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Lecture — 54
Design for Manufacturability-2

Design for Manufacturability is an important area in device fabrication, circuit fabrication,
getting the correct yield, and deciding the performance that we want. It is a broad area, as
we already saw in the last lecture. So, in this section, we would go through one unit
process; to look at how the design for manufacturability could be implemented, while

designing or developing a process.

(Refer Slide Time: 01:09)

DFM goals @ CeNSz

v/ v
* DFM or TAD is to increase yield and reliability of the fabricated device or
circuit. En

* Each step and material used is a potential yield and reliability concern.

—

* Understanding the effect of unit and integration process is essential to
address manufacturing challenges.

* Use fabrication process details or DFM tools to identify and fix issues.
_—-____—-——‘—' — — ——————
* Use simulators to identify potential failures.

Let us look the goals of DFM. So, design for manufacturability or technology aware design
is to increase the yield and also reliability of the fabricated device or circuit. We want to
make sure that the device is reliable and also the yield is high so that we can get many

devices out of one process step.

Every step in a process and also all the material we use is a reliability concern. So,
processing required multiple steps. For example, we saw that the patterning needs optical
lithography followed by dry etching. Further, optical lithography involves photoresist,
illumination, development and so on. Dry etching requires material exposure to plasma;

for instance, if we want to fill a gap with a dielectric material, let us say silicon dioxide.
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Potential concerns arise like the reliability of that particular oxide over time; whether the
dielectric constant will change over time. So, one needs to be aware of the quality of

material and every step in a process.

If we want to achieve high yield and reliability, we should understand the unit process. By
knowing the effect of the unit process and the integration process, we can address the
manufacturing problems. So, if there is a unit process failure, we should be able to
understand the implication of that failure. Or, if the integration process failed between two
different steps, we should be able to understand; what is the reliability and yield
implications of that? So that we could design our circuits in order to accommodate for such

deviation from the optimal process.

We can either take fabrication process details, a complete detail on fabrication process, or
use DFM tools; there are tools available these days integrated with design flow itself to
identify and fix issues in design. So, as mentioned in the previous lecture, fabrication
process details may or may not be fully shared with the designer. However, we can use a
PDK that has encrypted data to understand the corners. Also, we can use simulators to
understand potential failure. So, we will look at what kind of simulators and how we can

do that. Here lithography is taken as an example for unit process

(Refer Slide Time: 04:48)

Lithography process @ CeNsz

* Lithography
— Lithography simulators help is identifying linewidth variation that directly

translates in speed and memory requirement of the circuit.
— ———————

— Recent EDA tools offer full custom design flows with physical model simulation to
access process related timing issues.

1
 Lithography process simulation ¥~ :ﬂ e 3
~ Optical proximity model v 100 2 %
b

~ Physical modelv A0

~ Project optics simulation v

There are multiple simulators available for lithography based on the complexity of

circuitry; some are proprietary, some are open source. So, we make a certain design, and
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run through the simulator to see the image on the photoresist. We want to understand the
effect on the edges, corners; and then use this to understand the parametric-related
problems. So, if we are doing some high-speed circuits, we want to understand how these
effects will limit the speed. Moreover, if we are designing a complex logic circuit, how the
memory requirements of the circuit are affected if we have a lithography limitation. By

understanding this, we should be able to design circuits in a better-performing metric.

These days, most of the EDA tools allow doing physical model simulation and extract
timing issues. If we are doing a digital design and want to synchronize multiple blocks
with a synchronized clock, we may want to have the clocks aligned without any delay
between the different blocks. If one block is relatively slower than the other, we might
miss the timing and the entire logic will not meet the requirement. Here we wish to know
whether the timing will be affected because of the physical design or what is the margin
available. So, all those things could be done using present-day design tools. When we say

litho process simulation, this could be related to optical proximity correction.

