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4. Form source/drain regions. A p+ dopant (boron) is introduced into the n­
well to form the p-channel transistor source and drain. Ion implantation is 
used for each doping step. Then an n+ dopant (phosphorus or arsenic) is 
introduced into the p-well that will become the n-channel transistor source 
and drain. The poly gate requires a doping level that is n+ for NMOS devices 
and p+ for PMOS devices. This can be performed at the same time as the 
respective source/drain implants. During a subsequent annealing step, the 
final junction depth and undesired lateral diffusion under the gate are estab­
lished. 

,/ implant p+ implant 

HUH+ +HUH 

5. Deposit silicide material. The source, drain, and gate materials have relatively 
high resistance that may slow down the operation of the transistor. To reduce 
the resistance, a silicide material is deposited onto the source, drain, and poly 
regions. The masking step also defines the areas in which contacts to the 
transistors are to be made. Chemical or plasma etching selectively exposes 
bare silicon or poly in the contact areas. 

Polycide 

Now that the basic processing sequence for transistors has been described, we 
provide a few more details. Relative to early generations of MOS fabrication, the 
major changes are shallow trench isolation (STI), extensive channel region engi­
neering, and the use of silicide materials to lower resistance. In Figure 3.2, the final 
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Polycide 
Spacers 

Thin oxide 

n+ 

STI ST! 

p-well 

Figure 3.2 
Deep submicron CMOS transistor structure. 

extensions 

n-well 

Poly gate 

Shallow 
trench isolation 

ST! 

structure of the NMOS and PMOS devices is shown. The n-channel and p-channel 
devices are placed in separate wells that sit in heavily doped substrates to avoid 
latch-up, as described later. The STI region is composed of oxide material that is 
deposited in shallow trenches etched into the silicon. The channel region has a vari­
ety of implants to adjust the threshold voltage and to reduce short-channel effects. 
The source and drain regions feature lightly doped extensions to reduce the possi­
bility of junction breakdown and hot-carrier effects.5 For the NMOS device, ini­
tially phosphorus is implanted and self-aligned to the poly gate edge to form the 
lightly doped region. Then, oxide is grown and etched to form the "spacers." An 
arsenic implant follows to create the heavily doped regions. A similar process is used 
for the PMOS device with boron. 

In Figure 3.2, the self-aligned polysilicon gates and their thin oxide are directly 
above the channel with spacers on either side. Today the dielectric constant, or k, of 
a silicon dioxide gate, is roughly 4. As technology scales, the oxide is so thin that cur­
rent tunneling through the gate node is likely to occur. 1b avoid this, thicker mate­
rials with higher k values are being pursued, the so-called high-k gate dielectrics. 
Target values of k for the gate material are expected to be in the vicinity of 10-12 
once the process quality issues have been resolved. 

To reduce the resistance of the gate and source/drain regions, silicide materials 
such as TiSi2, WSi2, PtSi2, C0Si2> or TaSi may be used. The silicide material can be 
seen in Figure 3.2 on top of the polysilicon and the source/drain regions. For exam­
ple, if titanium is deposited on exposed source/ drain and gate regions, it reacts with 
the silicon surface ( during a subsequent heating process) to produce the TiSi2 sili­
cide, while the poly gate reacts with it to produce polycide.6 The application of sili­
cides for both poly and diffusion are carried out in a self-aligned process using 

5 Hot carriers are electrons or holes created through impact ionization with enough energy to surmonnt the 
energy barrier between silicon and silicon-dioxide. This topic is discussed in more detail in a later section in 
this chapter. 
6 When a silicide is used on top of a polysilicon gate, it is referred to as polycide. 
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spacers that are the materials shown on either side of the poly gate. Self-aligned sili­
cides are often called salicides. One thing to note in the diagram is that the poly 
gates are tall and thin; they may be 2000 A high and 1000 A wide. This gives rise to 
a fringing capacitance from the side of the poly gate to the surface of the silicon 
source/ drain region. This contributes to the overlap capacitance which is a combi­
nation of fringing capacitance and lateral diffusion underneath the gate. 

3.2.4 Making Wires 

Now that the transistor fabrication has been described, the next step in the process 
is to make the wires that connect the transistors. These connections, primarily done 
using a metal such as Al or Cu, are commonly known as interconnect. In the early 
generations of MOS technology, only one or two metal layers were available to wire 
up the devices. Since there were only a few thousands devices to connect, the wiring 
process was rather straightforward. With technology scaling, the transistor density 
has increased tremendously following Moore's Law. As the routing capacity of each 
layer was exhausted, additional levels of interconnect were required to complete the 
routing. The number of layers of interconnect has grown over the past 25 years from 
one layer to over eight layers. 

The fabrication of interconnect begins with the first metal layer that is used to 
make contact with transistor source, drain, and gate terminals, and to connect them 
to nearby VDD, Gnd, and inputs/outputs of other transistors. The starting point for 
wire fabrication is the structure after transistor fabrication. 

1. Initially, a layer of insulating material is applied and then polished to a flat 
surface. 

Insulating material 

2. Next, contact holes are etched into the insulator and filled with a conduct­
ing material such as tungsten. 

Contact cuts filled with tungsten Contact cuts 
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3. The metal material (either aluminum or copper) is then applied to the sur­
face and patterned to form the desired wires. 

Deposited and patterned metal 1 

4. Next, another passivation layer is applied and polished to a flat surface. 
Another set of holes are cut into this layer for vias. This is the name used to 
describe material that forms connections between adjacent layers. Then 
another layer of metal is deposited and patterned. The final structure, 
including the second layer of metal, is shown below. 

Deposited and patterned metal 2 

Metal 1 Metal 2 

Similar steps are used to create the remaining metal layers that form a multi­
level metal structure. 

Figure 3.3 shows a representative interconnect structure with six layers of metal 
in a cross-sectional view. Notice that the dimensions of each layer are different since 
each layer has a specific purpose. For example, the upper layers of metal are used for 
global signals, clock, and power distribution, and must carry large amounts of cur­
rent. Their cross sections are made relatively large to keep the resistance levels low. 
The lower levels are intended for block-level and cell-level routing and are kept 
small for high density. 

The different levels are connected to each other using contacts or vias. Gener­
ally speaking, contacts are used to connect wires to transistors, while vias are used 
to connect one metal layer to another. In the past, aluminum (Al) was used for the 
metal layers and tungsten (W) was used to implement vias. However, due to 
increases in resistance and electromigration7 problems, other materials have been 
pursued to replace Al. The properties of copper (Cu) have been known to be supe­
rior to Al for a long time, but its incompatibility with Si and Si02 limited its use 
until a solution to this problem could be developed. Unfortunately, copper diffuses 

7 Electromigration is described in later chapters as the movement of metal material over time due to current 
flow. Eventually, the metal may break and cause an open circuit (or a short circuit to a neighboring line) that 
leads to failure of the circuit. 
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M2 

Contact (W) 

Figure 3.3 
Multilevel metal interconnect. 

very rapidly in silicon, and so great care must be taken to prevent contamination. 
Typically, a thin copper-cladding material such as TiN is used to surround it to pre­
vent Cu from diffusing into Si02• This innovation has propelled copper into main­
stream usage. Recently, Cu has been used for both wires and vias using a dual Dam­
ascene process, as depicted in Figure 3.3. Contacts to the poly gate and the 
source/drain regions are performed using tungsten since it has better adhesion 
properties than Cu. 

Note that vias have resistance associated with them and should be kept as short 
as possible. This limits the vertical height between metal layers. Often, an array of 
vias is used to reduce the resistance when connecting between the upper layers of 
interconnect. Also, to connect from metal 2 to metal 5 requires a sequence of metal 
2, via, metal 3, via, metal 4, via, and finally metal 5. Since a direct connect is not pos­
sible, the vias are often stacked on top of one another with metal in between. This 
is referred to as a stacked via. Rules exist on the number of vias that can be stacked. 

One problem in fabricating deep submicron interconnect is that, as layers are 
placed on one another, the surface becomes uneven and this may create stresses and 
strains on the materials in each subsequent layer. Before a new layer of metal is 
placed on the chip, the surface must be planarized to assist in the photolithographic 
process of subwavelength geometries, and to avoid problems in the upper layers due 
to the unevenness of the previous layers. For this purpose, a procedure called chem­
ical mechanical polishing (CMP) is employed whereby a chemical agent and a pol­
ishing mechanism are used to remove unwanted material until the surface is highly 
planar. 

Chemical mechanical polishing is used in the front-end process for the pla­
narization of the oxide material in shallow trench isolation, and in the back-end, for 
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Figure 3.4 

(a) Capacitance of 
two parallel plates 

Capacitance and resistance of interconnect. 

(b) Resistance of a conductor 

dielectric planarization and metal etch back. Unfortunately, the degree of planarity 
is related to the materials below the polishing surface. If there are high- and low­
density areas of metal, the results in the two areas will not be uniform as dishing may 
occur. Dishing refers to a sagging of the material in certain areas during the CMP 
process. To enhance the performance of CMP, some amount of metal fill ( or poly fill 
for the polysilicon layer) must be specified by the chip designer in the vacant areas 
to produce more planar surfaces. They are implemented as parallel metal lines dur­
ing chip layout but are not part of the actual circuit. The natural consequences of 
introducing metal fill are to increase coupling capacitances of nearby signal lines on 
the same layer, and on adjacent layers above and below the fills; so it must be used 
carefully. 

3.2.5 Wire Capacitance and Resistance 

The two most important characteristics of the interconnect today are the capaci­
tance and resistance. We first examine the capacitance of the wires in the intercon­
nect structure. Consider a parallel plate capacitor shown in Figure 3.4a, with length 
L, a width W, and a separation of t between the plates. 8 

The basic formulation for a parallel-plate capacitance is given by 

ks 
C = - 0 WL (3.1) 

t 

where s0 is the permittivity of free space, k is the relative dielectric constant of the 
insulator, and tis the thickness of the insulating material. Although Equation ( 3 .1) 
is only suitable for an isolated parallel-plate capacitor, it can give us some insight 
into the issues associated with deep submicron interconnect. 

Consider the configuration of metal 1 and metal 2 wires shown in Figure 3.5. 
Three metal 1 wires are running adjacent to each other and going into the page. 
They are situated above a ground plane, which is the substrate. A metal 2 wire runs 

8 Note that these dimensions are not the channel length, channel width, and thin-oxide thickness. We have 
switched to the study of interconnect rather than devices. 
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Ground plane 

Figure 3.5 
Wire dimensions for capacitance calculations. 

on top of these wires. All the dimensions in the vertical direction are established 
during the fabrication process. That is, the height above the substrate and between 
different layers, H, and the thickness of the wires, T, are fixed values that cannot be 
modified by the designer. On the other hand, the horizontal dimensions are under 
the designers' control. Specifically, the width, W, spacing between wires, S, and the 
wire length, L, are all design variables. 

If we focus on the center wire on metal 1 for a moment, there are many sources 
of capacitance. First, there are two area capacitances between it and the substrate 
below and the metal 2 above that depend on HI and H2, respectively. Second, there 
is lateral capacitance between adjacent wires on the same level that is dependent on 
the spacing, S 1. Finally, there are fringing capacitances between the conductor side­
walls and the upper conductor and lower substrate. Extracting the value of all of 
these capacitances would require three-dimensional analysis of the structure, and 
the total capacitance on the middle wire would be the sum of all the capacitances. 
Since capacitance controls the delay in our signals and determines the power dissi­
pation, we seek to minimize the total capacitance seen by any wire. 

