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Lecture — 56
Process Integration

Process integration is not an integral part of this course. Still, it is useful to understand
some fundamentals so that you can make devices successfully. It's tough to teach process
integration (PI) in a very structured manner; you learn it by making mistakes and getting
better with time. The best way | have found communicating some of these concepts is to
discuss case studies. Most of this lecture is a description of the problems students face

and how we solve them.

(Refer Slide Time: 01:24)

Process Integration CEeNS:z
* Goal: Make the process run successful. * Be intimately familiar with practical details of unit
— Make sure output of one process is compatible with processes
the next * Understand material interactions

— Make sure the final device is within specifications — Effect of temperature, chemistry and contamination

* Know limitation of the equipment
* Requires: Fundamental understanding + attention — Not everything is given in the manual. Ask questions.
to detail
— Murphy’s Law: “Whatever can go wrong, will go
wrong”

* Account for the human factor
— People make mistakes.

— Communication errors are common. Document

— Sturm’s Law: “Devil is in the details” everything

— Vasu's Law: “Assumption is the mother of all mess-
ups”

Don't assume anything Plis very interdisciplinary field

What is process integration? Process integration aims to use the techniques of individual
unit processes together in a chain such that the end device is successful. It requires a
fundamental understanding of unit processes; you need to be an expert in all the process
details. Should you use sputtering or evaporation? What is the impact of sidewall
deposition? Under what condition is it isotropic? How much selectivity is enough? Do |
need an etch top? The person doing process integration should answer these questions,
such that the eventual device works as per specifications, has a high yield, and is

repeatable.



The devil is always in the details. We have discussed so many points in each of the
modules. Those details help you in being a better process integration person. Pl is a very
interdisciplinary field. It requires some understanding of chemistry, physics, material
science, devices, and experience of working in the cleanroom. As far as the jobs inside
the fabs go, it is one of the most respected jobs. The best people in the fab tend to be the
PIT, Process Integration Technicians.
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Processed Wafer - IC chip CeNsz
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After, say, 50, 60, or 100 steps of deposition, etching, patterning several layers, you end
up with a processed wafer, but this is still not a device. You need to cut it into individual
dies and package them into devices. You put these packaged devices in a circuit that the
end-user uses. The process integration person should make sure that this works perfectly.
For this device to function at the packaged level, you need many optimizations at a wafer
level. While the job is limited to the wafer, the Pl person should have a clear idea of how
you package the eventual device.
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How are we able to make complex chips? CEeNS:z

Modularity

Do not need talk with each other

Thanks to documentation and specifications

We make remarkably complex chips. A typical Intel device has more than a billion
transistors. We have looked at many nitty-gritty details, but we have just scratched the
surface even then. It is fundamental of the micro nanofabrication course. We can do an
advanced micro nanofabrication course; we may not cover all these process details even
there. It is incredible how all of this comes together and the final device works. Part of
the reason is there is inherent modularity in the system. A laptop has a motherboard with
a processor chip. Inside it, there are devices designed for a specific function. There is a
process integration person to develop a process to make those devices. A unit process
specialist focuses only on unit processes; for example, only deposits metal and optimizes
the recipe.

There are so many layers of the problem. You start with a unit process and go all the way
up to the circuit design. The system works in a modular fashion. The circuit designer
never talks to the unit process person. All the circuit designer wants is the information on
the device characteristics (current-voltage) and doesn't care about making the device.
They design a circuit depending on the device's properties. A device engineer also
doesn't think about how the device gets fabricated; that is a process integration engineer's
problem. The process integration person asks the unit process capabilities and doesn't
optimize it. We have a clear demarcation of the responsibilities. People talk based on

documentation or specifications but don't necessarily sit in the same room and discuss.



This modularity is the key to make sure you get a new chip every two and a half years
that works the way you design. Documentation and specification is a crucial aspect of
process integration. You should keep detailed and copious amounts of notes on the
fabrication process. Otherwise, a few months or years down the line, you will not

remember them and will not be able to recreate those devices.
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Issue 1: Wafer (Substrate) Selection CEeNS:z
* Options: Si, Ge, GaAs, sapphire, glass, SiC, etc.
* Questions:
— What should be the wafer material?
— Which specifications are important — mechanical, electrical, or both?

— Do we need transparency or thermal insulation?
— Single side polish or double side polish?

