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Tell us about yourself!

* Name
 Something interesting you learned recently, or something you want
to learn about!

rathergbod.com

The Axolotl Song:
https://www.youtube.com/watch?v=MxA0QVGVEJw
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https://www.youtube.com/watch?v=MxA0QVGVEJw

How do we get from here...




...to here?
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Essential Steps of Microelectronic Fabrication

B whh e

Deposition/growth of material — =
Patterning of material o

Removal (etching) of material S0, selestivly ctched
“Doping” of material rall
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Example Process

T q' r_ L} L
Week 2: Field Oxidation - 5200 A Week 5: Poly-Si Deposition

Polysilicon

Week 3: Active Area Photolithography Week 6: Gate Photolithography
Field Oxide Gate ~
: Active Area

Week 6: Clear Source and Drain
Week 4: Gate Oxidation - 800 A

. Source / Drain Regions
Gate Oxide ~ ;
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Example Process (cont.)

Week 7a: Source-Drain Deposition (N+)  Week 8: Contact-Hole Cut (Mask #3 - CONT)

Contact Holes

\

Spin-On Glass :

Week 9: Metallization
Aluminum ~

Week 7b: Spin-on Glass Strip

Week 10: Metal Definition

Week 7b: Drive-In Oxidation Metal Definition
Intermediate Oxide

1200 28
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Introduction to Materials

* Conductors
e Low resistivity (10—6 <p< ]_0_5 0 cm) Monocrystalline Polycrystalline Amorphous
* Example: metals

* Insulators
* High resistivity (10 < p < 101> Q cm)
* Example: SiO, (“oxide”), SizN, (“nitride”)
* Semiconductors
* Somewhere in between conductors and insulators
* Typically crystalline, although using polycrystalline and amorphous semiconductors in
devices in an ongoing area of research!
* Q: Why do you think people are trying to do this?
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Semiconductors and the Periodic Table

1 2 3t 4 5 6 7 8 9 10 11 12¢ 13 14 15 18 17 18
+ I 2
H He
, [l 4 10
Li | Be Ne
3 11 12 18
Na | Mg Ar
4 19 | 20 | 21 D2 | 23 | 24 | 25 | 26 | 27 | 2B 36
K| Ca| Sc Ti V | Cr | Mn| Fe | Co | Ni Kr
5 a7 | 38 | 39 40 | M1 42 | 43 | 44 | 45 | 46 54
Rb| Sr | Y Zr |Nb (Mo | Tc | Ru | BRh | Pd Xe
5 55 | 56 | 57 £8-71 72 | 73| 74 | 75 | 76 | 77 | 78 86
Cs | Ba| La Hf | Ta| W | Re | Os | Ir | Pt Rn
7 87 | 88 | 89 90-103 104 | 105 | 106 | 107 | 108 | 109 | 110 | 111 | 112 | 113 | 114 | 115 | 116 | 117 | 118
Fr | Ra | Ac Rf |Db | Sg |Bh | Hs | Mt [ Ds | Rg [ Cn |Nh | FI | Mc | Lv | Ts | Og

 Elemental: C, Si, Ge

* Binary: SiC, GaAs, InP
* Ternary: AlGaAs, InGaAs

Notice any trends?
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Silicon Crystal Structure

e “Diamond cubic” lattice structure
* Each atom has 4 nearest neighbors

Lattice constant (a) = 0.543 nm




Silicon Bond Model Silicon

Atoms
Covalent - @.@.@ -
bond

\
If this was how silicon
looked, would it conduct? _, _ ;
Valence @ @ @
electrons O‘. .
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Bond Model of Electrons and Holes

* When an electron breaks away from the bond and becomes a conduction
electron, a hole is also formed.