There are many ways we can reduce the capacitance from a design perspective. 
The primary method is to space out the wires by making Sas large as possible. From 
a fabrication perspective, Equation (3.1) tells us that the thickness, t, should be 
made as large as possible and the dielectric constant, k, should be made as small as 
possible. Here, the thickness is the height of the insulator between two metal lines 
on different layers, called the interlayer dielectric (ILD). It is important in deter­
mining the capacitive coupling between wires on adjacent layers. Of course, if His 
too large, the overall height of the vias would increase. This tends to increase resist­
ance and reduce reliability. The dielectric constant, k, of the insulating material is 
also important in determining the degree of capacitive coupling. The material 
between the metal lines is an insulator, typically silicon dioxide. The k for silicon 
dioxide is approximately 4. Recently, process engineers have developed dielectrics 
with lower values of k and these are referred to as low-k dielectrics. Values of k = 3 
are in production use today. The goal is to reach a k of roughly 2 within the next few 
years, if possible. 
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The discussion of interconnect capacitance will continue in later chapters. We 
now turn our attention to wire resistance. One of the main reasons for switching 
from Al to Cu is due to the resistance associated with the two materials. In the past, 
wire resistance was low and could be ignored. Wires were either too short to be of 
concern or they were so wide that the resistance was negligible. In modern tech­
nologies, the line widths are very small and the resistance has gone up considerably. 
This increase in resistance has led to a number of issues in design, namely, inter­
connect delay in signal lines and voltage drop in the power grid. These issues will be 
elaborated in later chapters. Here, we examine the resistance calculations and their 
implications for deep submicron wires. 

The resistance of a material is given by 

pL pL 
R=-=-

A TW 

where p is the resistivity of the material in !l-cm, L is the length of the wire, Tis the 
thickness of the wire, and Wis the wire width. This is illustrated in Figure 3.4b. 

The leading term is an important one: 

R = £.. 
sq T 

where Rsq is termed the sheet resistance and has the units of ohms per square (fi/0). 
The sheet resistance of any metal layer can readily be computed from the resistivity 
and the thickness, T. The two most common materials for metal are aluminum, 
with p = 2.7 µ!l-cm, and copper,9 with p = 1.7 µ!l-cm. As a point of comparison, 
tungsten has a much higher resistivity of 5.5 µ!l-cm. 

The resistance of a segment of wire is 

The ratio of LI Wis referred to as the number of squares of wire. It is the aspect ratio 
of the wire in terms of length and width. Over the years, wires have been getting 
longer and narrower which increases the resistance since the number of squares 
increases. To keep resistance relatively low, the value of Thas not been scaled at the 
same rate as the minimum line width. 

In Figure 3.6, the cross-sectional views of the wires are shown as we scale tech­
nology. In the 1970s, the line width was fairly large with 5 µm being a typical value. 
Today, minimum line widths are below 0.13 µm and the resistance per square has 
increased significantly. On the other hand, the thickness of the wire has not scaled 
as quickly as compared to the width to keep sheet resistivity low. The more impor­
tant fact is that the number of squares is significantly larger, partially due to the nar­
rower widths but also due to the fact that wires are continuing to get longer. 

9 In practice, the p for copper is closer to 2.0 / .. d1-cm due to the cladding material needed to avoid diffusion 
into any neighboring oxide. 
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0.25 µm 0.18 µm 0.13 µm 
~Un 

Figure 3.6 
Interconnect cross-sections as technology scales. 

Comparison of Al and Cu Wire Resistance 

Problem: 

tJ D ~ 

Compute the resistance for an aluminum wire in a 1980s 5 µ,m technology and a 
0.18 µ,m technology of the year 2000. Compare this with a copper wire in the year 
2002. First assume that the aluminum wire is 35 µ,m with a resistivity of 2.7 !1-cm 
and thickness of 1 µ,m. Then switch to a copper wire with a resistivity of 1.7 !1-cm 
and thickness of 0.4 µ,m that is also 35 µ,m long. 

Solution: 

Each wire is shown in plan view below. To determine the number of squares of 
resistance, we divide the length of the wire, L, by the width, W, for both cases. We 
can use Figure 3.6 to estimate the thickness. In the first case, the wire is 5 µ,m wide, 
1 µ,m thick, and 35 µ,m long. In the second case, the wire is 0.18 µ,m wide and 
0.5 µ,m thick. From these values, we can compute the resistance. Note that even for 
these short wires the ratio of the resistance values is SOX. 

1980: = 7 squares 

2000: = 194 squares 

Rs µ,m-wire = 2.7 µ,fl-cm/ 1 µ,m X 7 = 0.2 !1 ( 1980) 

Ro.1aµ,m-wire = 2.7 µ,fl-cm/0.5 µ,m X 194 = 10 !1 (2000) 

For the same wire in a 0.13 µ,m process, we have 

Ro.13 µ,m-wire 1.7 µ,fl-cm/0.4 µ,m X 269 = 11 fl (2002) 

Note that the resistance for the wire in a 0.13 µ,m technology has been held to 
roughly the same value as in the 0.18 µ,m technology due to the switch to copper. 

Example 3.1 
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3.3 Layout Basics 
An important step in the design of any IC is the layout of the chip, which defines 
the various layers associated with the masks used in fabrication. The handoff of the 
final layout from the designer to the fabrication facility is called tapeout. Figure 3.7 
shows the tapeout process that involves the flow of mask data from the design 
house, which is the company designing the chip, to the foundry, which is the com­
pany that fabricates the chip. The chip design information is usually represented by 
the designer in graphical form using a layout tool, and then converted into a binary 
output format called GDS-II stream format. 10 This format describes the polygons 
and their (x,y) positions in the layout that comprise each of the layers in the design. 
The geometric information must comply with a set of design rules that the foundry 
has painstakingly developed for a specific technology, such as 0.13 µm. The foundry 
also provides process parameters that are used for simulation purposes. 

The goal of the layout process is to implement the design in a compact area 
while satisfying the design rules set by the foundry. Layout design is as much an art 
as it is a science, but there are some fundamental guidelines that must be adhered 
to if a chip is to be fabricated successfully. These guidelines, when violated, are 
flagged by modern CAD tools, called design rule checkers (DRCs), that can handle 
the billions of geometries needed to represent complex layouts. The design rules are 

Figure 3.7 

Design rules 
(layout) 

.._ __ --I Process parameters 
(simulation) 

The flow of data between the design house and the foundry. 

"Tapeout" 

10 GDS is a layout specification format originally developed by the Calma Corporation in the 1980s and later 
used as an industry standard. 
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a set of tolerances based on the minimum feature size imposed by a given technol­
ogy. These tolerances are due to registration error in mask alignment going from 
one pattern to another, process control due to variation in exposure and etching, 
and overlap requirements to ensure low ohmic contact where necessary. 

The minimum feature size for the layout varies according to the technology node 
chosen by the design house. Today, new designs are being implemented in 0.13 µ,m 
technology so the design rules are based on this minimum dimension. Since the min­
imum dimension may change from one technology to another, a technology­
independent term, A, was introduced in the 1980s. The minimum gate length was 
taken as 2A and all design rules were based on this definition (note: this is not the 
channel length modulation parameter). As an example, if the minimum gate length 
is 200 nm, then A = 100 nm. Similarly, for L = I 00 nm, we set A 50 nm. While the 
notion of a linear scaling factor A is not used in advanced technologies, it is still 
instructive when describing design rules and it will be used frequently in this book. 

In general there are two types of design rules. One set is associated with the res­
olution possible in a particular layer and the second set is used for alignment con­
straints between two different layers. These two types are illustrated in Figure 3.8. 

In the case of rules concerning resolution, the minimum line width and spac­
ing are defined. In Figure 3.8a, the minimum line width is 3A and the minimum 
spacing is 3A. This is a typical pair of rules for the upper layers of metal. 

Minimum spacing ----- 3A. 

Minimum 
poly width 2A. 

Minimum 
contact 
size 2t.. x 2t.. 

Poly-to­
diffusion 
spacing 2t.. 

Resolution 

(a) 

Alignment 

(b) 

Figure 3.8 
Two types of design rules: resolution and alignment. 

3A.-- Minimum width rule 

Poly overlap 
of field 2t.. 

~-'-'-- Minimum contact spacing 
to gate 2t.. 

Minimum contact overlap A 
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The alignment rules are associated with two different layers, as shown in Figure 
3.8b. For example, the poly overlap of field is set to 2A. This rule is required so that 
the gate will completely cover the diffusion region. Otherwise, the transistor would 
become a resistor since the diffusion region would extend from source to drain. 
Another set of alignment rules are associated with contacts. The contacts are used 
to connect metal to diffusion or metal to poly. The minimum size contact is 2A X 
2,\. However, to ensure good contact, the two materials must overlap the contact by 
a minimum amount and, at the same time, must be a safe distance from other lay­
ers. In this example, the overlap of the contact by diffusion and metal is set to ,\ 
while the poly-to-contact spacing is set to 2A. These rules ensure that good contact 
is made between the two desired materials ( diffusion and metal) but not between 
two undesired materials (poly and diffusion). Similar rules hold for poly-to-metal 
contacts. 

More specific layout rules, including minimum (and sometimes maximum) 
sizes of features on all mask layers, accompany every IC manufacturing process. 
There are over one hundred such rules that must be followed to satisfy the fabrica­
tion requirements. These rules are checked by DRC programs and must pass cleanly 
before a design is accepted by the foundry service. For actual chip layout, the pre­
cise information should be obtained from the foundry service. Typically, these rules 
are specified in absolute dimensions rather than in terms of A. The details of new 
fabrication technologies, including the layout rules, are generally proprietary and 
are rarely disclosed by manufacturers, except to their customers. 

The design rules have implications in terms of the minimum-size transistor 
that can be fabricated. Consider Figure 3.9a where a minimum size NMOS transis­
tor has been laid out in a p-well, with a well contact shown. The minimum channel 
length is 2A as expected. However, the minimum channel width is 4,\, not 2,\ as one 

(a) 

Figure 3.9 

11+ diffusion 

Polysilicon 

n+ diffusion 

p-well 

p+ diffusion 

Contact 

Alternative layouts of a minimum-size transistor. 

1 
G L=2A 

T 

(b) 
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might expect. This is due to the fact that the contact is 2A X 2A and the diffusion 
must overlap it by 1A on all sides. This adds 2A to the width, which makes the min­
imum width equal to 4A. The diffusion regions must extend out a minimum of SA 
since the contact-to-diffusion edge is A, and the contact-to-poly spacing is 2A. 
Therefore, the minimum diffusion area is 4A X SA. 

In order to create a transistor with W = 2A, it will cost some extra area as 
shown in Figure 3.9b. The contacts must be pushed out and a narrow diffusion 
region created for the desired transistor width. The p-well edges (not shown) would 
also have to be pushed out due to design rules, and this may affect the spacing rules 
for nearby n-wells. While it is possible to create a minimum-size transistor when 
needed, it is more convenient to create a device with W = 4A. It also has twice as 
much drive capability. The diffusion area is about the same in both cases. 