So, if we have a line lying close to the particular structure, we want to have a certain
clearance between these two and also want to look at these edge effects. In that case, we
can run the optical proximity model on this particular design, and the model will tell us
where to add or reduce features to counter the proximity-related issues. We can use a
physical model and do a complete projection lithography simulation as well. The
proximity model is much more refined, but the projection simulation can give the
variations in line widths; whether it is widening or narrowing, all those effects could be
extracted from the projection simulation. After the simulation, we will have enough
information to correct those designs. In advanced tools, we can extract all these defect
points or the locations to be addressed in the design. If there is a very narrow gap between
the structures in the design, and post-simulation if the gap merges, then the gap can be
increased to say 110 nm instead of 100 nm based on how much overlap we had from the
simulation. So, the circuits can be made more robust to unit process variation or limitation,
increasing the yield. So, we get better manufacturing capability when we go into the details

of each and every hotspot.
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(Refer Slide Time: 09:36)

Design rules @ CeNSZ

: (X3
* Lithography friendly design ——» D/

~ Wide range of design variation with optimised yield. Designer could verify yieldy””
—— A 2
based on the circuit complexity,

— Restrict to a narrow design content and optimise process for maximum yield

j i
—1 =

What we get out of this is a design rule which will help in making lithography friendly
design. The first point in achieving a litho-friendly design is following DRC, a design rule
compliance. Once the design rule is cleared, it is presumed that all devices are on spec,
and we do not have to worry about yield. However, that may not be true; physically there

are certain limitations and that will be used to define this DRC.

There are the two instances that can be used to make lithography friendly to design. First,
we define a wide range of design variations with optimized yield. What do we mean by
wide range of design variation. So, the process itself will allow multiple variations. So, let

us say we have five different pitches; pitch 1 to pitch 5.

The process may allow all of this to be fabricated with one single lithography process. So,
this gives a wide range of designs that we can use for a complex circuit. As we are not
restricted with one gap or one linewidth, we might think of it as a perfect design. But the
problem here is, the lithography may not be optimum for all five pitches. Probably it was
optimized for pitch 3, let us say, while the window was achieved between pitch 2 and pitch
4; let us say the window here is +10%. But then when you are designing you presume
whatever pitch that was given to you that is available; you presume that all these pitches

are optimal, that may not be true right.

When the design has multiple variations and also if the lithography process also allows

printing all of them, we should be little more cautious about the yield on each of these
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designs or each of this pitch. If they are suboptimal, then we may want to rethink our
design complexity; we do not want the circuit to rely on the narrow process window for
individual pitches while there is a global overlap. So, one needs to be very careful about
that. It might be very attractive to have a wide range of design to fabricate; but whether all

of them will yield to our requirement is a question to be clarified.

The next way to improve yield is by restricting the number of designs that are allowed. So,
instead of five designs, we will allow only two; pitch 1 and pitch 2. This will give a
maximum Yyield because there are only two structures that are allowed. In this case, we
can expect a tighter control of variation for these two pitches. It might be a little difficult
for the designers who intend to have variety, but this will give a high yield and reliability.
So, there are both advantages and disadvantages in going for variety having complex
circuits. We have to note that if we cannot yield all the variations, the performance of the
final circuit may not be optimal. But, on the other hand, we restrict the available design to
one or two that will pressure the designer to comply with only these two variations, but

then yield is going to be high. So, is the reliability.

So, there is always a trade-off between these two, and it is up to the designer to choose the

rules and designs to yield better circuits.

(Refer Slide Time: 15:03)

Restricted design rules @ CeNsz

* Classic design rules/

- Simple scaling v

- Optimum areav”

~ Hot-spot fixing may result in yield reduction v/
* Restricted design rulev”

~ Involved scaling

~ Area penalty v/

~ Litho-friendly layout

There is a difference in using the classic design rule and the restricted design rule. When

we say restricted design rule, this is the follow-up of what we just discussed earlier; to
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restrict to certain configurations, where the yield will be high. In a classic design, it is a
very simple scaling strategy. We can use an optimum area to do this because the design
variations are high. We can identify and fix the issues which may result in yield issues. So,
we have to identify every hotspot, and fix it. Whether the fixing is going to be optimal or
not is again a question. We can use large areas here; because the classical design does not
restrict to use only a certain footprint as the scaling is very easy. Because if we use five
designs and each of them is yielding at a certain percentage, then we should be able to

apply these designs all over circuit.