The process integration starts with substrate selection. There are so many options; we
have silicon, germanium, gallium arsenide. What properties do you need? For
optoelectronic properties, if you want to make an LED, GaAs is much better than silicon
because of the direct bandgap. If you are making a MEMS device, you care about the
mechanical specification, but you care about mechanical and electric properties while
creating a solar cell. You also have to select an appropriate wafer grade (test, prime). For
transparency, silicon carbide and sapphire are suitable, but silicon is not, at least not for
visible light. For high power devices using GaN, thermal conductivity is hugely
important. You can't have GaN on silicon easily; sapphire or silicon carbide are better
substrates. You choose, depending on the thermal load. Single side polish may be
enough, but you should start with a double-side polished substrate if you want to pattern
both sides. By selecting an appropriate substrate, you can upfront manage many things
that will be important down the line. It enhances the success rate. You can figure these

problems out by making a mistake, but you waste a lot of time and resources.
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Re-crystallize Ge: Typical Process

Cleaned Si

1 Deposit a-Ge

Si

Melt and recrystallize
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Si

Here is an example from our lab; We are trying to get a germanium film. On a silicon

substrate, it works very well. You see grain boundaries and polycrystalline germanium.
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Re-crystallize Ge: Effect of Substrate

Amorphous Ge
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What is the difference?

Surface Energy =1500mJ/m2  Surface Energy = 40 mJ/m2

Easily wetted Hard to wet

However, when we try the same thing on titanium nitride coated silicon, germanium
forms droplets and not a continuous, uniform film. Why does that happen? During this
process, we are melting and recrystallizing or re-solidifying the germanium. When the
germanium is liquid, it is sensitive to surface tension. It wets the silicon surface and

forms a smooth layer but doesn't wet the titanium nitride surface. So, it forms droplets. If



you look at the literature, the surface energies are different, and it's hard for germanium

to wet TiN. If you think ahead, you can predict and prevent the problem and save time.
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Issue 2: Material Compatibility CeNsz

* Some questions:
— What is maximum temperature the material can tolerate?
— Will differing thermal expansions cause stresses/delamination?
— Can the material tolerate the unit process?
— Do the materials stick to each other?

Material compatibility is another issue. What is the maximum process temperature can
your material tolerate? With a glass substrate, you should never exceed 650-700°C.
Above that, it becomes soft. A film containing an aluminum layer should not heat above
600-700°C because aluminum melts. When you cool the stack after a high-temperature
process, you create stresses that can delaminate the film. This SEM image shows some

delaminated metal layers.

Can you make some changes to prevent it? Can you add some adhesion layers? Can you
change the process temperature to limit the stresses and avoid delamination?. When you

deposit material on another, you implicitly assume them to stick, but they may not.
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Ni Pattern on Glass: Ni Delamination
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You are trying to make a nickel-metal grid on the glass. You pattern the nickel layer
using lithography and etch, or lift-off. When we did it, we found that the nickel doesn't
adhere to glass. When you try to pattern this poorly adhering nickel, it comes off or peels

off. You see, some of these lines have blurred because the nickel has peeled off. You get

CeNS:
LY
Ni deposited on
glass
Ni adhesion to
glass is poor
Partial pattern
Bad

Courtesy to NNfc staff

a non-continuous pattern. What can we do about this adhesion problem?
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Ni Pattern on Glass: Use of Adhesion Layer
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You can introduce a thin chromium layer between the metal and the substrate that acts as

an adhesion layer. Titanium does the same thing. It can be 10 nm or thinner but allows

Complete pattern

Thanks to NNfc staff



you to deposit nickel on the glass. You get perfect adhesion, patterning, and no peeling
off. You pick up things like these with experience.

Always think of the effect of the process on the device. During any unit process, we may
heat the wafer, expose it to chemicals or plasma. All of these can impact the device.
During e-beam evaporation, we discussed that you could form a few x-rays that can
cause defects in the Si-SiO, interface. Sputtering is a higher energy process. It can
damage the surface, especially the organics. You should think in advance, what is the

effect of the process on the devices?
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Issue 3: Impact of process on device CeNSz

* Are etch profiles important for device performance?
* Resulting surface roughness adequate?

* How do thermal treatments affect device performance?

.. e R

" Siea roughness after deep dry été

What kind of etch profiles you want? From the cross-section of this device, it is evident
that we have used deep reactive etching. You can tell these from the rings or scallops on
the wall that you get from each cycle. Is this surface roughness acceptable? For MEMS,
maybe, but for a Laser, or a photonic waveguide, it is problematic because it scatters
light and reduces the device efficiency. What can you do? You can try RIE or wet etch.