. D1 ¢ D1 . 1 . . 91 . S1 . S1 .

oo .wg oo . oo
© Si :Si:Si: :Siﬁ:Si:
oo oo oo e oo .
©Si :Si:Si: :SitSi:Si:




Holes

* Aho
bonc

* For the most part, we can treat it as a positively charged particle in a
semiconductor, as real as an electron.

e is a mobile positive charge associated with a half-filled covalent

Water moving down

Air moving up



Doping

* Conduction electron concentration: n [cm3]

* Conduction hole concentration: p [cm3]
* Intrinsic carrier concentration: n;
* Without doping, n=p=n;

* With doping, we can change the electron or hole concentration!

e.g. Arsenic in Silicon,
an electron donor

S1

S1

S1

S1

S1

Sj(.

S1

S1

S1

S1

e.g. Boron in Silicon,
an electron acceptor
(adds a hole)
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Why do we want doping?

“pn junction” forms basis
of many modern devices!

Space

s miEutral regian
T T |
T T
[} ]

£l
= 5

¥y p-doped 4 n-doped
°g :
£= -
E C

-
-— I
E-fhaid
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ —_— i i

LED

Solar Cell




Why do we want doping?

++ +
p

Source Gate Drain
E icn | electrons ic C
o T

. noles TT\ ‘fecombination ©
B
| 1
MOSFET BJT
Metal Oxide Semiconductor Bipolar Junction Transistor

Field Effect Transistor




Photolithography

* Greek: phos (light) + lithos (stone) + graphein (to write)
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(1) Starting wafer with layer
to be patterned

Photolithography Process

(2) Coat with photoresist

]

|

YYY YYYY YYY

mE = I m = u

(4) Expose resist by shining

(3) Bake the resist to set its
dissolution properties

Developer

light through a

—
B I

photomask

_
n

Etchant

Dehydration bake

¥

Adhesion promoter application

¥

Resist application

¥

Softbake

¥

Exposure

¥

Post exposure bake*

¥

Develop cycle

¥

Hardbake

¥

(5) Immerse exposed wafer
in developer

Based on EE143 slides from A. Javey

(6) Etch the film

Resist stabilization*

*Optional steps
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Why are cIeanrooms yeIIow/orange?
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New MIT Nano cleanroom




Photomasks

What is drawn in
CAD design gets
exposed to light

L

Dark Field Mask

What is drawn in
CAD design
blocks light

L~

Clear Field Mask
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Substrate W

Photoresist—Two Types l

(1) Apply photoresist l
* Negative Resist | Photoresis }
* Polymer (molecular weight ~65000) ( Substrate )
e Light sensitive additive promotes l
crosslinking between chains when ) Expose o lght
activated: “strengthens resist” (oask )| | (Mask ) | | ofask ]
* Positive Resist [ | Photoresist. J
* Polymer (MW~5000) | Substrate |
* Light sensitive additive (“dissolution | I
(3) Apply developer

inhibitor”) gets deactivated when
exposed to light: “weakens resist” I 1

Positive Photoresist Negative Photoresist
[ Photoresist] J N \
[ Substrate } [ Substrate }




Pros/Cons of Positive/Negative Resists

* Negative Resist
* More sensitive to light (less exposure dose needed to completely remove the film)
* More resistant to chemicals—better as a chemical mask when etching
* Cheaper
* BUT, lower resolution (why?)
* Positive Resist
* Higher resolution
* BUT, less sensitive = lower throughput
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Printing Techniques

e Contact: Directly place mask on photoresist, 1:1 magnification
* Proximity: Slightly separate mask from photoresist, 1:1 magnification

* Projection: Use optics to project the mask pattern onto the resist, reduces
the size of the image

Light
Source

Optical

System

Mask

Photoresist [

Si Wafer

1:1 Exposure Systems

Contact Printing

Gap

Proximity Printing

Usually 4X or 5X

Reduction

A
=

Projection Printing

18100 28|



Contact Printing

e Resolution < 0.5 um

* Cheap
* But mask accumulates junk and

gets damaged, limiting mask reusal

Light

Source

Optical

System

Mask
Photoresist
Si Wafer

[
e

Contact Printing




Proximity Printing

A

* Resolution ~ /Ag

* A:wavelength
* g:gap (~tens of microns)
* Limited by diffraction of light Gap

* Mask damage reduced

Proximity Printing
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Projection Printing

* Resolution can getto ~0.2 um
with UV light

* Expensive (the ASML EUV tool
shown earlier is >S100M dollars!!!)

