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Lecture - 08
Thin-film Materials and their Deposition

I will talk to you today about Thin Film Materials and their Deposition methods, basically for
building microsystems that we have seen in the previous lectures.
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As we have seen in the previous lecture, one of the key steps in the whole chain of events that
are required for fabricating microsystems is essentially deposition and this is done by various
methods and various different materials can be you know fabricated by that methods that you
will see in today’s lecture.
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Thin films

» Most engineering materials (usually called bulk materials) have fixed
properties like electrical resistivity, optical opacity, etc.

» Bulk materials have fixed properties and hence their applications are limited

» When the thickness is reduced, beyond certain limits these properties show a
drastic change

» This is called size effect and this adds flexibility in designing devices for a
particular application

» Thin film possess attractive properties and therefore can have versatile
applications.

» Devices with thin films occupy less space
» Their fabrication requires less materials, hence inexpensive

Thin film are essentially you know a thinner versions of the common engineering materials that
we use in various fields, and they have you know in their bulk they have properties such as
electrical resistivity, optical characteristics and various other parameters that we normally look
for. These properties when they are in bulk are you know reasonably fixed and you know

restricted.

Whereas when comes to thin films we can actually engineer their characteristics to a certain
extent by you know modifying the process by which these are deposited, and this is basically due
to a size effect and when we talk about thin films essentially these are films of the order of let us

say hundreds of armstrong thickness or let us say 10s to 100s of nanometre thickness.

Hence at that thickness level we are essentially talking about films that are possibly several
atoms or molecules thick and hence the properties are much more predictable and also dependent
on how these are assembled. One very common example that can be sighted in this context is
you know like how would it look between let us say a heap of bricks or an ordered or stack,

properly stacked assembly of a bricks.

If you really do that one by one layer by layer, that stack of bricks is much more you know
stronger and also much more predictable characteristics, then a simple heap of bricks that if you

just pour it on to a surface. So and because of that this layered thin film kind of materials have



wide range of applications in IC as well as microsystem process. Obviously, since these are thin
films the you know the volume occupied by these and hence the device is made of these are

much small, so they occupy less space.

And you know the overall requirements in various context in terms of materials in terms of
energy required and etc. would be for less when it materials are handled as thin films.
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So going back to what was discussed in the previous lecture various types of thin films are used

in the fabrication of MEMS and microsystems is include semiconductors, various metals and
several special materials and also several dielectric materials including you know dielectrics of
silicon. We also see here polysilicon and I will discuss what this is a little later in this lecture.
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Thermal oxidation of Silicon

» Oxidation involves heating of Si in wet/or dry oxygen/nitrogen mixture
» Wet oxidation
» SI+2H,0 = SI0, +H, (temperature: 600 to 12600C)
» Dry oxidation
» Si+0, 9 SIO; (temperature: 600 to 12500C)
» Wet oxidation process results in faster oxide growth.
» However, SiO2 films grown by this process are less dense and porous.

» Dry oxidation process results in much slower oxide growth (typically
one tenth the growth rate of wet oxidation) resulting in films that are
compact, dense and nonporous.
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One of the easiest film that can be made on a silicon wafer is the oxide of silicon, and it can be
fabricated in a simple furnace like this by processes known as oxidation and when whether there
is you know steam present or not we call it wet or dry oxidation method. And the Chamber that
you see here is a dry oxidation furnace in which you have gas outlets. And there is a series of

wafers assembled.

And all these could be you know oxidized simultaneously using this heating coils inside outside
the quartz tube where these are arranged and you will have this gas flow here. The wet oxidation
process is relatively faster but the films grown by these are typically less dense and porous, so
hence where the requirement is for porous films one usually goes for wet oxidation and vice
versa. So dry oxidation is little slower and you know typically denser films can be formed.
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» Amount of silicon consumed is 44-46% of final oxide thickness
Si+0, - SiOo,
Molecular weight: Si 228; Oxide > 60 (1g Si 2.142g oxide)
Density: Si 2 2.33; Oxide 22.24

Volumes: (0.429cm?® Si = 0.956cm? oxide)
Thickness: 0.44um =2 1 um oxide

» Oxidation rates depends on;
» Crystallographic orientation of Si
» (100 )surface oxidizes 1.7 times more slowly thana (11 1 ) surface
» Doping
» Presence of impurities in the oxidizing gas,
» Pressure of oxidizing gas

» Use of plasma or photon flux

» Oxide thickness can be measured by Ellipsometer = =
W B

As you could see the amount of silicon consumed for the oxidation is typically about 44 to 46%
of the thickness of the final oxide that is formed, this can be obtained based on the you know by
chemical equation of the formation of the oxide. How do we calculate this we basically start with
the molecular weights of these materials, the ingredients and so essentially we can say that you

know 28 grams of silicon would result in 60 grams of oxide.

And knowing that the densities of silicon and oxide are 2.33 and above 2.24 again this could
vary in the oxide density could vary based on the approach by which it is fabricated, and based
on these we could actually calculate the volume of the silicon consumed to the volume of the
oxide that is formed and this could be worked, and hence we can see that about 0.44 micrometre

thickness of silicon would result in a micron thick of oxide.

So this is a one good way of calculating the oxidation procedure the thickness of the material that
is formed, in fact the rate of oxidation by either of those processes would depend on various
factors, it depends on the crystal structure of the silicone that is whether it is (1 0 0) wafer or a (1
1 1) wafer in a previous lecture we have seen that you know the chemical characteristics of the

silicon wafer depends on the crystallinity and silicon is primarily an anisotropic material.

