stage is known as layout design, where the geometric patterns of various
semiconductor and metal layers are meticulously drawn. These patterns serve as the masks
that will be used during the photolithography and etching steps of the fabrication process to
create the actual transistors and their intricate interconnections.

2.1 The Essence of Layout Design:

Layout design is the art and science of defining the precise two-dimensional geometry of an
integrated circuit. Every shape you draw on the layout canvas represents a specific material
layer that will be deposited, patterned, or doped during chip fabrication. For example:



Polysilicon (Poly): Forms the gate electrode of the MOS transistor. Where
polysilicon crosses a diffusion region, it defines the transistor's channel. It also acts
as a basic interconnect layer.
Diffusion Layers (N-Diffusion, P-Diffusion): These are regions of the silicon
substrate that have been doped (implanted with impurities) to create N-type or P-type
conductivity. They form the source and drain terminals of the transistors.
Metal Layers (Metal1, Metal2, ...): These are highly conductive layers (typically
copper or aluminum) used for global interconnections, power distribution (VDD and
GND rails), and signal routing. They are stacked vertically, separated by insulating
dielectric layers.
Contacts and Vias: These are small, specialized openings filled with metal that
create electrical connections between different layers.

o Contacts: Connect polysilicon or diffusion regions to the lowest metal layer

(Metal1).
o Vias: Connect higher metal layers to each other (e.g., Metal1 to Metal2,
Metal2 to Metal3, etc.).

Well Layers (N-Well, P-Well): These are larger doped regions within the substrate
that provide an isolated environment for transistors of the opposite type. In a
common N-well CMOS process, PMOS transistors are built inside an N-well, which
sits within the P-type substrate.

2.2 The Indispensability of Layout Design Rules:

Chip fabrication is a complex sequence of chemical and physical processes. Each process
step has inherent physical limitations regarding resolution, alignment, and material
properties. To ensure that the manufactured chip functions correctly, yields adequately, and
remains reliable over its lifetime, strict geometric constraints must be followed during layout
design. These constraints are formalized as layout design rules.

Purpose and Consequences of Violation: Design rules are paramount because
their violation can lead to catastrophic failures:

o Minimum Width: Ensures that a line (e.g., metal trace, polysilicon gate) will
not break during fabrication. Violation: An electrical open circuit. Example:
Metal1 minimum width 0.19 um.

o Minimum Spacing: Ensures that two adjacent features on the same or
different layers do not short circuit. Violation: An electrical short circuit.
Example: Metal1 minimum spacing 0.19 pm.

o Minimum Overlap/Enclosure: Ensures proper electrical contact between
layers or that a region is fully covered. Violation: Poor contact resistance,
open circuits, or leakage paths. Example: Contact must be enclosed by
metal1 by 0.03 ym on all sides.

o Minimum Area: Some features (e.g., large metal pads) require a minimum
area to ensure manufacturability.

Design Rule Manual (DRM): Every fabrication foundry provides a comprehensive
Design Rule Manual for each specific process technology. This document is the
ultimate authority for layout designers, detailing every single geometric constraint that
must be adhered to. Designers must refer to the DRM constantly to ensure their
layouts are compliant.



2.3 Designing the CMOS Inverter Layout:

The CMOS inverter is the simplest and most fundamental digital gate, yet its layout
embodies many core principles of CMOS physical design.

e Transistor Definition: An NMOS transistor is formed by crossing a polysilicon line
over an N-diffusion region in a P-substrate. A PMOS transistor is formed by crossing
a polysilicon line over a P-diffusion region within an N-well. The region where poly
crosses diffusion defines the transistor's channel length (L), and the width of the
diffusion region perpendicular to the poly defines the transistor's width (W).

e Standard Layout Arrangement: For an inverter, the NMOS and PMOS transistors
are typically placed adjacent to each other.

o The N-well (for PMOS) and P-substrate (for NMOS) define the active regions.