Projection Printing




Resolution (Proximity Printing)

. |
* Resolution: R = klﬁ

* 0.25<ky{<1,NA =nsin(0)
* Numerical aperture NA: measure of the angles
over which the system can accept light
* How to improve resolution?
 Lower wavelength light: optics are hard!
* Increase NA: increase the refractive index n!
Use “immersion lithography” where a liquid
is placed between the optics and the wafer.
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Electron Beam (e-beam) Lithography

electron beam
B source
1#* condense FEHS*
12.3
® . _— —,——
beam I:nlanker—l I P Ro il Small electron Wavelength. /1 \/V

* Visvoltage applied (usually tens of kV)
« NA~0.002 = 0.005

aperture e R~1mnm
i — denacioe « But slow throughput ®

2nd condense lens

final condense lens




Thermal Oxidation

Why SiO,?

* Native oxide on silicon (stable interface)

* Greatinsulator: p > 10%°Q cm

* High breakdown threshold: E > 10 MV /cm

 Conformal growth on silicon

* Good diffusion/implant mask

* Good etching selectivity between Si and SiO, .
(to be discussed in the etching section!)




Thermal Oxidation Kinetics

Oxidant F, : F, : F,
: flow :
Wafers Heating coils Cabinet Gas | Oxide : Substrate
/ - (Surface reaction) . (Diffusion) 1 (Chemical reaction)
O : :
Quartz tube _g .
a >
Gases inlet \ g
o]
N 3
o
: ,—“ | :
g
S
| :
= S -]
£ 5
/ § " )
g o' o -
N, 0O Quartz boat Loading station O « °
2
o)
%

Distance




Wet and Dry Oxidation

* Dry:Si+ 0O, =2 SiO,
* Slow growth (~3 hours to grow 200 nm of oxide at 1100°C!)
* Higher quality oxide, usually what is used for making electronic
devices
* Wet: Si + 2H,0 = SiO,+2H,
* Fast growth (~3 hours to grow 1 um of oxide at 1100°C)
* Lower quality than dry oxide (less dense, more dangling bonds), so
usually used as a general “field” oxide to electrically isolate adjacent

devices
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Improving Oxide Quality

* Undesired charge leads to unexpected

electronic characteristics

* Metal contaminants =2 mobile ions
* Fast growth = SiO, instead of SiO,

e Solutions:

* Include some HCl in the gas to react with
the mobile ions (e.g. Na*+ ClI-—=> NacCl)

 When cooling down, use inert gas (Argon
or Nitrogen) so no added unwanted
oxidation

* Anneal at ~450°C at end in “forming gas”
(10%H,+90%N,) so hydrogen passivates
dangling bonds

@ Mobile ionic
charge (Q, )

Oxide trapped

Qcharge (Q,) Fixed oxide
o+ o+t charge (Q,)

R

/

Interface trapped
charge (Q,)

Si0

Si0

Si

18100 28|




Thin Film Deposition

Chemical Vapor Deposition Physical Vapor Deposition

* Sputtering

Substrate and Glm growth

* Low Pressure CVD

Spmrr::m i ] l_
* Plasma-enhanced CVD G ="
* Atomic Layer Deposition oogi“\ T /
Art 00000
_-L_ = Sputtering Target

* Evaporatio

1200 28

Cho, J., et al. Advanced Functional Materials 30.6 (2020).




CVD Kinetics
j:j:> reactant /7 L

@ (5 stagnant
t gas layer
surface |
diffusio I
@ 3 0 I
e Silicon Nitride
substrate 3SiH, + NH, = Si;N, + 12H,
1 = Diffusion of reactant to surface * Polysilicon
2 = Absorption of reactant to surface SiH, = Si + 2H, (600 °C)
3= Chemica.l reaction Note: deposition of single crystalline
4 = Desorption of gas by-products films generally requires “lattice-
5 = Outdiffusion of by-product gas matched substrates” and high
temperatures.