The other interesting feature shown in Figure 3.9a is the well contact which is 
composed of a p+ diffusion contact that will eventually connect to a metal line (not 
shown) that is attached to Gnd. This is the layout view of the bulk terminal of the 
transistor. The metal line, if added, would run across the well contact and also con­
nect to the source of the NMOS transistor. This would ensure that the pn junctions 
were properly reverse-biased. Of course, the PMOS device has similar minimum 
size and well contact considerations that were just described for the NMOS device, 
with the polarities and materials of the opposite type. 

3.4 Modeling the MOS Transistor for Circuit Simulation 
Computer circuit simulators are essential tools in the analysis and design of MOS 
circuits. The computer program SPICE and its commercial derivatives, such as 
HSPICE™ and SmartSPICE™, are widely used for such tasks and are used for 
examples in this text. Other circuit simulators such as SpectreTM require similar 
modeling considerations. 11 One key point to stress is that a circuit simulator is not 
a circuit design tool but rather a circuit analysis tool. Novice designers have been 
known to use SPICE in a circuit design role, but it is not a replacement for thinking 
about how a circuit should work or how to design a circuit. The role of SPICE is to 
validate your design and its proper operation. It allows the designer to try various 
optimization techniques and carry out simulations that include process variations. 
In this mode, SPICE is one of the most useful tools in the integrated circuits 
industry. 

3.4.1 MOS Models in SPICE 

The SPICE tool simulates a user-specified circuit description with built-in models 
for each type of circuit element. The circuit description must include layout dimen­
sions for each device to produce accurate results. The MOS transistor models are 
based on device physics and empirical equations derived from measurements of 

11 HSPICE is a trademark of Synopsys. SmartSPICE is a trademark of Silvaco. Spectre is a trademark of 
Cadence. 
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fabricated devices. The device models are developed by a group whose main respon­
sibility is to accurately capture the behavior of semiconductor devices in the form 
of equations such as those described in Chapter 2 for Vy, IDs, and capacitance. Once 
the model developers complete the device models, they are coded into a program 
such as SPICE and given a specific name. For example, LEVEL 1 (quadratic model), 
LEVEL 2, LEVEL 3, LEVEL 4 or 13 (BSIMl), LEVEL 39 (BSIM2), LEVEL 28, and 
LEVEL 49 (BSIM3) are well-recognized names within the industry for the different 
built-in models incorporated into SPICE over the past 25 years. Only one such 
model is invoked during any given run of SPICE. 

Each of these models has a number of model parameters associated with them. 
The number of parameters can vary depending on the complexity of the model. 
Some of the parameters are related to the physical process technology, such as t

0
x, xj, 

NA, ND, µ,0, and so on. Other electrical parameters are associated with the transistor 
current equations or capacitance equations such as Vy, y, ,,\, and Cjo· Yet another set 
are used to capture certain advanced features of the devices such as short-channel 
effects, narrow-channel effects, and device resistances. Using these parameters, 
SPICE computes the currents and capacitances of the devices during model evalu­
ation, using the device voltages Vcs, Vvs, and VBs· If some parameters are not spec­
ified, they are computed internally by the program. As an example, if y is not spec­
ified, it will be computed using NA. 

The actual values assigned to the SPICE model parameters are generated 
through a process called parameter extraction. The group responsible for this activ­
ity is associated with the fabrication service, as shown in Figure 3.7, which in this 
case is the foundry. In parameter extraction, actual devices are measured in a vari­
ety of configurations. The measured data is fed to software programs that produce 
the parameter values. Some of the parameters have a physical meaning, so their val­
ues are known in advance, while others are empirical in nature and are only used to 
fit the equations to the measured data. 

Once these parameters are extracted, they are placed in a file called a model 
library. There are many such MOS models in the model library. First, there are dif­
ferent sets of parameters for NMOS and PMOS devices. There are also different 
parameter sets for ranges of Wand L values ( called model binning) and for process 
variations. To fully capture all possible realistic scenarios, there may be dozens of 
different parameter sets in a model library. 

After the models have been placed in the library, they are delivered to the design 
house for use in chip design. These model libraries should be "checked-out" thor­
oughly for accuracy and consistency using the SPICE program. This is done by run­
ning SPICE on a variety of different device sizes and operating conditions. Once 
they are approved for use, they are made available to the chip designers for actual 
simulations. 

3.4.2 Specifying MOS Transistors 

In Figure 3.10, an NMOS transistor layout is shown along with its corresponding 
symbol. The source and drain region extensions are specified by Y5 and YD. We will 
assume that Y5 = YD = Y for our purposes, but they may differ from device to 
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MOS layout and schematic for SPICE modeling. 

device. There is a small poly gate overlap of the field given by Z X L, which is usu­
ally small. 

In the SPICE program, the user may specify the transistors and their connec­
tion with the format given below: 

MOSFET 

Mxxx D G S B mname L = value W = value AD= value PD= value AS= value PS = value 

Mxxx 

D 

G 

s 
B 

mname 

The instance name of the MOSFET. 

The drain node. 

The gate node. 

The source node. 

The bulk node. 

The name of the model to be used. This is also where you distinguish 
between a PMOS and NMOS. 

The length of the transistor. 

The width of the transistor. 

The area of drain diffusion bottom region. 

The drain edges to be used for sidewall capacitance. 

The area of the source diffusion bottom region. 

The source edges to be used for sidewall capacitance. 

The specification begins with an "M" and a sequence of letters to form the instance 
name. This is followed by the drain, gate, source, and bulk connections. Next, the 
model name is specified. After the model, the dimensions of the device are provided 
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Example 3.2 

beginning with L and W. The areas of the source and drain are provided as AS and 
AD, respectively, for the bottom junction capacitances. Typically, the area of the bot­
tom is specified as W X Y. This value is multiplied automatically by the junction 
capacitance coefficient for the bottom edge. The periphery of the source and drain 
is also provided to calculate the sidewall capacitance. The two parameters, PS and 
PD, should be set to W since we are interested in the channel facing edge only. 

Note that SPICE first precomputes effective values of Land W: 

Leff L D.L 
(3.2) 

Weff W D. W 

The values of D.L and D. Ware based on systematic length or width reductions and 
process-related variations. We will use Weff and Leff below to conform to these pre­
computed values. 

SPICE MOS Transistor Specification 
To illustrate how a MOS transistor is specified to SPICE, we assume that L = 0.2 µ,m, 
W 0.4 µ,m, and Y 0.5 µ,m. Then, AS AD W x Y (0.4 µ,m) (0.5 µ,m) and 
PS = PD= 0.4 µ,m. If the drain node is drainn,and the gate node is gaten, while 
the source and bulk are grounded, we would specify the transistor instance as 

Ml drainn gaten Gnd Gnd NMOS1 l=0.2u w=0.4u ad=0.2p pd=0.4u as 0.2p ps=0.4u 

Here, the model invoked from the library is called NMOS 1. The length, width, areas, 
and perimeters are all specified in absolute units of meters. Another alternative is to 
define a scale factor ,.\ = 0.1 µ.,m (note this is not the channel length modulation 
parameter). Then all the transistor dimensions can be scaled relative to this value. 
This greatly improves the readability of the transistor description. It is specified using 
the .opt directive. For the same specifications, the device could be re-written as 

.opt scale=O.lu * Set scale factor=lambda 
Ml drainn gaten Gnd Gnd NMOS1 1=2 w=4 ad=20 pd=4 as=20 ps=4 

The model used by the simulator is given as NMOSl in the above input speci­
fication. This would be retrieved from the model library and invokes one of the 
built-in device models. The LEVEL 1 and BSIM3 are the two device models consid­
ered in this book. The LEVEL 1 model employs the equations derived in Section 2.4. 
Today, BSIM3v3 is the workhorse model in industry and is adequate for most deep 
submicron MOS digital circuit analysis and design, provided parameters are extracted 
from measured data. This model is based on the description in Section 2.5. We now 
describe these two models in more detail. 
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3.5 SPICE MOS LEVEL 1 Device Model 
The de characteristics of the MOS LEVEL 1 model are defined by the device elec­
trical parameters12 VTO, KP, LAMBDA, PHI, and GAMMA. These parameters are 
directly associated with the model developed in Section 2.4. Ideally, the user should 
specify these parameters after measuring actual devices and extracting the corre­
sponding values. However, these electrical parameters are computed by SPICE if 
process parameters, such as NSUB, TOX, and UO, are given; user-specified values 
always override internal calculation. 

To illustrate one flow in SPICE, assume that VTO, NSUB, LAMBDA, TOX, and 
UO are specified by the library model. The computation of the threshold voltage 
begins with the calculation of the surface potential, PHI, based on the substrate 
doping level, NSUB: 

kT (NSUB) PHI = 2 X - ln --
q n; 

The oxide capacitance is computed using TOX: 

eox C =--"-
ox TOX 

The body-effect parameter is then computed using NSUB and C0x: 

'V 2e5;q X NSUB 
GAMMA=-----

Cox 

Finally, the threshold voltage is computed using the following equation: 

V7 = VTO + GAMMA('VPHI - VBs - VPHI) 

(3.3) 

(3.4) 

(3.5) 

(3.6) 

VTO is positive for enhancement-mode n-channel devices and negative for p-channel 
devices. 

Next, the current equations are computed using the threshold voltage. If KP is 
specified, it is used directly in the current expression. If not, the mobility, UO, is 
used to compute it: 

KP= UO X C0x 

For the linear region, the current expression is 

V1Js](l + LAMBDA X VDs) 

12 SPICE parameters will be indicated with capitalization of all text when referring to the parameter. 

(3.7) 

(3.8) 
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For the saturation region, the current expression is 

_ WeJJKP 2 IDs - 12(VGs - Vy) (1 + LAMBDA X VDs) 
eff 

VGs :2:: Vy VDs 2:: Vcs - Vy 

(3.9) 

Note that the channel length modulation parameter, LAMBDA, is used in both lin­
ear and saturation expressions for continuity of the current. It is important in 
SPICE that the equations be continuous from one region to another. Otherwise, the 
numerical methods used in the program have some difficulty converging to a solu­
tion. For this reason, the linear and saturation regions both require a term, 
(1 + LAMBDA X VD5), even though its effect is most prominent in the saturation 
region. As mentioned before, if any of the values of GAMMA, KP, or PHI are spec­
ified in the model library it would override the calculations given above. 

The capacitances of MOS devices, modeled in several parts, are defined so they 
may be calculated easily from actual circuit layouts. Three constant capacitors, 
CGSO, CGDO, and CGBO, represent gate-source, gate-drain, and gate-body over­
lap capacitances. The CGBO term is due to the gate extension into the field region, 
defined by the region Z X Lin Figure 3.10. The thin-oxide gate capacitance is cal­
culated by the program as a function of applied voltages and distributed among the 
gate, source, drain, and body regions. The charge storage effects are included only 
if TOX is specified in the input description. There are two built-in models of the 
gate capacitances. LEVEL 1 uses the piecewise-linear voltage-dependent capaci­
tance model proposed by Meyer. This model does not necessarily conserve charge 
and therefore must be used with care. It is not suitable for many circuits that rely 
on charge conservation of the model for proper operation. A more advanced 
model is available in higher-level MOS models such as BSIM3, as discussed in the 
next section. 