If you need high aspect-ratio features, try combining DRIE and wet etch to smoothen it.

If you have aluminum, don't subject it to more than 800°C. If you have metal, don't use
acid cleaning. In BEOL, use a dry etch or solvents to clean organic contamination, not an
RCA. Use the basic concepts of the unit process you have learned, and apply them to the
process integration.
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Metal-Oxide Resistors: Bad Device Characteristics CENS
Highly doped Si 1004
Deposit metal- 0
oxide at 900C in 6.0n4
Semiconductor 02 atmosphere

/ Highly doped Si

Electrode

l Deposit gold

Only 10 nA flows through the device.
There is an insulating layer in the stack!

Highly doped Si

Oxides are usually insulating and not attractive. But you also have semiconducting
oxides. Imagine you are trying to study a particular metal oxide. You deposit it on a
highly doped silicon wafer, as it is easy and can serve as one of the electrodes. You
deposit the oxide at 900°C in oxygen ambient and sandwich it with gold on top to
measure 1-V characteristics. When you get the data, you find out that you flow only 10
nA current, a tiny amount. You would think that the oxide is very insulating, but it may
be a wrong conclusion. If you deposit it at 900°C in an oxygen atmosphere, can you

guess the problem?
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Metal-Oxide Diodes: Effect of Processing on Si CEeNS:z
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The problem is, the highly doped silicon oxidizes at 900°C in. So, you get a layer
insulating SiO; in the stack. Then, it doesn't matter whether the metal oxide is conductive
or not. The insulator that adds because of the way we did the process decides the 1-V

characteristic.
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Metal-Oxide Diodes: Adjust Process CEeNS:z
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FTO is a conductive oxide and doesn't oxidize anymore. You deposit the metal oxide on
this conductive substrate, at a slightly lower temperature, instead of silicon. Now you see
microamps of current that you expect. So, the problem was not metal oxide but the
formation of SiO,. You can come to the wrong conclusion by not thinking about the

process's effect on your device.
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Issue 4: Equipment Capability

* Will the process flow contaminate clean equipment?
* Wafers go from clean to dirty, never the other way

* Will the sample size fit in to the equipment?
+ What s the smallest/largest sample size?
+ Can small pieces be processed or only large wafers?

* Does wafer thickness match width of the boat slots?
__ Thanks to NNfc staff

Wafer boat Carrier Wafer CeNSE Carrier Wafer

The next issue is of equipment capability. A lot of people don't interact with the unit
process specialist enough. You should always ask a lot of questions; what is the proper
size of the wafers? Can you take small pieces or only full wafers? What temperature
range do you allow? What is the contamination policy, and what materials can we use in
the tool? How do you load the sample? Can | clean the sample 24 hours before, or do |
have to clean it immediately before loading? A successful Pl person has an excellent
handle on these nitty-gritty details. Here is an example; you can process the full wafers
with this boat but can't load a small sample of, say, 1 cm?. You can make make-shift

boats or use a carrier wafer.

However, it requires you to prepare in advance. If you do not think about the problem,
you do all these cleanings, go to the tool, ready to deposition, and suddenly realize that

you cannot. It wastes a lot of time, energy, and it's very demoralizing.
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Issue 5: Unit Process Usability

* Questions:
— Device size between the smallest/largest features possible?
— Over what area is the process uniform?
— Do we need dummy patterns to equalize area usage?

— |s step coverage important?

HTRER R

Unit process usability: You should deliberate a bit more than a direct read-out of the
capability specifications. What is the deposition rate, the minimum or maximum
thickness? Does it work for my flow? In this example, we want a conformal coating of
SiO; and Al on the patterned silicon. There is an inherent assumption that the deposition
is conformal, and hence, Al never touches Si. It can be an excellent gate. If the process is
not conformal, SiO, can have a little break, and Al can contact the silicon. It can create a
short circuit, as you have a metal-semiconductor interface instead of a metal-insulator-

semiconductor one.
(Refer Slide Time: 23:40)
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Issue 6: Mask Considerations CeNs:z

* Some questions:
— Where/which alignment marks are needed?
— Need to account for process non-ideality?
— Can the devices be diced into rectangles for packaging?

— Do we need test structures?



A mask is often the first thing you make. Because it is the first thing, any errors or
omissions at the mask level can bite you later. Invest a lot of time and thought into

designing a correct litho-mask. What is proper litho-mask?