o Their polysilicon gates are often aligned vertically and drawn as a single
continuous poly stripe, which forms the common input (A) of the inverter.

o The source and drain diffusion regions are drawn perpendicular to the
polysilicon.

e Interconnections and Routing:

o Input (A): The common polysilicon gate stripe is connected to a Metal1
contact (poly-to-metal1 contact) to serve as the input port.

o Output (Y): The drain of the NMOS and the drain of the PMOS are physically
connected. This connection is typically made using a Metal1 trace, which then
extends to form the output port.

o Power (VDD) and Ground (GND) Rails: These are crucial for supplying
power. They are usually implemented as robust, horizontal Metal1 (or higher
metal) stripes at the top (VDD) and bottom (GND) of the cell. The PMOS
source is connected to VDD, and the NMOS source is connected to GND,
both via diffusion-to-metal1 contacts.

e Contacts and Vias - The Z-Axis Connections: These small but vital structures
enable connections between different vertical layers.

o Diffusion Contacts: Connect source/drain diffusion regions to Metal1.

o Poly Contacts: Connect polysilicon gates to Metal1.

o Vias: Connect Metal1 to Metal2, Metal2 to Metal3, and so on. Correct sizing
and enclosure of contacts/vias are critical design rules.

2.7 Critical Importance of Well Contacts and Substrate Connections:

Beyond just connecting transistors, providing proper electrical connections to the bulk
regions (N-well for PMOS, P-substrate for NMOS) is paramount for CMOS circuit stability
and reliability.

e Parasitic Diodes: Every junction between P-type and N-type silicon forms a parasitic
diode. For example, between the N-well (for PMOS) and the P-substrate (for NMOS),
there's a large parasitic PN junction diode. Similarly, parasitic diodes exist between
the source/drain diffusions and their respective bulk/well regions.

e Preventing Latch-up: Latch-up is a catastrophic phenomenon unique to CMOS
where parasitic NPN and PNP bipolar transistors (inherent to the CMOS structure)



get inadvertently turned ON, forming a low-resistance path between VDD and GND.
This can lead to excessive current flow, potentially damaging the chip. Well and
substrate contacts are strategically placed to "short out" the bases of these parasitic
BJTs, effectively preventing them from turning on.

Correct Biasing:

o The P-substrate (where NMOS transistors reside) must be tied to the lowest
potential (GND) to ensure that all parasitic diodes involving the P-substrate
are reverse-biased. This is achieved by placing P-diffusion regions in the
P-substrate and connecting them to the GND rail via contacts.

o The N-well (where PMOS transistors reside) must be tied to the highest
potential (VDD) to ensure all parasitic diodes involving the N-well are
reverse-biased. This is achieved by placing N-diffusion regions in the N-well
and connecting them to the VDD rail via contacts.

Placement Strategy: These contacts must be placed sufficiently close to the active
transistor regions to effectively collect minority carriers and maintain the desired bulk
potential across the entire well/substrate. Failure to do so can lead to a "floating"
substrate or well, making the circuit susceptible to noise and latch-up.

2.8 Design Rule Check (DRC): The Layout's Gatekeeper:

DRC is the first, and arguably most fundamental, step in physical verification. It is an
automated process that rigorously checks the drawn layout against a comprehensive set of
geometric rules defined in the foundry's rule deck.

How it Works: The DRC engine parses your layout data (typically GDSII format) and
systematically applies thousands of geometric checks. For example, it might check if
every metall line meets its minimum width, if any two poly lines are too close, or if
every contact is properly enclosed by metal.

Error Reporting: If a rule is violated, the DRC tool generates an "error marker"
directly on the layout, highlighting the offending geometric region. It also provides a
detailed error message (e.g., "M1.W.1: Metal1 minimum width is 0.19um, found
0.15um").

Iterative Debugging and Correction: The DRC process is highly iterative.
Designers must diligently review each error, understand its meaning, modify the
layout to fix the violation, save the changes, and then re-run DRC. This cycle
continues until the entire layout is "DRC clean," indicating that it theoretically
conforms to the fabrication process guidelines and should yield manufacturable
chips. This phase can often be the most time-consuming part of a layout project.