The junction capacitances, for both source-body and drain-body pn junctions, 
are divided into bottom and periphery components. The junction capacitances are 
determined by the parameters CJ, CJSW, MJ, MJSW, and PB. Note that CJ is speci­
fied in F/m2 and must be multiplied by the area of the source or drain, whereas 
CJSW is specified in F/m and must be multiplied by the perimeter of the source or 
drain. CJSW is premultiplied with the junction depth, XJ. The following equations 
are used to compute the capacitances: 

CJD= 
CJ X AD CJSW X PD 

( 
VJ )MJ + ( VJ )MJSW 

1-- I--
PB PB 

drain junction 

CJ X AS CJSW XPS 

+ ( VJ )MJSW 
I--

PB 

source junction (3.10) 

When specifying the information for a given transistor, it is important to include 
AS, AD, PS, and PD so that the correct calculations for junction capacitance can be 
performed. 
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There is some overlap among the parameters describing the junction current; 
for example, the reverse current can be input either as IS (in A) or as JS (in A/m2). 

Whereas the first is an absolute value, the second is multiplied by AD and AS to give 
the reverse current of the drain and source junctions, respectively. This flexibility has 
been provided so that junction characteristics can either be entered as absolute val­
ues on model statements or related to areas AD and AS entered on device statements. 

The MOS transistor has series resistances associated with the source and drain 
regions. If needed, these parasitic resistances can be expressed as either RD and RS 
(in D) or RSH (in D per square), the latter being multiplied by the number of 
squares NRD and NRS specified on the device instance line. 

The reader should not be overwhelmed by the number of parameters and their 
detailed meanings. This is intended to give you the background needed when using 
SPICE. In fact, the LEVEL 1 device model has more parameters than the ones men­
tioned above. The complete list of SPICE parameters used in LEVEL I is given in 
Table 3.1 at the end of this chapter together with the corresponding symbols used 
in this text. 

3.5.1 Extraction of Parameters for MOS LEVEL 1 

To obtain satisfactory results for the LEVEL 1 model in circuit analysis and design, 
measured data on samples of MOS transistors must be obtained. The parameters 
may be extracted by fitting measured data to the device equations over the intended 
operating range of voltages and currents. These are, of course, the first-order equa­
tions associated with long-channel devices, so their use should be restricted to these 
types of devices. Similar steps for fitting parameters to measured data are used for 
the short-channel devices. 

Methods of taking and reducing data to determine VTO, GAMMA, KP, and 
LAMBDA are illustrated in Figure 3.11. If the gate is connected to the drain, the 
device will be in the saturation region of operation, since Vvs > Vcs - Vy- In this 
condition, the long-channel saturation region equation can be rewritten as 

Wv ~ (Vcs - Vy) \/4 (3.11) 

By plotting '\l'2f; versus Vcs as in Figure 3.lla, the x-intercept can be extracted as 

Vy and the slope of the line is . A number of measurements of the current 
eff 

can be made with Vss 0. This will produce the zero-bias threshold voltage, VTO. 
The value of KP can be extracted from the slope. By adjusting V85 , repeating the 
measurements will produce additional values of the threshold voltage. Using these 
Vy values, the body-effect coefficient, GAMMA, can be obtained. 

A second set of measurements is used to determine the channel-length modu­
lation parameter LAMBDA, if needed. As seen in Figure 3.11 b, the device can be dis­
connected at the gate and drain and two separate voltages applied. Keeping the 
device in saturation, two values of VDS can be applied and the corresponding cur­
rents measured. From these two measurements, the value of LAMBDA can be 
extracted. 
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V58 =0 Vss= 1 Ys8 =2 

+ 

Vss 
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Data points 

Vcs=Vr+l 

= 
0 

( 1) V ro from intercept 

w {21-;; 
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L Vcs-Vr 

Vr(Vssl Vro 
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Figure 3.11 
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I01=l+AV01 

MOS transistor parameter extraction. 

Example 3.3 SPICE LEVEL 1 Model Specification 

(b) 

Vcs 

Assume that after parameter extraction, the following values are determined: 

Vro = 0.5 V, k' = JJ,oCox = 300 µ,AjV2
, l24>rl = 0.8 V, 'Y = 0.4 V1l2 and A 0 

Then the corresponding SPICE parameters are 

VTO 0.5 V, KP 300(10-6
), PHI 0.8, GAMMA 0.4, and LAMBDA = 0. 

The library model would be specified as follows: 

.model NMOS1 runos level=l vto=0.5 300u phi 0.8 gamma=0.4 lambda=O 

Dell Ex. 1038
Page 135



FABRICATION, LAYOUT, AND SIMULATION 115 

In a complete LEVEL 1 specification, many more parameters would be extracted 
and specified in the model line, but this example is only intended to show the 
process involved. 

After specifying the circuit description and connecting it to the appropriate 
model library, the user provides a series of control statements to direct the analy­
sis, and plot or print results. The details of this aspect of SPICE are program­
specific. Tutorial information of this nature is provided in Appendix A. More com­
plete user guides are available from the CAD vendors, and in the references listed at 
the end of this chapter. 

While these examples illustrate the extraction of specific model parameters for 
LEVEL 1, the same basic concepts can be used to extract all of the needed parame­
ters for the advanced models in SPICE. These models are kept in library files that 
are associated with a particular technology and invoked by the user when simulat­
ing a given circuit. Normally, the user should not modify the parameters in these 
files, although the models should be validated using SPICE. Since the models will 
not be generally viewed by users, those who are new to the field may choose to skip 
the next section without any loss to continuity. 

*3.6 BS1M3 Model 
Over the past 30 years much effort has gone into modeling the MOS transistor. Scal­
ing has made what were previously second- and third-order effects into first-order 
effects. Analytical equations much more sophisticated than those presented thus far 
have been developed. More advanced SPICE models are available, such as LEVEL 2 
and 3 models, and more recently, BSIMl, BSIM2, BSIM3, and BSIM4. 

BSIM (Berkeley Short-channel IGFET Model) was developed at the University 
of California at Berkeley in the 1980s and 1990s, and work on the latest model con­
tinues today. BSIM3v3 is currently the most popular model for deep submicron 
devices. It is based on a quasi-two-dimensional model of the MOS device, with both 
physics-based and empirically-based equations. There are over 300 parameters in 
the complete model so the details of BSIM3v3 are beyond the scope of this book. 
However, the parameters for the BSIM3v3 are listed in Table 3.2 together with the 
corresponding symbols at the end of this chapter. 

The goal of BSIM3 is to capture the key features of the de and ac behavior of the 
deep submicron MOS transistor. Conceptually, the equations of Section 2.5 with 
velocity saturation form the basis of the model. The model in BSIM3v3 is much 
more elaborate and considers detailed physical effects as well as measured perfor­
mance of fabricated devices in its implementation. We first describe the binning fea­
ture of BSIM3. Next, the threshold voltage equation, the mobility modeling, and cur­
rent voltage expressions are presented. Finally, the capacitance modeling is described. 

3.6.1 Binning Process in BS1M3 

One of the limitations of any device model is that it is only as good as the parame­
ter extraction that is carried out during the characterization process. Unfortunately, 
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even careful parameter extraction for one device does not track across all the Wand 
L sizes encountered in a design. As a result, a number of models are prepared for 
one technology as illustrated in Figure 3.12. Minimum and maximum widths and 
lengths are selected and a number of bins are defined. Typically, measured devices 
lie at the center of the bins (roughly where the numbers are placed) and are used to 
characterize the entire bin. A large number of parameters are dedicated to the bin­
ning process in BSIM, so it is important to understand this concept. 

As an example, a total of nine bins are shown in the figure. The number and 
ranges for the bins will vary from foundry to foundry. Fortunately, in digital design, 
the minimum length is used for most devices, so the bins labeled 1, 4, and 7 are of 
most interest. However, the user should realize that different models may be 
invoked as the width is modified. Certain boundaries of the bins may have discon­
tinuities that produce "interesting" results in the circuit simulator. As a side effect of 
this binning process, two devices near a boundary may have different drive capabil­
ity if the threshold voltage has a sharp discontinuity across the boundary. It is 
worthwhile to plot, for example, Vy versus Land Vy versus Win SPICE to identify 
any possible issues in the models before using them in a design, especially when a 
new set of models first arrives from the foundry. Otherwise, the fabricated design 
may not match the expected performance from simulations. 

3.6.2 Short-Channel Threshold Voltage 

The threshold voltage expression was derived earlier in Section 2.3 as 

Vy= Vyo + y(V21¢FI + V:sn - ~) 

There are a number of effects that change the threshold voltage relative to the first­
order equation, which we now explore. In BSIM3, the Vy formula starts with the 
same equation: 

Vy= VTHO + y(YPHI - Vns - \/PHI) (3.12) 

7 8 9 

4 5 6 

1 2 3 

Figure 3.12 
Model binning process. 
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Here, the value of VTHO is usually specified or computed using the flat-band volt­
age, VFB. However, this formulation does not accurately capture the vertical doping 
profile in the channel region. They term is actually dependent on the different dop­
ing levels in the channel and substrate regions. The surface doping is due to the 
threshold implant, NCH, while the doping in the substrate is NSUB, a much lower 
value. This variation in the doping profile must be modeled for accuracy. 

In BSIM3, the term 2J¢FI is called PHI and is given by 

kT (NCH) PHI= 2-ln --
q 11; 

where NCH is the doping of the channel region. 

(3.13) 

To properly capture the effects of the two doping levels, the threshold voltage 
equation is modified as follows. First, two y parameters are defined as 

Y2 = 

X NCH 

cox 
V 2B5;q X NSUB 

cox 
The oxide capacitance is computed as usual using 

Then, the two new parameters, Kl and K2, are defined using y 1 and y2: 

Kl f(y2, PHI) 

K2 f( y 1, y2, PHI) 

(3.14) 

(3.15) 

(3.16) 

Effectively, the Kl and K2 terms model the vertical profile in the channel region 
as an abrupt transition from NCH to NSUB at some depth x1• Then, Vy is deter­
mined by 

Vy= VTHO + Kl (VPill..:::. V35 - VPHI) - K2 X V35 (3.17) 

There are two additional Vr effects that are worth noting. Both Leff and Weffhave an 
impact on the threshold voltage. The effect of reducing Leff is to reduce the thresh­
old voltage. As the channel length decreases, the depletion regions of the source and 
drain move closer together and actually aid in the depletion process of the channel 
region. The effect of this charge sharing is shown in Figure 3.13a. This is referred to 
as the classical short-channel effect (SCE). However, there is another effect that 
tends to increase the threshold voltage as Leff is reduced, as shown in Figure 3.13b. 
Due to oxidation-enhanced diffusion, a process whereby impurities gather at point 
defects at the two gate edges during oxidation, the surface doping levels in the chan­
nel region in short channels may be much higher than in long channels. This 
so-called reverse short-channel effect (RSCE), or threshold voltage roll-up, causes 
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(a) SCE 

Figure 3.13 
SCE and RSCE characteristics. 

(b) RSCE 

Vy to increase due to the lateral nonuniformity of the doping across the channel. 
Since SCE and RSCE act in opposite directions, the precise doping profile deter­
mines the dominance of one effect over the other as the channel length is reduced. 
Typically, the Vy "rolls up" as Leff is decreased due to RSCE and then drops off in 
value as the classical SCE takes over. Both can be incorporated in a short-channel 
effect (SCE) term Ll VsCE· It is useful to plot Vy versus Leff for a model to observe 
these effects and also to examine any issues surrounding the binning process. 