The restricted design involves restricted scaling. So, we cannot increase the density or may
not be able to play with multiple dimensions that freely. There is a problem with the area
as well. Since we are restricting, we want a higher yield. So, this yield could only be
guaranteed for a certain area. We would not be able to scale this independent of the rule
or yield we are looking for. The expected yield numbers that we get out of this DRC is
restricted to a certain area. And once we do all of this, we get a litho-friendly layout. So,
once we have a litho-friendly layout, we are guaranteed that the output or the device will

yield a higher percentage and be reliable.

(Refer Slide Time: 17:46)

Litho aware design @ CENSz

Design Layout

SRR

Length~L1, 12,13, ..Ln /
Width - W1, W2, W3, ..Wn

Here is an example of how one can do a lithography aware design; on the left side is just
a stick diagram of the design, and on the right side is the layout. So, we have here four

transistors with varying gate lengths and widths. In the layout, the gate, central channel is
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defined as rectangles. But when fabricated, we get blunt corners instead of sharp
transitions. So the effective length and width are going to be very different. Also, this
rounding of the lines is undesirable if we want to extend the lines and connect to another
line. So, one needs to be careful about what we have on the layout and the design. Also,

avoid these kinds of rounding to get the desired dimensions by modifying this design.

If we understand the deviation from the expected design, we can design the layout in a
proper fashion. This is what we call layout-aware design. By having prior knowledge of
how the design is going to get fabricated and how it is going to yield as a circuit, we can

come back to layout and fix issues.

(Refer Slide Time: 21:16)

Design flow @ CeNSz

Layout parametric Extraction

Design Rule Check

Layout Versus Schematic

—

| Controldata |———{ Optical Proimity Correction

Static Timing Extraction

Design Intent

Lithography Rule Check

M. Cote et ol. IEEE Electr. Manufacturing Tech. Symp., 2004

Here we see the general design flow; first, we start with the design, and then we run the
design rule check; This is a very standard procedure for checking any violation of design.
So, for instance, if we are designing a 130 nm node and the structures are 100 nm or below
100 nm, then the design rule check will be negative. So, if my structures are 100, then
there will be a design violation. Then we can condition the program not to allow any design
below 130 nm. The next step is setting the layout; how the transistor should be fabricated,
how they are connected. These layouts are then checked with the schematic. Here few
checklists are looked for, like whether all connections are correctly done? Are there any
shorts or any open connections? Are the shorts and open connection swapped? Do we

have any overlapping regions?
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Along with these refinements, we also send the layout parametric data. So, after designing
the first step is to extract the functional parameter. So, we design this particular circuit for
a certain functionality. For instance, we design a digital circuit that will do something, but
then there are synchronization data, there are timing data between different blocks. So, all
those parametric details are collected and used for later use. So, this is intention aware

intended application should be very clear.

After looking at the layout, the next thing to do is proximity correction. In proximity
correction, we simulate the outcome of lithography. So, we check whether the structures
are going to come out the way we wanted. After the proximity correction, we check it with

design intent.

We have already extracted the timing and everything. Now, we are going to do all these
extractions again of the proximity corrected circuit. We are going to check if the circuit
yields the same performance after the proximity correction. That is what we will do by
supplying this design intent data to the corrected layout; and this correction is done by

using your lithography details.

This will be followed by a lithography rule check, and then we have the mask data and
mask inspection data. Here, the control data is nothing but the process data. After the
lithography process, we will get to know its limitations. Then, we will feed these data for

optical proximity corrections, rule checks, data prep, and mask inspection.