3. Pre-Lab Questions and Preparation:

Students are expected to complete the following thoroughly before coming to the lab
session. Reviewing relevant sections from your VLSI Design textbook on layout principles is
highly recommended.

1.

CMOS Inverter Layer Functionality: For a standard N-well CMOS inverter, describe
the primary function of each of the following layers in the physical layout: N-well,
P-diffusion, N-diffusion, Polysilicon, Metal1, Contact.



Importance of Design Rules: Provide specific examples of fwo common layout
design rule types (e.g., minimum width, minimum spacing, overlap, enclosure). For
each, explain the potential electrical or manufacturing problem that could arise if that
rule were violated.

Cross-Sectional View: Sketch a simplified cross-sectional view of a CMOS inverter
built in an N-well process. Label the N-well, P-substrate, NMOS, PMQOS, their gates,
sources, and drains, and show the connections to VDD and GND.

. Well and Substrate Connections: Deep Dive: Beyond preventing latch-up, explain
another crucial reason why well and substrate contacts are necessary for the correct
electrical operation of individual transistors. How does their placement relative to the
active devices impact their effectiveness?

DRC Process: What are the inputs to a Design Rule Check tool? What are its typical
outputs? Why is it a mandatory step before chip fabrication?

Inverter Layout Sketch: Based on your knowledge, draw a more detailed top-down
view (a more refined stick diagram or conceptual layout) of a CMOS inverter. Indicate
the relative positions of the NMOS and PMOS, common poly gate, power rails, and
the approximate locations for input/output and well/substrate contacts. Prepare this
sketch to guide your layout drawing in the lab.

4. Procedure/Experimental Steps:

Follow these instructions meticulously to complete the layout design and physical verification
tasks. Document every step, decision, and observation, especially any DRC errors
encountered and how you resolved them.

4.1 Task 1: Familiarization with the Layout Editor Interface and Initial Setup

Secure Login and Directory Access:
o Log in to your designated Linux workstation or remote server.
o Open a terminal and navigate to your lab directory: cd
~/vlsi_lab/lab4 inverter_layout

2. Launch the Layout Design Environment:

o Execute the command to launch your EDA tool (e.g., virtuoso & or magic &).
o From the main window, create a new library for this lab if you haven't already
(mylib). Crucially, ensure this library is properly attached to the
technology file (PDK - Process Design Kit) provided by your instructor.
This PDK contains all the specific design rules and layer definitions for the
chosen fabrication process.
o Create a new cell view for your inverter layout:
m Library: mylib
m Cell Name: cmos_inverter
m View: layout
o The layout editor window will appear, presenting a blank canvas.

3. Explore the Layout Editor Ul:

o Layer Palette/LPP (Layer, Purpose, Physical): Locate the palette that
displays all available design layers. Practice selecting different layers (e.g.,
nwell, p_diffusion, poly, metal1). Understand how to make layers
visible/invisible.



Drawing Tools: Identify the tools for drawing basic shapes (e.g., Rectangle,
Polygon, Path). Learn how to specify precise coordinates or dimensions while
drawing.

Editing Tools: Experiment with selection, moving (m), copying (c), stretching
(s), rotating (r), and deleting (del) objects. Learn how to group objects if
available.

Measurement Tools: Locate the ruler or measurement tool to verify
distances and sizes.

Zoom and Pan: Master the mouse and keyboard shortcuts for zooming in/out
and panning across the layout canvas.

4.2 Task 2: Drawing the Full-Custom Mask Layout of a CMOS Inverter

This is the core of the lab. Pay extreme attention to the specific design rules provided for
your technology (e.g., 180nm process). Assume a default W (Width) and L (Length) for the
transistors, e.g., L = Minimum Feature Length (e.g., 0.18u) and W = 0.5u for NMOS, and W
= 1.0u (or 2x NMOS W) for PMOS to balance drive strengths.