In some devices, the width can also play a role in determining the threshold 
voltage. If the channel width is close to the minimum width, the threshold voltage 
can actually increase in value. This is due to the fact that the poly gate overlap of the 
field (in Figure 3.10, the area defined by Z X L) induces depletion-layer charge in 
the field region and this must be compensated for by an additional gate voltage. Its 
relative importance is reduced as the channel width increases, but it must be 
accounted for in narrow devices to derive accurate thresholds. This is called the 
narrow-channel effect (NCE). A term can be added to the threshold voltage, Ll VNcE> 

to account for this effect. It is also useful to plot Vy versus Weff to observe this effect 
and also to examine any issues surrounding the binning process. 

Yet another factor to be included in the Vy calculation is the effect the drain­
source voltage has on lowering the barrier for current flow. Normally, the gate­
source voltage is responsible for inverting the surface by 21</>l In short-channel 
devices, the depletion region around the drain increases as V05 increases, and it 
extends into the channel region. Conceptually, the drain-source voltage is assisting 
the gate voltage in the depletion process. It is referred to as drain-induced barrier 
lowering (DIBL). As the channel length is reduced, the potential barrier between the 
source and drain is reduced even without the application of a drain-source voltage 
due to the SCE described above. However, the potential barrier is reduced even fur­
ther by applying V05 because it enhances the depletion region in the channel. 

Figure 3.14 illustrates this effect. At low values of V05 , the threshold voltage is 
the same as the long-channel case. However, as V05 increases, a decrease in Vy0 is 
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Long-channel device 

Short-channel device 

Figure 3.14 
Drain-induced barrier lowering (DIBL). 

observed that is almost linear with VDs· An adjustment of the threshold voltage can 
accommodate the DIBL effect. We can subtract a term r, VDs from the threshold 
voltage expression to account for the VDs dependence. 

The final form of the threshold voltage expression including all effects men­
tioned here is given by 

Vr = VTHO + Kl VPHI) 
(3.18) 

3.6.3 Mobility Model 

A variety of mobility models are available in BSIM3 to capture the vertical and hor­
izontal field effects. In all these models, the nominal mobility value is UO, and the 
parameters that modify this nominal value are UA, UB, and UC. One particular 
model for the vertical field effect is given in the equation below. It includes the effect 
of the vertical field and the substrate bias voltage, V35: 

uo 
/Lv = ( V: _ V: ) ( V: V: ) 2 (3.19) 

1 + (UA + UC + V35) GS 'I' + UB GS 'I' 

tax tox 

The horizontal field component is based on the piecewise-continuous modeling of 
mobility as a function of the field, as described in Chapter 2. The parameter VSAT 
is the saturation velocity that is provided to BSIM3 and is used to compute the crit­
ical field 

2VSAT 
Ec=--­

f.Lv 
(3.20) 

This relationship is used to guarantee continuity in the velocity versus electric field 
characteristic. 
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Example 3.4 

3.6.4 Linear and Saturation Regions 

With the threshold voltage and mobility values determined, BS1M3 can compute the 
current through the device in the linear or saturation region using the operating volt­
ages of the device. These equations are similar in form to those derived in Section 2.5, 
although much more complex to account for additional effects. The details of these 
equations are not critical to our discussion here, but the interested reader may consult 
any of the references listed at the end of this chapter for further information. 

BSIM3 1-V Characteristics for 0.18 µm CMOS 

Problem: 

Using a BSIM3 model for a 0.18 µ,m technology, plot /05 versus V05 for both PMOS 
and NMOS by sweeping V05 from Oto V00 = 1.8V at intervals of VGs = 1/2 V00,3/4 
V00 and V00• For convenience, let W = 0.4 µ,m and L = 0.2 µ,m,and set A= 0.1 µ,m. 
What is the ratio of saturation currents between PMOS and NMOS at 

!VGsl=IVosl=Voo? 

Solution: 

*SPICE Input File 
.param Supply=l. 8 * Set value of Vdd 
.lib 'bsim3v3.emos.18um' * Set 0.18um library 

* Set lambda .opt seale=O. lu 
mp drainp Vdd 
mn drainn gaten Gnd 
Vdd Vdd 0 'Supply' 
Vgsp Vdd gatep 
Vgsn gaten 0 
Vdsp Vdd drainp 
Vdsn drainn 0 
.de Vdsp 0 'Supply' 
.de Vdsn 0 'Supply' 
.plot de Il (mp) 
.plot de I1 (mn) 
.end 

240 

210 

< 180 
~ 150 1:! 
~ 120 ::, 
u 
= 90 ·; ... 
Cl 60 

30 

0 
0.0 

Vdd 
Gnd 

de 
de 
de 
de 

PMOS 1=2 w=4 ad=20 as=20 ps 4 
NMOS 1=2 w=4 ad=20 pd=4 as=20 ps=4 

'Supply/20'Vgsp O 'Supply' 'Supply/4' 
'Supply/20'Vgsn O 'Supply' 'Supply/4' 

I os versus V DS for NMOS 

0.2 0.4 0.6 0.8 1.0 1.2 

Drain voltage (V) 

1.4 

Vas= 1.8 V 

Vas= 1.35 V 

Vas= 0.9 V 

1.6 1.8 
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IDs versus V DS for PMOS 

0 

-10 

~ -20 
~ 

Vos =-0.9 V 

1:: -30 
" t:: 

-40 ::, 
u 

" '§ -50 -
Vcs=-1.35 V 

Cl 
-60 

-70 

-80 
-1.9 -1.7 -1.5 -1.3 -1.1 -0.9 -0.7 -0.5 -0.3 -0.1 

Drain voltage (V) 

The ratio of the currents in saturation is obtained by using the topmost curve in 
each plot and computing the currents at V05 = 1.8 V. 

. IDs,N(Vcs = VDD,VDs = Voo) 220 µ,A 
Ratio = = = 2.8 

los,p(Vcs VDo,Vos Voo) 78 µ,A 

This is close to the ratio of 2.4 obtained in the previous chapter from the velocity 
saturation model. 

SPICE Plots to Compute /0 " 

Problem: 

Calculate the current per unit of width in µ,A/µ,m in the saturation region for both 
PMOS and NMOS at V65 = V00 for a 2 X minimum width transistor and a 20 X min­
imum width transistor. Use the 0.18 µ,m technology data of Example 3.4. 

Solution: 

*SPICE Input File 
. par am Supply= 1 . 8 
.lib 'bsim3v3.emos.18um' 
. opt seale=O. lu 

* Set value of Vdd 
* Set 0.18um library 
* Set lambda 

Example3.S 

mp Gnd gatep Vdd Vdd PMOS 
mn Vdd gaten Gnd Gnd NMOS 

1=2 w=40 ad=200 pd=40 as=200 ps=40 
1=2 w=40 ad=200 pd=40 as=200 ps=40 

Vdd Vdd O 'Supply' 
Vgsp Vdd gatep 'Supply' 
Vgsn 
.de 
.de 
.plot 
.plot 
.end 

gaten Gnd 'Supply' 
Vgsp O 'Supply' 'Supply' 
Vgsn O 'Supply' 'Supply' 
de Il (mp) 
de I1 (mn) 
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Example3.6 

Plots similar to those in Example 3.4 are produced. From these curves, the current 
per unit width values are calculated by using the curve associated with VGs 1.8V 
and dividing by the width of the device: 

2X 

20X 

195 

225 

550 

570 

The saturation currents can be quickly estimated using these values if we know the 
device width. 

We will use 550 µ,A/µ,m for the NMOS device and 200 µ,A/µ,m for the PMOS 
device, based on these results. Similar results can be obtained for 0.13 µ,m technol­
ogy. These values are referred to as /on' 

3.6.5 Subthreshold Current 

The subthreshold conduction region, where VGs < Vr, is an important considera­
tion in a multi-million transistor deep submicron design. The key issue is that the 
number of devices that are leaking current is so large that it consumes appreciable 
power. Furthermore, any dynamic logic circuits13 are prone to charge leakage since 
devices are not fully turned off. A number of models exist in BSIM3 to model this 
region of operation. One such model is 

qes;NCH 

PHI 
(3.21) 

This model is similar in form to that described in Chapter 2. Note that the low-field 
mobility is used here since the gate voltage is rather small. 

SPICE Plots of BS1M3 Model in Subthreshold Region 

Problem: 

Plot log(f 05) versus VGs for both PMOS and NMOS by sweeping VGs from O to V00 
with V05 = V00• Compute the current per unit width in the subthreshold region, 
called /0 ff, for each device. 

13 Dynamic circuits are the topic of Chapter 7. 
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Solution: 

*SPICE Input File 
.param Supply=l. 8 * Set value of Vdd 
.lib 'bsim3v3.emos.18um' * Set 0.18um library 
.opt seale=O.lu * Set lambda 
mp Gnd gatep Vdd Vdd PMOS 1=2 w=4 ad=20 d=4 as=20 ps=4 
mn Vdd gaten Gnd Gnd NMOS 1=2 w=4 ad=20 4 as=20 
Vdd Vdd O 'Supply' 
Vgsp Vdd gatep 'Supply' 
Vgsn gaten Gnd 'Supply' 
. de Vgsp O 'Supply' 'Supply/ 2 O' 
. de Vgsn O 'Supply' 'Supply/ 2 O' 
.plot de Il(mp) 
.plot de Il(mn) 
.end 

When VGs 0.0 V, the /0 ff for the NMOS device is 0.01 nA/0.4 µ,m 25 pA/µ,m. For 
the PMOS device, /0 ff = 0.008 nA/0.4 µ,m = 20 pA/µ,m. These levels are relatively 
small compared to lw 

Subthreshold drain current 

1,000,000 

100,000 

10,000 

j 1,000 

E 100 
~ 
::l 10 u 

0.1 

0.01 

0.001 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 

Gate voltage (V) 

3.6.6 Capacitance Models 

Many of the comments made earlier about the capacitance models for LEVEL 1 also 
apply to advanced models. However, in the advanced models, charge storage effects 
are much more accurately represented. Internal to the SPICE program, the capaci­
tances are formulated using charge-conserving equations. From a user's perspective, 
the information provided to the program is essentially the same. The main differ­
ence between LEVEL 1 and BSIM3 is that SPICE will produce much more accurate 
results, especially for circuits that rely on charge conservation for proper operation. 
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The nonlinear thin-oxide capacitance due to TOX is calculated by the program 
as a function of applied voltages and distributed among the gate, source, drain, and 
body regions. The three capacitances, Cgs' Cgd' and Cgb' are computed based on the 
region of operation. It is important to point out that charges associated with the 
gate, drain, source, and bulk terminals are computed first, and then capacitances are 
derived from these terms. In this manner, the total charge in the system can be con­
served, thereby producing much more accurate results than LEVEL 1. In addition, 
three constant capacitors, CGSO, CGDO, and CGBO, represent gate-source, gate­
drain, and gate-body overlap capacitances. Today, CGSO and CGDO are due to a 
combination of fringing capacitances from the edge of the poly to the surface of the 
silicon and lateral diffusion. The CGBO term is due to the gate extension into the 
field region and is relatively small. 