The oxidation rate also depends on the doping and presence of various impurities in the

oxidation gas and also the other parameters one can use in the process. Typically, the oxide



thickness is measured by an instrument called Ellipsometer and you know work with a standard
table of colours based on how the wafer would look and you make use that determine the
thickness.
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Deposition process

» Source
» Transport
» Condensation on substrate

» The nature of the film deposited depends on process parameters like
substrate, deposition temperature, gaseous environment, rate of
deposition etc,

» Favorable conditions are created tp transfer the material from the
source (farget) to the destination (substrate).

» In PVD process, this transfer takes place by a physical means such as
evaporation or impact

» In CVD process films are deposited through a chemical reactio

But oxidation is only possible in the case of silicon and only to form silicon dioxide, in general
to deposit to work with thin films we need to start with the source material of the thin film and
transport this source material and deposit condensate on to the substrate. So a series of process
steps would be required in a general scenario when one would want to deposit a thin film onto a

wafer whether it is silicon or other materials.

And obviously the nature of the film deposited would depend on various process parameters
including what the substrate is, and you know the temperature pressure whatever gases that we
are using and various other factors similar to that. So we can create essentially in the deposition

process what we are trying to do is that we create the most favourable process conditions.

So that you know material is transferred from the source to the substrate material substrate
surface in you know the most efficient manner, and so that we get the best quality films possibly
with the maximum thickness possible within the minimum time, so that you know we can get

some kind of you know engineering improvement over there.



There are basically 2 approaches, one is called the physical vapor deposition which is essentially
the physical transfer of material from the source which is normally known as the target to the
substrate. Whereas in the case of chemical process it is essentially based on the you know some
kind of chemical reactions to deposit the material on to the destination which is essentially the

substrate.

Normally in chemical vapor deposition we will only have you know reagents coming in mostly
in the gaseous or some kind of precursor formed.
(Refer Slide Time: 11:54)

Major deposition schemes

» Physical vapor deposition (PVD)
» Evaporation
» High temperature
» Sputtering
» DC sputtering/ RF Sputtering
» Chemical vapor deposition (CVD)
» Source contains the material
» High quality films

» Others

» Electroplating (for very high thickness films, fast process, less control an
thickness)

» Spin-cast
» epitaxigl

2

Major depositions themes therefore, are based on either they are physical vapor deposition or
chemical vapor deposition. In some examples of physical vapor deposition includes the
evaporation technique and what is called as sputtering technique, there are several variants of
these as we will see in subsequent discussion. There is also as I mentioned chemical vapor

deposition techniques which is typically used for better quality films.

There are some other methods which are used for specialized purpose for example electroplating
is used when one needs really thick films of materials relatively speaking, and spin-casting or
spin-coating methods are used for polymeric materials including photoresist which are require
for patterning, and there are also you know epitaxial growth of semiconductors like the silicon

over a surface and things like that.



(Refer Slide Time: 13:10)
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Schematic diagram for a thermal evaporation system
»  Procedure
» metal to be deposited is placed in an inert crucible
» chamber is evacuated to a pressure of 10 = 107 Torr

» crucible is heated using a tungsten filament or an electron beam to flash-& ]&\ 1 the
crucible and condense onto the cold substrate i)

i
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» The evaporation rate is a function of the vapor pressure of the [
Let us first look at this example of thermal evaporation which is usually done within a chamber
like this. Let us look at one of the common examples of evaporation that you would have seen in
your own house one of the common example is basically you would have seen water boiling in a
vessel in the kitchen and if you put a cold lid over the boiling water, you can see that the water

condenses on that lid surface.

Evaporation is essentially the same thing done for engineering materials such as metals which
could be melted at relatively low temperatures, hence evaporation technique is usually used for
metallic materials but obviously metals cannot be melted at you know let us say 100 degrees
centigrade or anything near. So one needs to be essentially reduce the pressure within the

chamber.

So that you know the melting temperature required for the metal is you know relatively once
again under control. So it is not too high and we need to have some kind of an arrangement to
create that kind of a temperature. And so essentially the evaporation rate will therefore, be a
function of the vapor pressure of the metal that is being deposited.

(Refer Slide Time: 15:10)



Deposition by Evaporation

» Deposition rate for Al, 0.5pm/min i.e fast process,
» no damage on substrate
Al 1 the most popular mterconnect maternal
Resistivity: 2 65uClem
Good adherance to SI/SIO,,
Corrosion resistant, compared to Cu

Easy to deposit / etch.
Ohmic contact is formed with Si at 450-500°C

» Source material shaped depending on the heating approach

» Methods for heating:
» Resistive heating

» eginlab setups
» Tungsten boat/ filament as containment structure
» Fllament life limits thickness.( for Industrial use)

One of the common example is aluminium which has the layer relatively high rate of deposition
when you know deposited by evaporation, and you know relatively very good quality of film can
be obtained at a good thickness by the evaporation process, and you know it stick very well with
silicon substrate, and hence you will see that aluminium is used in ICs quite often. And one of

the reasons it can be deposited relatively easier.

The source material you will be you know shaped whether it is in terms of filaments or springs or
whether it is in terms of small pellets it all depends on what is the heating arrangement, and one
of the simplest way of heating especially used in the context of let us say aluminium is resistive
heating. And it is typically used in lab set up where there is a tungsten boat which is heated and
this pieces of aluminium are kept over it which would melt and evaporate and getting transferred
on through the substrate surface.