1. Establish Power and Ground Rails:

o

GND Rail (Bottom): Select the metal1 layer. Draw a long, thin horizontal
rectangle at the bottom of your layout area. This will serve as your Ground
(GND) power rail. Ensure its width meets the minimum metal1 width rule.
VDD Rail (Top): Select the metal1 layer. Draw another long, thin horizontal
rectangle at the top of your layout area, parallel to the GND rail. This will be
your VDD power rail. Maintain proper spacing between VDD and GND if they
are in the same cell.

2. Draw the N-Well for PMOS:

o

o

Select the nwell layer. Draw a large rectangular region between the VDD and
GND rails. The PMOS transistor will be entirely contained within this N-well.
Rule Check: Ensure the nwell meets its minimum width/area requirements
and maintains required spacing from other N-wells (if applicable).

3. Draw Diffusion Regions:

o

NMOS Source/Drain: Select the n_diffusion layer (often called active with an
N-select overlay). Draw two rectangular regions, one for the NMOS source
(connecting to GND) and one for its drain (connecting to output Y). Place
them near the GND rail. Adhere to minimum diffusion width/length and
spacing rules.

PMOS Source/Drain: Select the p_diffusion layer (often called active with a
P-select overlay). Draw two rectangular regions inside the nwell for the PMOS
source (connecting to VDD) and its drain (connecting to output Y). Place them
near the VDD rail. Adhere to minimum diffusion width/length and spacing
rules.

Transistor Width (W): The dimension of the diffusion region perpendicular to
where the poly gate will cross it defines the W of the transistor. Adjust these
dimensions to meet your specified W (e.g., 0.5u for NMOS, 1.0u for PMOS).

4. Draw Polysilicon Gates:

o

Select the poly layer.



o

Draw a single, continuous vertical polysilicon stripe that crosses both the
NMOS diffusion regions and the PMOS diffusion regions. This poly stripe
forms the gate for both transistors and represents your inverter input 'A'.
Transistor Length (L): The width of this poly stripe where it crosses the
diffusion defines the L of your transistor. Ensure this width meets the
minimum poly width rule (this is typically the minimum feature length of your
process, e.g., 0.18u).

Overlap Rules: Ensure the polysilicon extends sufficiently beyond the
diffusion regions (minimum poly extension rule) to prevent transistor
punch-through and allow for contacts.

5. Add Contacts for Connectivity:

o

o

Diffusion-to-Metal1 Contacts:
m Select the contact layer (often called cont or m1_contact).
m Place contacts on the NMOS source diffusion, connecting it to the
GND metal1 rail.
m Place contacts on the PMOS source diffusion, connecting it to the
VDD metal1 rail.
m Place contacts on both the NMOS drain diffusion and the PMOS drain
diffusion (these will form the output Y).
m Rule Check: Ensure contacts meet minimum size rules and are
properly enclosed by their respective diffusion and metal layers.
Poly-to-Metal1 Contact (for Input 'A’):
m Place a contact on the polysilicon gate stripe (often at one end where
it doesn't form a transistor).
m Draw a metal1 rectangle over this poly contact. This will be your input
terminal A.

6. Draw Interconnections (Metal1):

@)

Output "Y' Connection: Select metal1. Draw a metal1 trace connecting the
contacts on the NMOS drain and the PMOS drain together. Extend this
metal1 trace to create your output port Y.

Complete Power/Ground: Ensure continuous metal1 connections from all
relevant diffusion contacts to your VDD and GND rails.

7. Implement Well and Substrate Contacts (Crucial for Latch-up Prevention):

o

N-Well Contact (for PMOS): Within the nwell region, but separate from the
PMOS transistor itself, draw a small n_diffusion rectangle. Place a contact on
this diffusion. Then, draw a metal1 rectangle over the contact, connecting it
directly to your VDD metal1 rail. Rule Check: Ensure proper sizing,
enclosure, and spacing from the PMOS transistor.