The nonlinear depletion-layer capacitances, for both source-body and drain­
body pn junctions, is divided into bottom and periphery parameters, CJ and CJSWG, 
which vary as the MJ and MJSWG power of junction voltage, respectively. The side­
wall capacitance is primarily due to the channel facing edge since the other three 
edges interface to STI oxide and are therefore small. When specifying the informa­
tion for a given transistor, it is important to include AS, AD, PS, and PD so that the 
correct calculations for junction capacitance can be performed. For deep submicron 
devices, PS and PD should be set equal to Wto capture the channel facing edge com­
ponent. The following equations are used to compute the capacitances: 

CJD 
CJ X AD 

+ 
CJSWG X PD 

drain junction 

1 

(3.22) 

Cis = 
CJ X AS CJSWG XPS 

source junction (, -~r + ( VJ) MJSWG 
I--

PB 

The descriptions of the pn junction parameters are otherwise similar to LEVEL 1. 
Again, the reverse current can be input either as IS (in A) or as JS (in A/m2). Whereas 
the first is an absolute value, the second is multiplied by AD and AS to give the 
reverse current of the drain and source junctions, respectively. This flexibility has 
been provided so that junction characteristics can either be entered as absolute val­
ues on model statement or related to areas AD and AS entered on device statements. 

3.6.7 Source/Drain Resistance 

The parasitic drain and source series resistance is expressed as either RD and RS (in 
fl) or RSH (inn per square), the latter being multiplied by the number of squares, 
NRD and NRS, input on the device instance line. In addition, an alternative method 
is available in BSIM3v3 that allows the specification of RSDW, in units of fl-um, 
and RD+ Rs is computed using the width. In its basic form, 

RDSW 
RD+ Rs=---

Weff 
(3.23) 
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*3.7 Additional Effects in MOS Transistors 
In this section, we describe some of the additional features and certain limitations 
on electrical characteristics of integrated circuit MOS devices. 

3.7.1 Parameter Variations in Production 

MOS transistors have always exhibited broad variations in major device parameters 
among production lots. As a result, a wide range of devices are measured and param­
eters are extracted to characterize the statistical variations. Particularly notable are 
variations in channel length, threshold voltage, and gate-oxide thickness. Additional 
models are added to the model library based on the extremes of the key parameters. 
These models are called process corners in that they capture parameters that would 
make the circuit unusually fast or unusually slow. Each corner represents different 
settings of the parameters that represent typical, fast, and slow situations. Designers 
perform SPICE simulations at a number of process corners during design. While 
these matters are progressively coming under better control, it is still quite common 
to find circuits with a 2 to 1 ( or larger) unit-to-unit variation in de power consump­
tion and speed in a single production facility. A common response to this situation 
in industry is to use testing to sort the circuits according to speed and/or power con­
sumption. Typically the fastest circuits are sold at a higher price. 

3.7 .2 Temperature Effects 

MOS transistors display a temperature dependence that must be considered in cir­
cuit design. For example, an increase in temperature slows down the circuits and 
increases the subthreshold current. Parameters such as mobility and threshold volt­
age are temperature-dependent. Testing circuits at high temperature is very costly, 
so means are usually sought to predict high-temperature performance from room 
temperature tests. The process corners for SPICE simulations mentioned above are 
used to capture variations in operating temperature on the chip. In this mode, one 
temperature is specified for the entire design being analyzed. The corners may be 
defined as typical (room temperature), hot, and cold. 

Mobility of carriers in the channel of a MOS transistor is an inverse function of 
absolute temperature according to the following empirical expression: 

( 
T )-1.s 

µ,(T) = /Lo 300°K (3.24) 

where µ,0 is the low-field mobility, and the temperature Tis in kelvins (absolute). 
Thus, for a 100°K temperature increase, mobility may decrease by as much as 40%. 
Consider the current when the transistor VGs is above the threshold voltage. In the 
saturation or linear region, the drain-source current is controlled by the carrier 
mobility. Therefore, the drive current will decrease as we increase the temperature. 

The threshold voltage of both NMOS and PMOS enhancement-mode transis­
tors is also affected by temperature variations. The Vy decreases in magnitude by 1.5 
to 2 m V 1°C with increasing temperature due to changes in cp cc and 2cp F' Usually the 
mobility variations are more significant for digital circuit performance. 
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Example3.7 

It is also interesting to observe the effects of temperature variations on the sub­
threshold current. In the subthreshold region, the current is controlled by the 
minority carrier concentration which is dependent on n; as follows: 

1.5 

n; 
e(1.12/o.os16-EP)/2 v,,,) (3.25) 

where Eg is the bandgap (1.12 eV for silicon). At room temperature, we know that 
n; 1.45 X l0 10/cm3• Therefore, the subthreshold current will increase as the tem­
perature increases. 

From the results above, it is clear that the temperature should be as low as pos­
sible for high drive current and low subthreshold current. 

SPICE Temperature Variations 

Problem: 

Plot /05 versus temperature for both PMOS and NMOS transistors by sweeping tem­
perature from -40° C to 100° C with VGs = 0, V00, and V05 = V00• Explain the results. 
Use the values given in Example 3.4 for a 0.18 µ.,m technology. 

Solution: 

The following input is used to obtain subthreshold results (VGs 0). A similar file 
can be used to obtain saturation results (V65 = V00 ). 

*SPICE Input File 
. param Supply= 1. 8 * Set value of Vdd 
.lib 'emos.18um' * Set 0.18um library 
.opt 
mp Gnd 
mn Vdd 
Vdd Vdd 
Vgsp Vdd 
Vgsn gaten 
.de TEMP 
.plot de 
.plot de 
.end 

seale=O. lu 
gatep Vdd Vdd 
gaten Gnd Gnd 
0 'Supply' 

Gnd 
0 
Il (mp) 
Il(mn) 

gatep 0 

100 
0 
5 

* Set lambda 
PMOS 1=2 w=4 ad=8 pd=4 s=8 ps=4 
NMOS 1 2 w=4 ad=8 as 8 ps=4 

The results are shown in the following figures. For the subthreshold region, the cur­
rent increases as temperature increases. This is due to an increase in the minority 
carrier concentration, according to Equation (3.25), which controls current flow in 
this region of operation. In the case of the saturation region, the majority carrier 
current is controlled by the mobility. As temperature is increased, the mobility is 
reduced as indicated by Equation (3.24), and therefore the current is reduced. 
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Subthreshold current versus temperature 

-10 0 10 30 50 70 90 110 

Temperature (0 C) 

Saturation current versus temperature 
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- - - -- -

I I I I I I 

-10 0 10 30 50 70 90 110 

Temperature (°C) 

3.7 .3 Supply Variations 

In addition to the process and temperature variations, there are also variations in 
the supply voltage from one region of the chip to another, depending on the current 
flow in the power grid. The voltage changes are due to resistance and inductance of 
the metal lines that comprise the power grid. These voltage changes are referred to 
as IR drops and Ldi! dt variations. If the voltage on the supply drops, the circuit 
slows down. If the drop is significant, the circuit may not function properly. Typi­
cally, designers account for this variation using process corners. The supply is 
reduced by 10% uniformly across the whole design during simulation. Even though 
this is not accurate, the circuits that are simulated are rather small and the simula­
tions will provide useful results for these blocks. 
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3.7 .4 Voltage Limitations 

One effect that is not generally considered as a major design issue today is the hot­
carrier effect (HCE). When Vcs is large and VDs is large, carriers achieve high energy 
levels that can cause impact ionization near the drain end to generate hole-electron 
pairs. In NMOS devices, the holes are swept into the bulk to create substrate current 
while the "hot" electrons are injected into the oxide, thereby increasing the thresh­
old voltage and potentially damaging the device. The effect is also seen in PMOS 
devices as "hot" holes. Device technology was augmented to introduce lightly doped 
drain and source diffusions called LDD regions. The typical source/drain doping 
levels are 5 X 1019 to 1020/cm3 whereas LDD regions are in the range of 5 X 1017/cm3• 

This reduces the field in these regions and reduces the generation of hot carriers. An 
additional benefit is that the pn junction breakdown voltage increases. However, the 
series resistance of the source and drain increases as a side effect. In devices today, 
the supply voltage is being reduced as technology scales, and the carriers no longer 
gain sufficient energy through collisions to surmount the potential barrier. As a 
result, the likelihood of hot carriers or junction breakdown is diminishing. The 
doping levels in these LDD regions are now in the range of 4 X 1018 to 8 X 10I8/cm3, 
effectively decreasing the series resistance. 

Note that if we apply a very large VDS which continues to increase, eventually 
the source and drain depletion regions will coalesce and punch-through will occur. 
This is essentially the drain depletion region extending under the channel region to 
the point where it reaches the source depletion region. In this situation, the current 
will increase dramatically and possibly damage the device. To prevent this, the chan­
nel region is doped with additional p-type material to limit the extent of the deple­
tion regions. The presence of punch-through in a device reflects a problem in the 
fabrication technology. It should not occur for normal operating voltages of the 
MOS transistor. 

3.7.5 CMOS Latch-up 

All MOS transistor integrated circuits have undesired and potentially troublesome 
parasitic bipolar transistors that will conduct if one or more pn junctions become 
forward-biased. The potential consequences of bipolar transistor actions are much 
more serious in CMOS circuits. Figure 3.15 illustrates that a pnp transistor is possi­
ble with the n-type body as its base, while an npn transistor is possible with an n+ 
source or drain electrode as its emitter, the p-well as its base, and the n-body as a 
collector. 

In older technologies, the undesired parasitic circuit, shown schematically in 
Figure 3.15a, was present. The bipolar transistors originate as just described. The 
resistors RI and R2 (also parasitic elements in the sense that they make no contri­
bution to the desired MOS circuit function) originate in the bulk semiconductor 
material of the body and the p-type well. The other two resistors, R3 and R4, play a 
minor role in this scenario. Consider the extracted circuit in Figure 3.15b. If any 
appreciable current flows through RI raising the voltage at node A, the base-emitter 
junction of the bipolar transistor QI will become forward-biased and turn on. This 
will reduce the voltage at node B, which will cause current to flow in R2• This, in 
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+ V 

D s 
p+ 

n substrate 

(a) Origin of parasitic elements 

Vss 

(b) JV characteristic of pnp- npn structure 

Figure 3.15 
Latch-up in CMOS circuits. 

turn, will eventually turn on Q2, which acts to pull node A even higher. More cur­
rent will flow in Q1 with the appropriate current gain, and this positive feedback 
action will increase the currents around the loop until breakdown occurs. Clearly, 
low values of resistance are desirable in order to make it more difficult to forward­
bias the junctions. 

Another way to view the behavior of the circuit is to look at the two-terminal 
current-voltage characteristics of this parasitic circuit, also depicted in Figure 3.15b. 
This type of device is referred to as a thyristor or silicon-controlled rectifier (SCR). As 
the voltage across the device increases, the current initially increases slowly. Above 
some critical voltage, Vv both bipolar transistors begin to conduct and the current 
rises sharply from leakage levels to a value limited by resistors R3 and R4, often many 
milliamperes. This phenomenon is known as CMOS latch-up. In a sense, the high 
current state is latched and will not change until the power is turned off or one of 
the devices is permanently damaged. It can occur even at normal operating voltages 
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if voltages applied to input or output pins cause forward-biasing of pn junctions 
within the chip. 

The solution to latch-up problems is to prevent junctions from ever becoming 
forward-biased and to limit externally applied voltages at levels safely below V1. 