(Refer Slide Time: 16:38)



E-beam Evaporation

» Focused beam of electrons are used to locally heat the Source

» Can be used to heat /| evaporate even high melting point materials

» Alloys could be deposited without dissociation of constituent elements
» ldeally suited for reactive evaporation (Oxides, Nitrides etc.,)
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But you know most materials have much higher temperatures and cannot always be melted just
by heating them, so we use other ways of energizing their atoms or molecules from the source, so
that these could be displaced and transported onto the substrate surface. What you see here is an
arrangement in which an electron beam is used for evaporating the source materials inside a
crucible and this could be you know directed towards the wafer carousel.

(Refer Slide Time: 17:29)

Evaporation by Ebeam/RF induction:

» High intensity electron beam gun (3 to 20 kev) is focused on the target
material that is placed in a copper hearth ( water cooled)

» The electron beam is magnetically directed onto the evaporant, which
melts locally.

» No contamination from crucible,
» High quality films.
» High deposition rate 50 to 500nm/min.
» Disadvantages: y
» Process might induce x-ray damage and ion damage at the substrate,
» At high energy(> 10kev), the incident electron beam causes x-r ission

» Deposition equipment is more costly,

It is also possible by you know RF induction by to generate such beams which could essentially
displace these atoms from essentially the source material inside the crucible and these
approaches would result in relatively better quality films compared to the simple heating based

approaches, and have reasonably good deposition rates. But you know because this includes



energy transfer from one beam to another there could be potentially beam damages happening in

the devices on the substrate.

And hence you know one has to you know basically choose the kind of approaches that would be
regarding in particular context. And obviously the system required for such deposition could be
more expensive than the previous.
(Refer Slide Time: 18:45)
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And what you see here is an image of an opened out chamber in which this electron beam gun
can be seen very clearly.
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Sputtering

» A physical phenomenon involving
» The creation of plasma by discharge of e
neutral gas such as hellum iz
» Acceleration of ions via a potential gradient - —~N
and the bombardment of a ‘target’ or b \
cathode

» Through momentum transfer atoms near the .
surface of the target metal become volatile 1
and are transported as vapors to a substrate *e 0 Spultbrdd stoms

» Film grows at the surface of the substrate via
deposition Anode

» Forion sputtering, the source material is
put on the cathode (target); for sputter T
deposition, the substrates to be coated purmp
on the anode.

» The target, at a high-pegative potential is
bombarded with positive argon ions
created in a (high density) plasma.
Condensed on to substrate placed at the
anode.




The second physical method that listed there is sputtering, so this is once again a physical
phenomenon of transporting and in this case it is done by creating a plasma and the ions created
by this plasma are attracted towards the positive ions are attracted towards a cathode and the
source material is kept at the cathode and these ions when they bombard the target, the atoms

from there are sputtered out and we keep the wafer at the anode.

So that the displaced atoms sputtered atoms are coming out from the target material will go and
attach onto the wafer at the anode, so the film is essentially grows on the wafer once again to
create this plasma one would require a low pressure and hence this is done in a vacuum
enclosure. So the source material is at the target and in the substrate for sputter deposition is kept

at the anode.

So the target as I mentioned is at a high negative potential and the ions that are there in the
plasma argon is typically used as it is an inert gas and this can be used for the displacement and
the displaced atoms as I said condensed onto the wafer.

(Refer Slide Time: 20:57)

Features
I —
» Sputtering yield is the average number of atoms ejected from the target

per incident ion. Depends on

» lon incident angle

» Energy of the ion

» Masses of the lon and target atoms

» Surface binding energy of atoms in the target

» Sputter yields for various materials at 50Cev Argon

» Al1.05 Cr118
» Au2d Ni 1,33
» Pt14 Ti0.51

-

There is a terminology called sputtering yield which is essentially the average number of atoms
ejected from the target which is kept at the cathode and that will depend on the incidence angle

for the ions, the energy of the ion, the mass of the ion and the target atom and the surface binding



energy of atoms in the target. And hence it would vary depending on the target material and as

you could see from the list below with a standard let us say plasma creation environment.

The number or the average number of atoms displaced would vary let us say from 0.51 in the
case of Titanium to 2.4 in the case of Gold in this list that you see here.

(Refer Slide Time: 22:05)

Key features of Sputtering

» Advantages of sputtering over evaporation;
» Wider choice of materials

» Better adhesion to substrate.

» Complex stoichiometries possible,

» Films can be deposited over large wafer (process can be scaled)
» Sputter yield= #of atoms removed per incident ion

» Deposition rate is proportional to yield for a given plasma energy

» Disadvantages:
» High cost of equipment.

» Substrate heating due to electron (secondary) bombardment

» Slow deposition rate. (1 atomic layer/sec) Q

The basic features of sputtering includes you know the wide choice of materials, because in the
case of evaporation if you recall you could only have materials which have relatively low
melting points. And since the sputtering is done usually at a lower rate they have better adhesion
characteristics and there are ways in which one can engineer the sputtering to have complex

stoichiometric you know make films.

The films can be deposited over a larger area by sputtering and hence compared to evaporation
sputtering process is more popular more widely used when one would want to require over you
know a larger wafers especially in industrial facilities. The deposition yield as I mentioned is
proportional to various factors that we have seen in the previous thing. Disadvantages includes

the high cost of equipment.

And you know sometimes there are substrate heating happening due to the secondary

bombardment, and obviously as I mentioned the deposition rate is relatively slow.