Now, the process is very involved; because we involve how the device will look after
fabrication. So, even before fabricating the mask, we will check whether the current design
with certain process specifications will yield the desired circuit or not. So, that is the beauty
of this whole process flow; it is very involved, but we will get better circuitry in terms of
both the yield and reliability.

After the optical proximity correction, we do a lithography rule check, which is again a
kind of design rule check. However, in this case, it involves projection simulations as well.
Once the litho rule check is done, we prepare the data for mask writing. As it is a writing
process, we need to find the positions where we want chromium and transparent. So, once
it is prepared, we make the mask. Then we do an inspection which allows to find defects.
If found, we do the corrections again. So, there are two types of defects; one is a random

defect that could happen because of process variation or some process failure during mask
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fabrication, or data preparation itself. If the data preparation was not clear and if we face
some systemic failure in the mask writing, then we go back to mask data preparation, and
fix that problem before making the m ask. Once these are done, then we can go ahead with
fabrication.

Some of this involved process is taken care of by the designer until the layout comparison
with the schematic and the rest is taken care of by the lithography team. However, the
interface here is this design intent. So, what is the purpose of our circuit; we share this
detail with the litho team, and they are going to use those data to do the timing analysis
after doing proximity correction. In some cases, it is given back to the designer to run the

timing analysis and also window and so on.

So, it is very important that there is a closed communication between the designer and the
mask preparation team so that the designed circuit gets fabricated with the required
parametric performance as well, not just the structural yield. So, the fabrication might yield

a line. But the line must have the required resistivity if we are going to look at the timing.

(Refer Slide Time: 29:15)

Is it cost effective to do intense DFM? @ CEeNSZ

* Recurring Engineering cost (RE)

~ Reduce however difficult to avoid ,D_‘.‘/
* Non-Recurring Engineering cost (NRE)«” l )
~ Find novel ways to make designs that are backward compatible

The entire process takes a lot of effort and in turn costs human and other engineering
resources. We have to spend some cost on it; this can be hard cash, or time. There are two
types of expenses that we have in a product; one is recurring engineering cost and the other
one is non-recurring engineering cost. It is very hard to completely avoid recurring

engineering costs; we can try to reduce it bit cannot eliminate.
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But the non-recurring engineering cost can be wholly avoided going from one product to
the other product. Say, two devices, D1 and D>, share majority of layers and structures in
terms of layout. Let us not worry about a gate thickness variation between D: and Dy,
which will not affect too much of the layout; if the line widths are maintained, then we are
ok.

So, there are few design parameters that we can still keep unchanged going from one
generation to another generation. So, this may be related to one generation of a node to
other; but primarily the same node, which does different functionality. So, in this case, by
having good compatibility between different device generations, we can avoid engineering

costs.

(Refer Slide Time: 31:26)

Using multi-design wafer to reduce NRE @ CeNsz

Prototype-B
Prototype-A ’ ___yp____
/

Prototype-C ‘ ~
Short loop-D

R —

Another way to reduce engineering costs is by doing multiple tests on a single wafer. So,
a wafer can be divided into four quadrants. We can have the prototype for device A,
product B, product C, and some short loops to check some functionalities for product D
all on a wafer. This is how we can reduce non-recurring engineering costs without wasting
full wafers just for the development or proof of concept of a prototype. So, if prototypes
can be shared, we can designate different spaces for different devices in optical
lithography. Here, by using a part of the wafer, different circuitry can be tested while the
processing like litho, etching, metallization is the same. So, this is how we reduce the non-

recurring engineering.
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So, with that, we understood how just lithography alone could help in DFM. Each unit
process could contribute towards DFM in this way, where we are closely looking at the
process variation; and then using those process knowledge to make the devices and circuits
yield better. So, the design for manufacturability is very specific and detailed, like what
we saw in lithography just alone, and we can apply the same for multiple process steps as

well.

In the next lecture, we will see how to use DFM for doing backend and so on.

757