Practical solutions to the latch-up problem involve special care in device and circuit 
design to reduce bipolar transistor current gain and reduce the values of R1 and R2• 

The resistance can be reduced by introducing more well contacts to create parallel 
resistors that have a much smaller effective resistance. The extra contacts should be 
placed close to the source terminal of the NMOS and PMOS devices since R1 and 
R2 are shunt resistances across the bipolar base-emitter junctions, which correspond 
to the source-bulk junctions of the MOS transistor. 

Circuits connected to input and output pins are most critical with respect to 
latch-up, especially during the chip-testing process. When power is switched on and 
off, voltages applied to the pins of a chip frequently go outside the normal range 
causing latch-up. Design rules have been defined to keep the wells separated. Another 
approach is to use guard rings. If we surround the NMOS devices with a p+ region 
connected to V55 and surround the PMOS devices with an n+ region connected to 
Vvv, we can effectively isolate the devices to reduce the bipolar transistor gain, and 
also reduce the effective resistance. Recently, the use of STI for isolation and twin-tub 
CMOS in heavily doped substrates have reduced the need for additional guard rings, 
and made latch-up a relatively minor issue in deep submicron design. 

*3.8 Silicon-on-Insulator (SOI) Technology 
A variety of special CMOS processes are under development to allow Moore's Law 
to continue well into the next decade. One of the more promising technologies is 
silicon-on-insulator (SOI), which gained popularity in the mid-1990s at a number 
of leading semiconductor companies. 

Early attempts at SOI involved the use of silicon-on-sapphire (SOS) technology 
in the 1970s. The technology was effective, although costly as its name implies. 
Today, the insulating substrate is created by a high-energy ion-implantation of oxy­
gen atoms well below the surface of a lightly doped silicon wafer. Then the wafer is 
annealed at a high temperature to produce a buried oxide layer. This process is 
referred to as Separation by Implanted Oxygen (SIMOX). Next, the n-wells and 
p-wells are formed in the substrate and separated by the STI process. Finally, the 
NMOS and PMOS devices are formed in the wells. 

The basic structure of the CMOS-SOI technology is shown in Figure 3.16. This 
profile is the same as the standard bulk CMOS process except that a buried oxide 
has been introduced in place of the substrate. The Si02 layer is between 300-400 nm 
thick, while the silicon surface region is 100-200 nm thick. As a result of the insu­
lating layer, all sides of the diffusion region have a greatly reduced capacitance. In 
fact, there is no longer a bottom edge junction capacitance; only a channel-edge 
capacitance remains relative to standard CMOS. The advantage of this structure is 
that the SOI circuits are much faster, dissipate less power, and are not susceptible to 
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Figure 3.16 
Structure of CMOS-SOI technology, 

latch-up. This makes it a promising technology for high-speed and low-power 
design. Furthermore, there is reduced concern about substrate currents or the inter­
action of mixed-signal designs through the substrate. When technology scales below 
65 nm, the doping levels required in bulk CMOS may be too high to be practical. At 
this point, SOI may be an attractive alternative. 

Of course, like all technologies, there are a host of disadvantages or limitations. 
In SOI, the bulk is floating, which leads to a number of issues with the threshold 
voltage. The body-bias shifts around depending on the switching characteristics of 
the MOS device. As a result, the Yr shifts dynamically and this changes the transient 
characteristics of the circuit. The substrate region can be tied to the appropriate 
supply to remove this "history-dependent" feature, but this requires additional area. 
Another issue is related to a kink that exists in the I- V characteristics of the device 
around VDS = VDD/2. The Vr reduces in value and the current increases relative to 
the expected level and this has a noticeable effect on the transient operation. Self­
heating is yet another concern since the devices are encased in oxides in all direc­
tions and it is difficult to transfer the heat generated by the devices. There is also a 
larger effect of DIBL on these types of devices. If these and other issues can be 
resolved, SOI is a strong contender for next generation CMOS technology. 

Two main forms of SOI exist. The first type is the partially depleted (PD) SOI in 
which the depletion regions of the source/drain extend into the body but do not com­
pletely deplete all the charge in that region. In PD-SOI, the same bulk CMOS fabrica­
tion process can be used, with the addition of the SIM OX formation. It can be viewed 
as an evolutionary step. In fully depleted (FD) SOI, a much thinner silicon surface 
region and lower well doping levels are used, and the entire body of the transistor is 
depleted. The thickness of the silicon layer controls the threshold voltage. The devel­
opment of the thinner silicon layer presents a processing challenge. However, this 
technology may be important to limit subthreshold current levels in sub-90 nm 
devices. As a result, many foundries are projecting that they will introduce PD-SOI at 
the 90 nm technology node, and fully depleted (FD) SOI at the 65 nm node. 
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*3.9 SPICE Model Summary 

Table 3.1 
MOS LEVEL 1 parameters for SPICE 

''C" syn1Ho1 Name Parameter units ···oefaUlfE~ample' · 
LEVEL Model Index 

Vro VTO Zero-bias threshold voltage V 0.0 1.0 

k' KP Transconductance parameter AN2 2.0E-5 3.1 E-5 

'Y GAMMA Bulk threshold parameter v112 0.0 0.37 

2l4>FI PHI Surface potential V 0.6 0.65 

A LAMBDA Channel-length modulation v-1 0.0 0.02 

rd RD Drain ohmic resistance n 0.0 1.0 

n 0.0 1.0 

IS Bulkjunction saturation current A 1.0E-14 1.0E-15 

<Pa PB Bulk junction potential V 0.8 0.87 

CGSO Gate-source overlap capacitance F/m 0.0 4.0E-11 
per meter channel width 

CGDO Gate-drain overlap capacitance F/m 0.0 4.0E-11 
per meter channel width 

CGBO Gate-bulk overlap capacitance F/m 0.0 2.0E-10 
per meter channel length 

RSH Drain and source diffusion sheet DI 0.0 10.0 
resistance square 

Cjo CJ Zero-bias bulk junction bottom F/m2 0.0 2.0E-4 
capacitance per square meter 
of junction area 

mj MJ Bulkjunction bottom grading 0.5 0.5 
coefficient 

CJSW Zero-bias bulk junction sidewall F/m 0.0 1.0E-9 
capacitance per meter of 
junction parameter 

mjsw MJSW Bulk junction sidewall grading 0.33 
coefficient 

JS Bulkjunction saturation current A/m2 l .OE-8 
per square meter of junction 
area 

tox TOX Oxide thickness m 1.0E-7 1.0E-7 

NA or N0 NSUB Substrate doping cm·3 0.0 4.0ElS 

(continued) 
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Table 3.1 
(Continued) 

rJftSYrp;l:icjl 'Narne Parameter ·•.··· Urti.ts 'D~fault. Exarnpl~' 

Qs/q 

Table 3.2 

XJ 

LO 

uo 

Surface state density 

Fast surface state density 

Type of gate material: 

+ 1 opposite to substrate 

-1 same as substrate 

0 Al gate 

Metallurgical junction depth 

Lateral diffusion 

Surface mobility 

1.0 

m 0.0 

m o.o 
cm2/V·s 600 

BS1M3v3 model parameters for SPICE 

Name 
LEVEL MOSFET model selector 

BINUNIT 

DWB 

DWG 

LINT 

LL 

Binning unit selector 

Coefficient of the substrate bias' dependence of the 
width offset 

Coefficient of the gate-voltage dependence of the 
width offset 

Channel-length offset for de 1-V characteristics 
without bias 

Coefficient of length dependence for channel-length 
offset in 1-V calculations 

LLN Power exponent of the length dependence in the 

LMAX 

LMIN 

LW 

LWL 

LWN 

MOBMOD 

calculation of the 1-V and C-V channel-length offsets 

Maximum channel length 

Minimum channel length 

Coefficient of width dependence in the calculation of 
the de channel-length offset 

Coefficient of length and width dependence in the 
calculation of the de channel-length offset 

Power exponent of the width dependence in the 
calculation of the 1-V and C-V channel-length offsets 

Mobility model selector 

1.0E-6 

0.8E-6 

700 

Units 

mN112 

mN 

m 

m 

m 

m 

m 

m 

(continued) 
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Table 3.2 
(Continued) 

Namt:! 
NCH 

TNOM 

TOX 

TOXM 

VERSION 

WINT 

WL 

Gerieral,JN, L,TOX:Parameters 

Channel doping concentration 

Device temperature 

Gate-oxide thickness 

Gate-oxide thickness at which the parameter set 
was extracted 

Establishes the version of the BSIM3 model to be 
used in simulation 

Channel-width offset for de 1-V characteristics 

Coefficient of width dependence for channel-width 
offset in 1-V calculation 

WLN Power exponent of the length dependence in the 

WMAX 

WMIN 

WW 

WWL 

VTHO 

WO 

WK1 

AO 

A1 

A2 

AGS 

BO 

B1 

KETA 

LUO 

calculation of the 1-V and C-V channel-width offsets 

Maximum channel width 

Minimum channel width 

Coefficient of width dependence in the calculation of 
the C-V channel width offset 

Coefficient of length and width dependence in the 
calculation of the de channel-width offset 

Threshold voltage of long-channel device at zero 

VBS 

Channel-width offset to calculate narrow width's 
effect on the threshold voltage 

Width sensitivity 

M()b.ility i>arametiars 

Bulk charge effect coefficient for channel length 

First nonsaturation factor 

Second nonsaturation factor 

Gate-bias coefficient of the body-charge coefficient, 

Abulk 

Channel-width coefficient for the calculation of the 
body-charge coefficient,Abulk 

Channel-width offset for the calculation of the body­
charge coefficient, Abulk 

Body-bias coefficient of the bulk charge coefficient 

Length sensitivity 

m 

m 

m 

m 

m 

m 

m 

m 

V 

m 

Units 

v-1 
v-1 
v-1 

m 

M 

v-1 
µ,mN 

(continued) 
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Table 3.2 
(Continued) 

LUA Binning parameter for UA 

LUB 

LUC 

LVSAT 

PRWB 

PRWG 

PUO 

PUB 

RDSW 

uo 

UO sensitivity to effective channel length 

Binning parameter for UC 

Binning parameter for VSAT 

Body-effect coefficient of RDSW 

Gate-bias effect coefficient of RDSW 

Binning parameter for UO 

Binning parameter for UB 

Parasitic drain/source resistance per unit width 

Zero-field mobility at TNOM 

First-order mobility degradation coefficient 

Second-order mobility degradation coefficient 

Body-effect of mobility degradation coefficient 

Carrier saturation velocity at TNOM 

WAO Binning parameter for AO 

WR Exponent of the effective device width for the 
calculation of RDSW 

wuo Width sensitivity 

WUA Binning parameter for UA 

cm2µm/(Vsec) 

v-112 

v-1 

fl-µm 

cm2N-sec 

MN 

m2N2 

v-1 

mis 

µmN 

Subt.hres~<>l~1~lll;tstrct~e,OIBLParameters Units 

CDSC 

CDSCB 

CDSCD 

CIT 

DSUB 

Drain/Source to channel coupling capacitance 

Body-bias sensitivity of CDSC 

Drain-bias sensitivity of CDSC 

Interface state capacitance 

L.ff-dependence exponent of the DIBL effects on 
the threshold voltage 

ETAO Sub-threshold region drain-induced barrier-lowering 
(DIBL) coefficient for Vth 