(Refer Slide Time: 23:41)

RF Magnetron Sputtering

» For Dielectrics/insulators
» Advantages

» Electron Confinement

» High ionization

» Low pressure sputtering

» High purity of the films

Argon |ons
» Disadvantages _ icc:':rrar:un:
! e Targel
» Nan uniform erosion Magretic
: : Field o
» Thickness uniformity Electric Surface Atom

Ejected from

Field the Target

» Less target utilization

Coating

The essentially 2 types of sputtering depending on how one creates the plasma, can create a
plasma with DC for conducting materials such as metals we create an RF Magnetron based
plasma for dielectrics or insulating materials, and that has better control especially for you know
depositing dielectric materials, and once again this is also very popular you know large area

films especially for industrial applications.

There are challenges in creating uniform films and you know a proper utilization of the source
which is essentially the target material for the films.
(Refer Slide Time: 24:49)

Co-sputtering.

Substrate

» More than one magnetron target
» Composition controlled by the power to individual targets
» Substrate rotation is required for composition uniformity.



In this approach it is also possible to do a Co-sputtering with multiple targets, so when we need a
composite film it is also possible you know locate these targets appropriately, so that we can
have a Co-sputtered film which will be based on the various materials that are provided with
individual targets, so that is one key advantage of using sputtering.

(Refer Slide Time: 25:27)

Comparison: Evaporation & Sputtering

Evaporation Sputtering
Rate 1000 atomic layer/sec 1 atomic layer/sec (thickness
| __(ﬂ'uin:kness_cgntml is difficult) | control fjbssihlel
Choice of material | Limited (to those with low Almost unlimited
melting point)
Purity Better Possibility of incorporating
impurity
Alloy composition | Little or no control Can be tightly controlled
Changes in source | Easy Expensive
material
Decomposition of | High Low
material
Adhesion Often poor Vary good

If you look at a basic comparison between evaporation and sputtering techniques the one that
would stand out includes the low rate of deposition of sputtering, and the you know unlimited
choice of materials that are there in sputtering, and relatively sputtering gives better purity films,
and can be used for again alloy kind of materials, but obviously it is more expensive and the
results in films that are of typically better quality than evaporation.

(Refer Slide Time: 26:14)



Deposition Methods for some metals

Metal Melting | Methads of deposition

point
— [h(.) —
Aluminium 659 Thermal evaporation
Silver 957 Thermal evaporation
Gold 1067 Thermal evaporation/sputtering
Copper 1083 Thermal evaporafjon/sputtering
Palladium 1552 Electron beam/sputtering
Platinum 1769 | Electron beam/sputtering
Titanium 1677 | Electron beam/sputtering
Nickel 1453 Electron beam/evaporation
Chromium 1887 Electron beam/sputtering
Tungsten 3377 Electron beam/sputtering

And you know we looked at how various materials in this case metals could be deposited, we can
look at them from the point of view of their melting points under standard conditions, and as you
could see aluminium having relatively lower melting point can be deposited using thermal
evaporation techniques, and materials having higher melting points would require other ways of
melting or the sputtering kind of approaches for their deposition.

(Refer Slide Time: 27:00)

Deposition Systems at CEN/IISc

What you see here is set of deposition equipment that are available at [ISc where you know we
can use sputtering or evaporation kind of techniques for depositing various films.

(Refer Slide Time: 27:16)



Laser Ablation

» Uses LASER radiation to erode a target, and deposit the eroded
material onto a substrate.
» The energy of the laser is absorbed by the upper surface of the target resulting in
an extreme temperature flash, evaporating a small amount of material
» Usually pulsed laser is used.

» Material displaced is deposited onto the substrate without
decomposition.

» The method is highly preferred when complex stoichiometries are
required.

» Thin film keeps the same atomic ratio
as the target material

“SUBSTRATE
PLUME

Another approach for depositing even better quality films is based on laser, as in the case of
sputtering that you have seen previously instead of using an ion beam what we use here is a laser
beam, and as you may know lasers can be used to you know like melt materials because of the
high energy of laser and these melted material can be you know arranged to be transported onto

the substrate.

And one of the methods is essentially based on what is called pulsed laser that is typically called
pulse laser deposition or pulsed laser ablation techniques. The material is you know deposited
onto the substrate actually without decomposition, so it is does not basically change its properties
in this method. So once again this is also useful when you know complex stoichiometric
properties are required for the films, and we have a target material with the same stoichiometric
this can be transported from the target to the substrate by the pulse laser ablation techniques.

(Refer Slide Time: 28:55)



Pulsed Laser Ablation deposition (PLD)

» Used for high quality thin films,
» e, superconducting materials such as YBa,Cu,0,,

» short-wavelength lasers such as the KrF or XeCl excimer laser in a non-
equilibrium process.

» Ease of operation and reproducibility.
» Films do not require post-deposition annealing

» Processing variables
» laser energy,

» laser pulse repetition rate,
» substrate temperature
» oxygen background pressure,

As I mentioned one of the common method is called PLD and it is can be used for high quality
thin films of materials such as superconducting materials, and so the main advantage in this case
is that it is relatively easier to you know reproduce films based on this, and the films deposited
by these techniques do not require post deposition annealing which is typically required in the

case of the previous techniques that physical vapor deposition techniques that you have seen

here.

Obviously, the laser characteristics and some of the other environment parameters determine the
deposition rate by this approach.
(Refer Slide Time: 29:53)

Chemical vapor deposition

» Chemical Vapor Deposition is chemical reactions which transform
gaseous molecules, called precursor, into a solid material, in the form
of thin film or powder, on the surface of a substrate

“ Constituents of a vapor phase, of ten
diluted with an inert carrier gas, react at
the hot surface to deposit a solid film.