You should have appropriate alignment marks. Alignment marks for a critical dimension
of 1 um vs. 5 pm are very different. Account for process variability. If your mask pattern
requires you to wet etch with 0.1 % precision, it is not possible. You may need to change
the design. If you are going to package the devices, have thought of how will you cut
these devices into dies and how will you mount them on the packaging platform? Have
you placed test structures? If you make a transistor, and it doesn't work, you have no way
to say which process has failed. You require a whole bunch of test structures to measure
the oxide thickness and leakage, the metal thickness, step coverage, pinholes, or at least
the presence of pinholes, someplace where you can take nice cross-sections to inspect in
SEM. If you have these test structures on your mask, it becomes easy to fine-tune the
recipe, figure out what went wrong, and fix it. Otherwise, it's a black box.

(Refer Slide Time: 26:02)
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Issue 6: Mask Considerations CeNSz
* Some questions:
— Where/which alignment marks are needed?
— Need to account for process non-ideality?

— Can the devices be diced into rectangles for packaging?

— Do we need test structures?

Desired
Shape Processing
\ Distortions
- — @& 0
Mask Image Printed
Pattern H —— [  On Wafer

If you start with a rectangle, you may get a smooth oval, especially if the futures are
small. If you want a rectangle, you should start with a slightly different shape. You can
solve these at the mask level and save a lot of time down the line.
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Microheater: Case Study CENS:z
Metal pattern ijicop Used in gas sensing

—]
l Fabricated using 2 masks:
Metal & BackEtch

Cross-section view
1. Front exposure

Metal pattern

Top view 2. Back exposure

Here is an interesting case study of what can happen if the mask design is a little flawed.
The users were trying to make a microheater. It is a (micro) metal filament that you can
heat by flowing current, like a bulb. It can, in turn, heat the substrate. In the cross-
section, you have metal on Si3N4 on silicon. It requires just two lithographies to pattern
the metal on top and cut out a silicon hole from the bottom. There are two depositions,

SizN4 and metal.
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Microheater: The Problem

Intended Actual device
Design 100 um misalignment between
back etch and metal pattern

Thanks to NNfc staff



You see the metal lines and the grey Si3N4 membrane over the back-etched hole in the
fabricated device. The metal grid is not in the center of the membrane, as you would
expect from the design, but is off by a large amount (~100 um). The grid is the heater,
and if it is not in the middle, it heats nonuniformly and may cause device failure. We
can't tolerate this issue. From where does this issue come? You may blame lithography,

but we did a lot of tests to check the equipment.
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Microheater: Unit Process is Fine, but Still... CeNs:z

Mask aligner target

Front alignment is perfect
Pattern

Back alignment is perfect

So unit process is fine

If you don't understand this figure, don't worry about it. It shows that the front and the
back alignment is perfect. This device did not work, but other people's devices worked.
There was no problem with the lithography unit process. Also, the misalignment in this
heater was repeatable. It was the same every time we made the device. Then, what is the

issue?
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Microheater: Mirror Symmetry CeNS:

=)

What we wanted Metal mask Backetch mask
Has mirror symmetry

=

What we had

No mirror symmetry Metal mask Backetch mask

Here is what happened. The grey region represents the back hole, and the blue, the metal
electrode. The design has mirror symmetry. The designer broke it into two different
masks; one for the metal pattern and another for the back etch hole. The problem is they
erroneously made the structure slightly off-center, breaking the mirror symmetry. On its

own, there is no problem; both the masks have the same relative offset.
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Microheater: Issue with Asymmetry CEeNS:z
Design with no
mirror symmetry
R
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E\ Misalignment!

The problem is how they did the lithography, by patterning the film from the top and the

back-etch hole from the bottom. Now, these patterns are off by the same amount, but in



the opposite directions! Because you flip the bottom mask from left to right. The
problem was not in the unit process but the mask design. Once they fixed the mask-

design, the issue went away.
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Microheater: Not Just a Cosmetic Problem CENS

Intended Design

Design when mirrored SiNx film warps during use
.
Asymmetry(error) in design also caused destruction of device due

to non uniform heating o
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Issue 7: Order of Process Steps

* Questions:
— Should front-side processing finish before back-side?
— When to do thru-wafer etching?

— When to make thin membranes?

— Do we need to protect previously deposited layers?