ETAB Bulk-bias coefficient of the DIBL effects 

LNFACTOR Binning parameter for NFACTOR 

NFACTOR Subthreshold turn-on swing factor 

Binning parameter for ETAO 

Offset voltage in sub-threshold region 

First parameter of impact ionization current 

F/m2 

F/m2-V 

F/m2-V 

F/m2 

v-·1 

V 

mN 

(continued) 
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Table 3.2 
(Continued) 

ALPHAl 

BETAO 

DELTA 

DROUT 

PCLM 

PDIBLCl 

PDIBLC2 

PDIBLCB 

PSCBEl 

PSCBE2 

PVAG 

Name 

AT 

KTl 

KTlL 

KT2 

PKT1 

PRT 

Subthre~hOld,Subsfrate1DISL.Parameters 

Substrate current parameter 

The second parameter of the substrate current due 
to impact ionization 

Effective V05 smoothing parameter 

Leff dependence exponent in the DIBL correction on 
the Early voltage 

Channel-length modulation parameter for Id 

First coefficient of DIBL's correction on the Early 
voltage 

Second coefficient of DIBL's correction on the Early 
voltage 

Body-effect coefficient to the DIBL's correction on 
the Early voltage 

Substrate current induced body effect exponent 1 

Substrate current induced body effect exponent 2 

Gate-bias dependence of Early voltage 

Temperature·Parameters 

Temperature coefficient for saturation velocity 

Temperature coefficient for V1h 

Channel-length coefficient of the threshold voltage's 
temperature dependence 

Body bias coefficient of V1h temperature effect 

Binning parameter for KTl 

Temperature coefficient of RDSW 

PUA 1 Binning parameter for UA 1 

UA1 

UBl 

UC1 

UTE 

WUA1 

Name 

CAPMOD 

CF 

Temperature coefficient for UA 

Temperature coefficient for UB 

Temperature coefficient for UC 

Temperature coefficient for the zero-field universal 
mobility UO 

Binning parameter for UA 1 

CapadtattcE:! Parameters 

Capacitance model selector 

Fringing-field capacitance per side 

v-1 
v-1 

V 

Vim 

mN 

Units 

m/sec 

V 

Vm 

Vm 

F/m 

(continued) 
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(Continued) 

Name 

CGDO 

CGSO 

CJ 

CJSWG 

CJSW 

CTA 

CTP 

DLC 

ELM 

JS 

JSW 

MJ 

MJSWG 

MJSW 

NQSMOD 

PB 

PTP 

PTA 

TLEVC 

XPART 

XTI 

FABRICATION, LAYOUT, AND SIMULATION 137 

<:apa(itance Parameters 

Voltage-independent gate-drain overlap 
capacitance per unit gate width 

Voltage-independent gate-source overlap 
capacitance per unit gate width 

Source/Drain bottom junction capacitance 

Zero-bias gate-edge sidewall bulk junction 
capacitance 

Source/drain sidewall junction capacitance per unit 
length at the isolation sidewall, when the device 
temperature is equal to TNOM 

Junction capacitance CJ temperature coefficient 

Junction sidewall capacitance CJSW temperature 
coefficient 

Effective channel-length offset for capacitance 
calculations 

Elmore constant of the channel, used in BS1M3's 
non-quasi-static (NQS) model 

Source-bulk and drain-bulk junction saturation 
current per unit area when the device temperature 

(Tdevicel is equal to TNOM 

Sidewall bulk junction saturation current 

Grading coefficient of the bottom-wall junction 
capacitance 

Grading coefficient of the gate-edge sidewall 
junction capacitance 

Grading coefficient of the isolation-side sidewall 
junction capacitance 

A flag for the non-quasi-static model 

Built-in potential of the bottom-wall junction 
capacitance 

Junction potential PHP temperature coefficient 

Junction potential PB temperature coefficient 

Temperature equation level selector for junction 
capacitances and potentials 

Charge partition flag 

Junction saturation current densities' temperature 
exponent 

F/m 

F/m 

F/m2 

F/m 

F/m 

1/°K 

1/°K 

m 

A/m2 

A/m 

V 

V/°K 

V/°K 
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PROBLEMS 
For the SPICE problems below, use either 0.18 µ,m or 0.13 µ,m process technology 
with BSIM3 model library files, depending on what is available at your site. For con­
venience, we use L 200 nm for a 0.18 µ,m technology and L = 100 nm for a 
0.13 µ,m process. 

P3.1. Figure P3.1 shows a setup used to perform parameter extraction of 
a LEVEL 1 model on a long-channel NMOS transistor at room tem­
perature. 

Vos 

Figure P3.1 
Experimental setup to measure 1-V characteristics of an NMOS transistor. 

From this setup, the current is measured for a number of different oper­
ating conditions as listed in Table P3.1. 
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Table P3.1 
1-V characteristics for a long-channel NMOS transistor 

VGs[V] Vo5.[V] VsslV] lo [µ~] 

1.2 1.2 

0.8 1.2 

0.8 0.8 

1.2 1.2 

0 

0 

0 

0.4 

1000 

280 

276 

741 

Using the data in Table P3.l, along with W/L 4.75, t
0
x 22 A and 

21¢FI = 0.88 V find: 

(a) the threshold voltage, Vro 

(b) the channel modulation parameter, ,.\ 

(c) the electron mobility, µn 

( d) the body effect coefficient gamma, 'Y 

P3.2. Consider the long-channel MOS device shown in Figure P3.2. At t = 0, 
the drain and source are at an initial voltage of 3.3 V. At t o+, the cur­
rent source turns on with a value of 10 µA. On the graph, sketch the 
voltage at the source and drain nodes as a function of time until a 
steady-state behavior is reached. Estimate the voltages for the end points 
of every region of operation on the graph. Also, calculate the slope in 
every region. The key to this problem is to include the proper capaci­
tances in each region of operation. 

For this problem, assume that k' µnCox 180 µA/V2
, Vro 

0.6 V, Vr = l.l V (Assume this is the correct threshold voltage when Vss 
is not O V), and W 1.5 µ,m, L 1 µm (so the quadratic model can be 
used here). Use t0x 100 A to compute the gate capacitances. Assume 
C5s = CDB = 15 fF are fixed junction capacitances. 

+ 
3.3 V 

Figure P3.2 

G 

D 

s 

3.3 V 

B 

10 µA 
0 
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Check your results in SPICE. You will need to initialize the source 
and drain nodes to 3.3 V, and use a Level 1 MOS model to obtain the 
results. 

P3.3. Figure P3.3 shows a circuit used to measure Vrn. First describe why gate 
and drain are connected together for the purposes of this measurement. 
Then using SPICE simulation, estimate Vy0 for a transistor with L = 
100 nm, W = 400 nm. You do not need to specify the capacitance infor­
mation for this measurement. Why? Where should the bulk terminal be 
connected? Why? 

+ 

Figure P3.3 

P3.4. Figure P3.4 shows a circuit that can be used to investigate the degree of 
channel-length modulation in short-channel transistors. Using SPICE 
simulation, determine whether a transistor with L = 100 nm, W = 
400 nm exhibits channel-length modulation. What is the range of volt­
age that should be applied to drain for the purposes of this measure­
ment? Estimate the value of,\ from the results of simulation. 

IV 

~ 

Figure P3.4 

P3.5. Figure P3.5 shows a circuit used to measure the effective value of the 
body effect factor ( -y), by measuring Vy at different source voltages. 

Assuming that PHI= 0.88 V, use SPICE and a 0.13 µ.,m technology 
library model to find VTO and the effective value of GAMMA for a 
transistor with L = 100 nm W = 400 nm to be used in the simplified 
threshold voltage equation: 

Vy = VTO + GAMMA(VPHI - V35 \/PHI) 
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+ 
V VI 

Figure P3.5 

P3.6. Using SPICE simulation find the value of 'Y for a transistor with 
L = 100 nm and W = 400 nm. Use the circuit shown in Figure P3.6 to 
measure the body effect. What is the range of the voltage that can be 
applied to bulk (VB)? Compute the current Uns) with VB= -IV and 
VB= 0 V when Ve= 1.2 V. What is the effect on current as Vy increases? 

+ fvs 

V V0 

Figure P3.6 

P3.7. Using SPICE and a 0.18 µ,m model, plot the subthreshold current ver­
sus VBs, and saturation current versus VBs for an NMOS device with 
W = 400 nm and L = 200 nm. Specify the range for VBs as Oto -2.0 V. 
Explain the results. 

P3.8. Determine which of the following p-channel transistors have the high­
est and lowest magnitude of threshold voltage and describe why. Assume 
a 0.13 µ,m technology. 

• A transistor with: L = 0.1 µ,m, W = 0.8 µ,m, VsB = 0.0 V, Vns = -1.2 V 

• A transistor with: L = 0.1 µ,m, W = 0.4 µ,m, V5B = -0.5 V, Vns = -1 V 

• A transistor with: L = 0.1 µ,m, W = 0.1 µ,m, V5B = -0.5 V, Vns = -1 V 

• A transistor with: L = 0.2 µ,m, W = 0.4 µ,m, VsB = 0.0 V, Vns = -1.2 V 

• A transistor with: L = 0.2 µ,m, W = 0.8 µ,m, VsB = 0.0 V, Vns = -1.2 V 

• A transistor with: L = 0.2 µ,m, W = 0.1 µ,m, VsB = -0.5 V, Vns= -1 V 
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P3.9. Using SPICE simulation, plot log IDS versus Vcs while varying VDs for 
an NMOS device with L 100 nm, W 400 nm and PMOS with 
L = 100 nm, W = 1.0 f.Lm. Which device exhibits more DIEL? Why do 
PMOS transistors typically have a higher VT than NMOS transistors? 

P3.10. This problem concerns the use of SPICE to examine effect of tempera­
ture on the I0 n and I0 ff characteristics of NMOS and PMOS transistors 
in 0.13 fJ,m technology, which use a 1.2 V power supply. The device sizes 
are W11 0.8 fJ,m, L 11 0.1 fJ,m, WP 1.6 f.Lm, LP 0.1 f.Lm. Plot the 
following: 

(a) Subthreshold region current for Vcs from Oto 0.4 V for tempera­
tures T = -60, 25, and 125°C. 

(b) Above threshold region current for Vcs from 0.4 to 1.2 V for tem­
peratures T = -60, 25, and 125°C. 

(c) Explain the relationship between current and temperature for the 
two regions, above threshold and subthreshold, and explain the 
trends using equations involving temperature. 

P3.11. What issues prompted the switch from Al to Cu? Why are low-k 
dielectrics being developed for deep submicron processes? What is the 
target value for k in future technologies? Why are high-k dielectrics 
being developed? 

P3.12. What is the difference between a self-aligned poly gate and self-aligned 
silicide? 

P3.13. Compute the length of an aluminum wire and a copper wire that has a 
resistance of 100 n. You can assume that the wire thickness is 0.8 f.Lm 
and the wire width is 1 f.Lm in both cases. 

P3.14. Assume that two metal conductors with thickness 1 f.Lm and length 
100 f.Lm are spaced apart by a distance S by silicon dioxide. Assuming 
that the k for Si02 is roughly 4, plot the capacitance as S is increased 
from 0.5 f.Lill to 5 f.Lm. On the same graph, plot the capacitance for a 
material with a k = 2. Explain both results. 
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