Film-forming by
Heterogeneous reactions
Occurring at or close to heated surface
Homaogenous reactions
Occuriging in gos phase

Result in stoichiometric-correct film
Used for
2 very thin 5i deposition,

copper
low dielectric insulators




The next deposition approach that we want to discuss is based on chemical vapor deposition, so
in this case a chemical reaction would happen which would transform the incoming gaseous
molecules which are typically called precursor, and we make them you know after the reaction
the precipitate of the chemical reaction would be made to stick onto the surface. So in this case

there are no real target, it is essentially incoming is the gaseous form.

And we need to make appropriate reactions to happen, so that the films formed by either a
heterogeneous or a homogeneous chemical reaction to be you know formed onto the surface, and
various materials could be performed on to the substrate materials at a wide range of
environmental conditions by the chemical deposition schemes.

(Refer Slide Time: 31:16)

» Common thin films deposited by CVD are

» Polysilicon Silicon oxide
» Silicon Nitride Tungsten
» Titanium Tantalum

» Nitrides of W& Ti & Ta Copper

» Low permittivity dielectric insulators

» Parameters that significantly influence the rate of chemical vapour
deposition are:

» temperature
» pressure of carrier gas
» velocity of gas flow

» distance along the direction of gas flow

Films include the silicon compounds, metals and also various other dielectric insulators. The
process parameters include the temperature, the pressure and the flow of the gas and the distance
on within the chamber and the direction on which these are incident on to the surface.

(Refer Slide Time: 31:47)



Process in CVD

» Mass transport of reactant (and diluent gases ) in the bulk gases flow
region from the reactor inlet to the deposition zone,

» Gas phase reactjons leading to film precursors and by-products.
» Mass transport of film pre-cursors and reactants to the growth surface,
» Adsorption of film precursors and reactants on the growth surface.

» Surface reactions of adatoms occurring selectively on the heated
surface,

» Surface migration of film formers to the growth sites.
» Incorporation of film constituents into the growing film.
» Desorption of by-products of the surface reaction,

» Mass transport of by-products in the bulk gas flow regiongayvay from
the deposition zone towards the reactor exit a

This is essentially the mass transport of reactants that would you know result in the formation of
the precipitate, these are formed usually by gaseous phase reaction from the precursors, and as |
mentioned the there is a mass transport from this precursor on to the growth surface, there is
some kind of adsorption happening there, so that that you know the films would stick to the

surface.

There are surface reaction and surface migrations where the films forms continuously onto the
surface. And the by-products are inducing out of the surface, so that you know a good quality
film can be formed, this by-products are taken out from the chamber.

(Refer Slide Time: 32:52)

Types of CVD
Plasma enhanced (PECVD) Pressure sensor
+ Atmospheric pressure (APCVD) .
Low pressure (LPCVD) €. st

- Very low pressure (VLCVD) becomesasasind
. Metallographic (MOCVD)

Walers Pump

Load door

‘ 3-20ne fumace

Gas inlet LPCVD reactor

Process key Temperature | Pressure Typical materials

Atmosphenic | APCVD | 700-800°C 1 atmos (760 Polvsilicon

pressure Torr)

Low pressure | LPCVD | 600-620°C 025102 Torr | Polysiheon, Silicon nitride

Plasma PECVD | 250-300°C 100 =200 Siheon mtrde,

enhanced mTon Amorphous sihcon,
Silicon dioxide




So one you know typical situation in which the films are formed on multiple wafers is shown
here, we how to control the pressure inside the chamber temperature and various parameters.
And there are various types of CVD based on how we enable these chemical reactions to happen,
there are techniques in which we use plasma inside the chamber and which is usually at lower

temperature, there are also methods in which lower pressures are used.

There is specialized methods using metal organic materials are used for depositing metallic films
onto this, and if you see typical range of temperature the order would include PECVD which is
plasma enhanced chemical vapor deposition which is usually done at lower temperature than the
other methods. And as you could see various materials could be deposited using these
approaches, and are typically used relatively better quality films are required thinner films are
required for various applications of microsystems and integrated circuits.

(Refer Slide Time: 34:38)
LPCVD of Si Compounds

CVD 18 uged to form 810, lavers that are mmch thicker m relatvely very short tumes than thermal oxides

SIOE canl be deposited from reacting silane ‘llulm-'-:_\';:rll n LPCVD reactor at 300 to 500°C where

f00°C

SiH y + 0y ——— 810, + 2H,

Sloe cat also be LPCVD deposited by decomposing dichlorosilane

SiIC1,H, + 2H,0 »S10 4 + 2H4 + 2HCI
SiOg can also be LPCVD deposited by from tetraethyl orthostlicate ( TEOS or, SOC,H, )
by vaponzing Uag from a gl sowee,
Si3N, can be LPCVD or PECVD process
In the LPCVD process. dichloroslane md ammonn react accordimg to the reaction
3811, Hy + ANH ; —= 381 (N, +6HCL+ 6H

¢

CVD is based on chemical reactions for example to form silicon dioxide one would start with
silane and oxygen and we can make the chemical reaction happened at the LPCVD reactor at 500
degree centigrade for the formation of silicon dioxide. There also other source materials that
could be used for realizing silicon dioxide. Similarly, silicon nitride can also formed either by
LPCVD or PECVD and based on you know various other factors and typically the temperatures
are 800 degree centigrade for LPCVD of silicon nitride.
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LPCVD for Polysilicon

» Carried out at low pressure (200mTorr to 1000mTorr) by pyroletic
decomposition of silane (SiH, ). in the temperature range 500-625°C

SiH, — Si +2H,
» Most common low-pressure processes used for polysilicon

» Pressures between 0.2 and 1.0 Torr using 100% silane.