P-Substrate Contact (for NMOS): In the P-substrate region (outside the
N-well, typically near the NMOS transistor), draw a small p_diffusion
rectangle. Place a contact on this diffusion. Then, draw a metal1 rectangle
over the contact, connecting it directly to your GND metal1 rail. Rule Check:
Ensure proper sizing, enclosure, and spacing from the NMOS transistor.
Placement Strategy: Place these contacts strategically. For small cells like
an inverter, placing them at the ends of the diffusion rails (near the VDD/GND
connections) is common. The goal is to provide a low-resistance path from
the bulk/well to its respective supply.

8. Add Layout Pins/Ports:



o Using the "Pin" or "Port" tool (often under Create > Pin or a dedicated icon),
create explicit layout pins on your metal1 connections for A, Y, VDD, and
GND. These pins define the external interface of your layout cell and are
essential for higher-level integration. Ensure they are on a routable layer
(metal1 is common).
9. Save Your Layout: Regularly save your layout design (e.g., File > Save Cell View, or
using a quick save button). This is crucial to prevent loss of work.

4.3 Task 3: Performing Design Rule Check (DRC)

1. Launch the DRC Tool:

o Once your layout is complete (or at a reasonable interim checkpoint), initiate
the Design Rule Check process. This is typically found in the main menu
(e.g., Tools > DRC > Run DRC) or via a dedicated toolbar button.

2. Configure and Run DRC:

o Ensure that the DRC setup points to the correct "rule deck" or technology file
for your process (this should be handled automatically if your library is
correctly attached to the PDK).

o Execute the DRC analysis. This may take a few moments depending on the
complexity of your layout and the number of rules.

3. Analyze and Interpret DRC Errors:

o The DRC tool will generate a "DRC Summary" window or directly highlight
violations on your layout.

o Error Markers: DRC errors are typically displayed visually on the layout,
often with blinking or highlighted polygons indicating the exact location of the
violation.

o Error Browser/List: A separate window or tab will list each violation,
providing:

m  Rule Name: (e.g., METAL1.W.1, POLY.S.2, CONT.ENC.M1.1).
m Description: A plain-language explanation of the rule violated (e.g.,
"Metal1 minimum width violation," "Polysilicon minimum spacing
violation," "Contact not enclosed by Metal1").
m Coordinates: The location (X,Y) of the violation.
4. lterative Error Correction: The Debugging Loop:

o Select and View Error: Click on an error in the list or marker on the layout to
zoom to its location.

o Understand the Rule: Refer to your design rule manual or the error
description to understand why it's a violation. Is a line too thin? Are two layers
too close? Is an overlap insufficient?

o Modify Layout: Carefully make the necessary adjustments to your layout
using the drawing and editing tools. For example, if metal1 is too narrow,
stretch it to meet the minimum width. If two poly lines are too close, move one
to increase spacing.

Save Changes: Always save your layout after making corrections.

Re-run DRC: After making corrections to a set of errors, re-run the DRC.
Note: Fixing one error might sometimes expose new ones or re-introduce old
ones if not done carefully.



o Repeat: Continue this iterative process until the DRC report shows "0
violations" or "DRC Clean." This is a crucial validation step; a layout with DRC
errors cannot be fabricated correctly.

5. Post-Lab Questions and Analysis:

Answer the following questions comprehensively in your lab report, incorporating your layout
screenshots, DRC results, and critical analysis.

1.

Layout Experience Reflection: Describe your overall experience creating the
full-custom CMOS inverter layout. What were the most challenging aspects of
translating the schematic into a physical design, and what strategies did you employ
to overcome these challenges?

Design Rule Deep Dive: Select three specific design rules that you encountered and
corrected during the DRC process (e.g., Metal1 minimum spacing, Poly minimum
width, Diffusion contact enclosure by Active). For each rule:

o State the rule.

o Explain its specific purpose in ensuring manufacturability or electrical integrity.

o Describe the exact violation you observed in your layout (e.g., "My metal1
lines were 0.15um apart, violating the 0.19um minimum spacing rule").

o Explain how you corrected the violation in your layout.