The next issue is the order of steps. If you have multiple patterning steps, you often have
to choose the sequence. The question comes to, which is more repeatable and clean. It is

worth thinking about before processing.
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Microneedles: Case Study CENS:z
I | I | | | Used for painless drug delivery
Fabricated using 2 masks: Pin & Thru
Cross-section view 1. Front exposure
LT
Microneedles with thru holes Pin mask oo
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2. Back exposure

Top view

Microneedle fabrication is a good case study. We are trying to make small and sharp

silicon microneedles. Theoretically, the advantage is that they can inject things like

insulin into the body without pain. Syringes are painful because one macro needle

pierces you, and that is hurtful, but if you have these 100s of microneedles piercing, you

might not feel it much at all. You have a silicon wafer with a lot of hollow cylindrical

holes. Once they breach into your skin, they can inject. It has a simple fabrication

process; all you need is two lithographies and etch steps. The pin mask defines the

outside of the needle, and the thru-mask, the hole. How would you do it?
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Microneedles: The Problem
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But there is a difference

Hint: misalignment is random!



We started making them in our cleanroom at I1Sc, and just like in the previous case, we
consistently saw misalignment between the pin and the hole. We didn't get the hole in the
center of the needle cylinder. However, here, the misalignment was random. Again, the
problem was not in the unit process; the unit process worked fine. Then why do we get

the misalignment? Think about the order of the steps.
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Microneedles: Order of Lithography CeNS:
Do the Pin mask first Do the Thru mask first
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We were patterning with the pin mask first. You have to turn the wafer upside down to
pattern the thru-mask next. For aligning the layer, you hold the wafer to the chuck by
vacuum contact, by evacuating the air. The outside air pressurizes the wafer snugly on
top of the chuck. But look at this cross-section; the bottom surface is not flat. The wafer
rests on the pins! When you try to create a vacuum, it does not hold the wafer because
the air continuously leaks in through the bottom. The wafer can move. Even if you start
with an aligned wafer, it misaligns through vibrations during the exposure. Hence, the

misalignment is random.

So, we have to do the second patterning process first; switch the order. We did the thru
mask first and then turned it upside down. Now, we do not have these needles at the
bottom. We still have holes, but, by and large, a flat silicon surface. The wafer holds
tightly on the vacuum chuck and doesn't move around while you align the pin mask.
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Microneedles: The Result

Si Si
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Successful fabrication with no misalignment

On the left, we have the cross-section for the switched order of the patterning steps. On
the right, we have an SEM image of beautifully developed microneedles.
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Issue 8: Reliability

* Questions:
— How do we characterize the unit process?
* Incorporate inline characterization steps
— Do we need dummy samples?
* So you don’t contaminate real samples

Data from ellipsometer. Target was 100 nm SiNx on 20 nm Si02

The final issue | would like to highlight is reliability. Often in academic circles, we don't
give reliability its due weight. The goal is to show one successful device, write a paper,
and move on. In technology, you have to offer repeatability. You have to make the same
device repeatedly and make sure it performs the same way.



Even in academic circles, it sometimes necessary to think of reliability. If a student is
doing ten process runs, and only one comes out successful, it takes ten times longer. To
improve it, you incorporate a bunch of characterization steps in the process flow. Don't
wait till you fabricate the whole device to find out that the metal or the SiO, you
deposited was too thin to work. If there is a failure, fix it or start a new run. Why waste
all the time and effort completing a device that will not work?

A lot of times, it is good to have multiple dummy samples. Say your process requires 30
steps. If a piece has gone through 25 successful steps, it needs just five more to become
successful; it's a costly and precious sample now. When you approach the 26th step, first
try that process on the dummy samples to ensure the equipment is functioning, the recipe
is stable, and you get what you expect. Then you process your precious sample. Then
you have a high probability of success for the 26th. Dummy samples, in-line

characterization, a lot of test structure can improve the reliability of your fabrication.

Here, we wanted 100 nm SizN4 on SiO,, but what we got was 94 nm SisN4. That may or
may not be okay, depending upon the process tolerance. But it's essential to do these

measurements during fabrication, not to get a surprise at the end.

That was a concise introduction to process integration and what it takes to be a good
process integration person. | can't tell you everything you need to know. You learn a lot
of it by experience, thinking, spending some time, and being an expert in the unit
process. The more you understand the unit process, the better you can be at process
integration. We discussed a lot of case studies; hopefully, you would have found some

interesting and illuminating.