» PolySi deposition rate is approximately 10nm /minute at 620°C
Maximum LPCVD Poly Si thickness is generally restricted to 2um (2000
nm).

» Amorphous Si when deposited below 580°C and deposition rate is very
low (2nm/min at 550°C)

» LPCVD poly Si is compatible with VLSI Technology

k&

It is also possible to deposit silicon layers on to a wafer by using LPCVD, the usually LPCVD is
used in this particular context by the way, and at a pressure ranges from 0.2 to you know 1.0 Torr
is used for this and the deposition rate is typically 10 nanometer per minute at above 600 degree
centigrade, but if the temperature is lower what is formed is usually amorphous silicon. Now the
question is what is really you know this polysilicon and why is it typically used in IC fabrication
and in many VLSI kind of devices.

(Refer Slide Time: 36:43)

Polysilicon

» Polysilicon comprises of small crystallites of single crystal silicon, separated
by grain boundaries,

» Polysilicon is often used as a structural material in MEMS

» This is also used in MEMS and microelectronics for electrode formation and
as a conductor or high-value resistor, depending on its doping level (must
be highly doped to increase conductivity)

» When doped, resistivity 500-525uficm
» Polysilicon is commonly used for MOSFET Gate electrode:
» Poly can form ohmic contact with Si.

» Easy to pattern

s

As you could see polysilicon is essentially what is called the polycrystalline silicon, so it is not a
single crystal silicon that will be formed by this approach, if you recall when we talked about

substrate silicon wafer is essentially a single crystal silicon, so from one point to another



anywhere on this wafer the silicon atoms are at a fixed distance which is a multiple of the lattice

constant of the wafer.

But in the case of polysilicon what you will see is in locally it consists of crystallite small small
crystallites but there are grain boundaries, and beyond which the lattice is not continuous and
hence it is not a single crystal silicon, but it is a very good structural material for MEMS and
most of the properties of polysilicon especially in the context of MEMS are very similar to that

of silicon and it can be doped to you know various levels of conductivity.

And hence it can be used as an electrode material as well and hence it has multiple roles in many
microsystems, the resistivity could be you know as high as above you know 500 micro ohms
centimeter, and as I mentioned it could be used as gate electrodes and typically used in CMOS
technologies, it also can form an ohmic contact with the silicon, and hence it is easy to pattern to
and it is widely used as the electrode material.

(Refer Slide Time: 38:59)
MO-CVD

» Metal -organic chemical vapor deposition (MOCVD) is a relatively low
temperature (200 - 800°C) process for epitaxial growth of metals on
semiconductor substrates.

» Metal -organics are compounds where each atom of the element is
bound to one or many carbon atoms of hydrocarbon groups. For
precise control of the deposition, high purity materials and most
accurate controls are necessary.

» Due to the high cost, this approach is used only where high quality
metal films are required.

» Also called organo-metallic vapour phase epitaxy
» Thickness control of ~1 atomic layer

» Used for b
» compound SC devices, opto electronic devices solar cells.

It is possible to deposit metallic films also by CVD techniques and typically these are called
MOCVD Metal organic chemical vapor deposition schemes, so what we have is that precursor
material is typically metal organic of the particular metal to be deposited, this results in

extremely high quality films and you know but at very low rate of deposition. Hence it is used



for specialized component for example opto-electronic devices and you know for example
gallium arsenide or gallium nitride based devices and things like that.
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MO-CVD System

» The reagents are injected into the reactor
chamber through separate orifices in a water-
cooled showerhead injector, to create a very
uniform distribution of reagent gases.

» A homogeneous gas phase is achieved at a
distance of 5 mm below the showerhead

» The very fine mesh of injection tubes (~100/
square inch) ensure ideal growth conditions
and growth thickness uniformity right across
the susceptor.

»  Unifarmity of layer thickness
= Uniformity of alloy compasition
» Abruptness of Interface

» Reproducibility of product Y

» New processes can be quickly optimised

» Substrates are placed on top of a rotating
susceptor, which is resistively heated.

WHHpe/ /uww thomasswan co uk//ccs _reactor him
In a typical MO-CVD system variously reagents are injected into this chamber and just like in
any other CVD scheme you know we make the chemical reaction to happen, and we also do
some kind of rotations and things like that, so that you know a uniformity and good control of
the film deposition can be obtained by this approach.
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Deposition of Metals by CVD

Reactants Conditions
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As you could see from the list here many metallic films can be formed based on their organic

precursors that are used in this CVD systems.
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Molecular Beam Epitaxy

» Enable deposition of single crystal films.

» Also used for the deposition of some types of organic semiconductors, In this case,
molecules, rather than atoms, are evaporated and deposited onto the wafer,
» Key features =

» Low Deposition Rate

» Better vacuum

» Higher substrate temperature

» Directed atomic beams (Effusion cell)

Then one more you know although not very much used in the context of microsystems per say,
but even higher control of film characteristics can be obtained by an approach called Molecular
beam epitaxy, where you know which is also a very low deposition scheme and as you could see
from here a highly complex kind of a system used quite for this purpose as well.
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Typical electroplating system

+ Chemical changes occur due to
the flow of electric current
through an electrolyte
-Electrolysis.

» Deposition of any substance on
an electrode as a consequencecofi conector
electrolysis is called electro 1 | i
deposition. ‘|‘ Eloctrolyle solulion

+» Governed by Faraday's laws.

DC vollage source

Conlamer

Waler o

Countar alactrode

» Magnitude of the chemical change
occuring is proportional to the
electricity passed.