Well and Substrate Contact Implementation and Electrical Significance:

o Provide a detailed explanation of where and how you placed the N-well
contact and the P-substrate contact in your inverter layout.

o Beyond preventing latch-up, elaborate on the electrical role of these contacts
in ensuring stable and predictable operation of the NMOS and PMOS
transistors. What would happen to the body effect or threshold voltage if these
contacts were poorly placed or omitted?

o Consider a situation where a large amount of switching noise occurs on the
VDD or GND rails. How might inadequate well/substrate contacts contribute
to circuit malfunction in such a scenario?

DRC Process Effectiveness: Critically evaluate the effectiveness of the automated
Design Rule Check tool. How did it compare to a manual visual inspection? What are
the advantages of using DRC, and what are its limitations (if any, within your
experience)?

Layout Area and Optimization:

o Using the measurement tools in your layout editor, determine the approximate
dimensions (width and height) of your final DRC-clean CMOS inverter layout.
Calculate its total area.

o Propose at least two specific modifications or optimizations you could attempt
to make your inverter layout more compact or efficient (e.g., using shared
diffusion, folding transistors, optimizing contact placement). Describe how
these changes would impact the layout area and potentially its electrical
performance.

6. From Schematic to Layout Connection: Reflect on the process of transforming a

schematic into a layout. What are the key elements in the schematic that you must



directly map to specific physical structures in the layout? What new considerations
arise during layout that are not present in the schematic view?

6. Deliverables:

Your lab report must be a professional document, including the following sections and
content. Ensure all images are clearly labeled with captions.

1. Title Page: Your full name, student ID, course name, lab number, date of
submission, instructor's name.

2. Objectives: Copy the objectives from this lab module.

3. Pre-Lab Questions: Your complete and well-reasoned answers to all pre-lab
questions.

4. Procedure Summary: A concise, step-by-step summary of the actions you
performed during the lab, referencing specific tasks and tools used.

5. Simulation Results and Analysis (The Core of Your Report):

o Final CMOS Inverter Layout: Include a high-resolution screenshot of your
complete, DRC-clean CMOS inverter layout. Ensure that all critical layers
(e.g., N-well, N-diffusion, P-diffusion, Polysilicon, Metal1, Contacts) are clearly
visible and distinguishable. You may use the layer visibility settings in your
layout editor to create a clear visual.

o Layout Annotations: For clarity, you are strongly encouraged to add text
annotations within your image editing software (after taking the screenshot,
not in the layout tool itself) to highlight:

m  The NMOS and PMOS transistors (labeling their WI/L).

The input (A) and output (Y) connections.

m The VDD and GND power rails.
m The N-well and P-substrate regions.
m  The N-well contact and P-substrate contact.

o DRC Report: Include a screenshot of the final DRC report indicating that your
layout is "0 violations" or "DRC Clean." If any violations persisted (highly
unlikely for this lab, but acknowledge if so), explain why they could not be
resolved.

o Detailed Layout Analysis: Provide a thorough written description of your
inverter layout. Explain how each layer contributes to the transistor structure
and interconnections. Discuss your choices for transistor sizing (W/L) and
how you ensured proper routing for VDD, GND, input, and output.

o DRC Error Discussion: If you encountered specific DRC errors, describe at
least three distinct types of errors you corrected (e.g., minimum width,
spacing, enclosure). For each, explain the rule, the initial violation, and the
precise modification you made to resolve it.

6. Post-Lab Questions: Your comprehensive, well-articulated answers to all post-lab
analysis questions. Support your answers with references to your layout and DRC
results where appropriate.

7. Conclusion: A concise yet impactful summary of your key learnings from this lab
module. Emphasize the importance of physical layout, adherence to design rules,
and the role of DRC in ensuring successful integrated circuit fabrication.
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