Waler halder

» Masses of different species
deposited at or dissolved form the
electrodes by the same quantity of
electricity are proportional to their
chemical equivalent weights, -

=2

Changing gears one of the simplest approaches and probably the most widely known approaches
is based on electroplating, sure you would have heard about this in various other context, what

you would require is an electrolyte bar in which you apply a potential between the cathode and



anode and there is this deposition can be resulted in onto the wafer by process known as

electrolysis.

It could be used again for a wide range of materials and this process is governed by Faraday’s
laws and which essentially it would convey that the magnitude of the chemical change is
proportional to the current that is pass through this. And the masses of different species deposited
you know is based on the electricity that is provided into this scheme.
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Spin casting

» Casting is a simple technology which can be used for a variety of
materials (mostly polymers).

» The control on film thickness depends on exact conditions, but can be
sustained within +/-10% in a wide range. While using photolithography,
casting is invariably used.

» Varying thickness; few nm — hundreds of microns
» Used for Photoresists,
» Photoresist

> Polyimide
» SU8: Epoxy based, can farm layers up to 100 um
Syringe .
4:‘. 4
4
« Material to be deposited Uniform layer of material
P — anpnd
- Wafer

Vacuum chuck

BEFORE SPINNING AFTER SPINNING

Another simple scheme is based on spin-casting or spin-coating, this is typically used for
polymeric materials including photoresist, what we have here is wafer on a vacuum chuck which
would be rotated and what we do 1s we pour a few drops of the materials to be deposited and
then spin this at several thousand RPM under control after holding it with vacuum. So when you
are spinning the droplets would be spread into a thin film based on the centrifugal force and the

surface tension and the rate of RPM are control basically to obtain various thickness films.

And reasonably good uniformity of thickness can be obtained a quick rate by this approach, there
could be minor variation in the thickness though. And typically used for polymeric materials
such as photoresists, polyimide and even SU8 which is incidentally a very common material
becoming a very common material in the for microsystems applications.
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Polymeric Materials

» Photoresists ia oy B il S ¢

» Polyimide uili‘] 71:': I\iIIJ |I7 :
» PMMA C T 1
, SU8

» for wide range of thickness

» Thick resist [

> Structural material in microsystem

An array of Cylinders
l?‘\ig

Micropillar Arrays

Wide range of applications

Microelectronics - coils, capacitors etc
Micromechanics - sensors, prototyping etc.
Microfluidics- biochips, micropumps etc

Packaging - microconnectors, Chip Scale packaging, ete

Magnetics, Others like Flat panel displays, microoptics etc Mty Aneheras Srastures
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So let us look at some of the polymeric materials that are typically used. Photoresist is a resist
material and as you will see soon in another lecture, this is required for the pattern transfer in
most instances. Polyimide and PMMA polymethyl methacrylate are very common materials
plastic materials, polymeric materials used in various microsystem applications. As I mentioned
SUS is fast becoming a another popular polymeric materials which can have a wide range of

thickness.

So when you need a thick resist materials for some reason one can use SU8 and it can also be
used as a structural material, it is a polymeric material and the bonding between these different
polymeric chains are so strong and hence it has a wide range of applications in microelectronics,
micromechanics, microfluidics and even to some extent you know some kind of packaging can
be done using this method, in the facility that is here have done a wide range of structures for
microsystems using SU8 materials and as you could see from the images here.
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Parameters in Film Quality

» Film composition

» Grain size

» Thickness

»  Uniformity

» Step- coverage

» Adhesion

» Corrosion resistance

Let us look at you know how one can determine the quality of the film because it is essential in
you know repeating reducing materials and devices and things like that. Composition of the film
is obviously important because you know that determine all the other characteristics with. The
grain size is also important because that as you seen in the case of polysilicon that decides the

overall you know characteristics including the electrical characteristics of the film material.

Thickness can be controlled but yet you know the thickness that can be formed, as well as the
uniformity of the thickness that can be you know of the film that can be realized obviously
important in realizing the devices. In the context of deposition of films another important
parameter is the step-coverage this happens when you are depositing a thin film onto a geometry

that is already formed.

And see for example you have a wafer in which some kind of you know structure is formed
which has step variation pre-existing, so in this case when we transport materials from a source
on to this surface typically a line of site role is valid there, and hence the vertical edges of the

structures may not get coated in most of the approaches.

So there are you know approaches such as rotating the wafer holder or you know only to use
non-line of site approaches for depositing films when a continuous average over stepped

geometries are required. Adhesion is obviously critical in retaining structures attached on to the



surface of the wafer. It is also important that you know the materials that we would chose are
corrosion resistance, so that the performance retained over a period of time.
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Film surface Characterization at CEN/IISc
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The film characteristic that I have mentioned are evaluated using various instruments that are
shown here. The thickness as well as the uniformity of the thickness can be evaluated using a
surface profiler, what you see here is a contact type surface profiler, where there is a scribe which
would actually move and its position is recorded, and based on deposition of this tip of the scribe

one can determine the height of the surface of the film.

There are several optical methods in which a film thickness can be measured, there are electrical
techniques in which the film conductivity and other characteristics can be evaluated, there are
methods based on probe stations for measuring various other electrical characteristics for
example junction FET, the capacitance and things or quantities like that could be measured by
using accurately position probes on to the devices that are formed on the wafers.
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Thin films used in MEMS

» Thermal silicon dioxide
» Dielectric layers

» polymeric Role of Thin films
» ceramic Structural
» sillcon-compound Sacrificial
» [Polycrystalline silicon Dlelgcfnc
» DON-SI Semiconductor
. (epi-layers)
Metal films Conductor

» predominantly aluminum [

» Active Materials
» Ferroelectrics

» Plezoelectrics

» Usually thin film materials may have multiple functions

Let us also look at you know the typical thin films that are used in the context of microsystems,
as we have seen in the beginning thermal oxides of silicon is a important component in this
context. There are various dielectric materials other than silicon compounds that could be used in

microsystems and this includes polymeric materials some of those I have already discussed.

For also several ceramic materials and as you have seen this could be deposited using techniques
such as the RF sputtering, because these are typically non-conducting materials and also the PLD
kind of techniques. And we have seen various chemical deposition schemes for the deposition of
silicon compounds. And as I mentioned polycrystalline silicon is another important material in

the context of microsystems.

We also would require metallic films all the polysilicon is conducting in many cases that is the
conductivity is probably not sufficient, and we would need to look at metallic films and you
know various materials including aluminium are used in this context. In the context of smart
microsystems we also come across various smart materials typically and they are also called

active materials this includes ferroelectrics and piezoelectrics.

These have very interesting characteristics and could be used in several sensors and actuators,
once again these are essentially ceramic materials and the same methods that we discussed here

which are sputtering or laser based techniques could be used for their deposition as well. And as



you have seen previously these thin films can have multiple functions. You know for example the
very common example is the case of polysilicon which could be used as a structural material and

also used as a contact material.

So the roles of these thin films multifaceted and you know for various purposes these materials
are used in the context of MEMS and microsystems.
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Selection of Materials for Microsystems

» Mechanical properties
» Elasticity (Young's Modulus)
» Chemical and electrochemical properties
» Bio-compatibility issues
» Electrical characteristiés
» Conductivity
» Mability
» Thermal properties
» Heat conductivity,
» Expansion coeff.

» Processing issues
» feasibility

» Optical properties
» Roughness, crystalline
Now we can also look at how these materials are chosen for various applications in
microsystems especially in the context of microstructures one would want to primarily look at
the mechanical properties, the elasticity, the Young’s modulus of the material, and as I mentioned
that depends on the material per say as well as how it is deposited. The chemical and

electrochemical properties of various materials are relevant.

Bio-compatibility issues have to be looked at you know whether these if you are building let us
say system on chip or bio-reactors you know this becomes very critical. Electrical characteristics
especially for semiconducting materials one need to look at the mobility and the doping level
which would essentially result in the conductivity. Then thermal properties such as the heat

conductivity, the expansion coefficient are very critical.



Especially when we have multiple layers of thin films having different materials their expansion
coefficient have to be looked at very carefully, so that you know there is no thermal stress
between the various layers of films that are formed on the surface. Another critical issue when
we are selecting materials is the feasibility of various processing capabilities that are available
you know and how we can deposit and pattern these materials and whether the requiring

microstructures are available using it.

In optical properties are also important because that plays a major role in determining in many of
the other characteristics of the film.
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Commonly used Metals
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» Aluminum
» Basic electrical interconnections (common and easy to deposit)

» Non-corrosive environment only
» T<300°C (melting temperature = 7 )
» Good light reflector (visible light)

» Gold/ titanium/tungsten
» Better for higher temperature

» Harsher environments

» Gold is good light reflector in the IR

» Platinum and palladium

» Stable for electrochemistry ﬁ

Commonly used metals include Aluminium, Gold along with some other layer below that, there
also Platinum and Palladium which are used in several contexts.
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Silicon-based Films

—_—— e
» SN,

» Canbe LPCVD deposited by an Intermediate-temperature process or a low-temperature
PECVD process

» Key Properties
» low density
high temperature strength
superior thermal shock resistance
excellent wear resistance
good fracture toughness
mechanical fatigue and creep resistance
good oxidation resistance

» Key Applications

» Etch mask

» Gate insulator

» Thermal insulator

» Chemical resistant coating etc.

» Polysilicor,

» Alow-pressure reactor, operated at a temperature of between 600°C ai C.isusedto
deposit polysilicon by pyrolizing silane
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There are several silicon based materials that I have talked to you about for various applications
including you know the insulator and as a coating, but more importantly in many cases as an etch
mask I will come back and discuss about the use of silicon nitride as an etch mask, when you talk
about etching of a silicon wafers. Polysilicon as I mentioned is another important silicon based
methods.
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Various forms of SiO,

» Si0; - Silica

» Fused silica is a purer version of Fused quartz

» Made from various Silicon gasses.

» 17 crystaline phases
» Quartz

» single crystal material, low impurity concentration

» Fused quartz is the amorphous form of quartz,

» Fused quartz Is made from natural crystalline quartz, usually quartz sand that has been mined
» Glass

»  Amarphous salid

» Usually has impurities,

» Low melting temperature

Borosilicate glass

» An"Engineered” glass developed specifically for laboratories and heating applica

» Some commaon names are Pyrex™ by Comning, and Duran™ by Schott Glass. Y.

» Dominant component is SIO2

¢\

» Boron and various other elements added

There also several forms of silicon dioxide which are used in microsystems, silicon dioxide can
be used as you know as a thin film, it is also used as a substrate material in various context for
microsystems. And various silicon dioxide is also the constituent of glass and various forms of

glass are also used in microsystems. So what we have seen in this lecture today is a several set of



schemes with which thin films could be deposited and you know a list of thin film materials that

could be used in microsystems.

So I hope this could be useful and I would like to stop here and we will discuss about various

patterning techniques in subsequent lectures. Thank you.