Based on EE143 slides from A. Javey



Low-Pressure Chemical Vapor Deposition (LPCVD)

* Pressure ~¥100 mTorr, Temperature ~700-900°C
* Atmospheric pressure is 760 Torr

* Conformal deposition!
* Deposition rate: ~few nm/minute

t

o



Plasma-Enhanced Chemical Vapor Deposition (PECVD)

* Temperature ~200-400°C

* Plasma (low pressure gas with ions + free electrons) provides extra
energy to lower the process temperature!
e Deposition rate ~10-100 nm/minute

e Lower film quality
Gases
l Rl
Showerhead (Cathode)

0000000000000

Plazma

Sample-—
Chuck/Susceptor(Ancde) |

i




Physical Vapor Deposition—Evaporation

* Material is heated inside a vacuum chamber until it evaporates
 The molecules travel to the target substrate and form a film

* Pressure < 10> Torr

H%—‘ Uniformity
Geometry
Substrate Holder 5 fgﬂﬁ%g;{%‘ / L-OF Substrate Holder —
XIU Deposition Ay e : Geomeltry XIU Daposition Tl
I:.ﬂunn'rlnr ﬁ% e Monitor ===
" | by g
Evapml::g_;__b ‘\J l J Evaporation L
Thermal Filament : 1‘:[ -4 Source Shutte:
Source Matenal — | e f e .

18150 B8
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Physical Vapor Deposition—Sputtering

e Plasma (usually Argon) bombards a source, knocking off atoms which travel to the
substrate and get deposited
* Pressure ~1-10 mTorr

SUBSTRATE

FILM
GROWTH




Physical Vapor Deposition—Summary

Usually used for depositing metals, although some insulators and semiconductors can be

deposited as well.

Issue: step coverage (“line of sight” process)
e Rotate the substrate (“planetary stage”)
* Heat the substrate

In general, sputtering gives better control
over the composition, and has better
lateral thickness uniformity.

e But the setup is quite complex.

|

B @

Low adatom mobility and
nonrotated

Step Coverage

\/

Heated and rotated

J
m
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First Process Integration Question!

How would you make these structures?




1.
2.
3
4

First Process Integration Question!

How would you make these structures?

50 nm SiO,: dry oxidation

500 nm SiO,: wet oxidation

Silicon on Insulator (SOI) wafer: “Smart Cut”

Start with 2 wafers

Thermal oxidation of wafer 1

lon implant hydrogen below the thermal oxide

“Wafer bonding”: flip wafer 1 and place on wafer 2. Anneal to bond the wafers
together.

“Bubble formation”: low temperature anneal causes hydrogen gas bubbles,
weakening the layer

Split the wafers and polish the rough surface.

\

S
@
C

¢ Surface Oxidation

(—I

H Implant

by

Flip and bond to
handle wafer

<

Bubble formation

‘:l}_‘l

CMP and cut

<«

<

SOl Wafter

13 o



Etching Figures of Merit

* Etch Rate
e Uniformity
e Selectivity

* How well does the method etch material 1 while not etching material 27

* Anistropy

* Does the method etch in all directions, or only in one direction, or somewhere in

anisotropic etching

between?

isotropic etching

mask ]l/ll&] mask [ll-[i
functional functional
material material
| I
| I
| [

IJndEr‘Et‘.’:hil‘lgH

18100 28|



Wet Etching Kinetics

j::j:> reactant
® ©),

\ etch reaction byproducts

2

substrate
* Wet etching usually done with an acid
» Etch rate determined by temperature, concentration and the material/chemical
choice

18100 28|




Wet Etching Summary

 Examples:

* SiO, + 6HF = H,SiF,+ 2H,0

* Aluminum etchant: phosphoric acid (etch aluminum oxide) + acetic acid +

nitric acid (oxidant) + water (at ~30°C)

* Pros:

* High selective, e.g. HF and SiO, vs Si

e Straightforward
* Cons:

* |sotropic*

* Hard to control exactly

e Particulate contamination

18100 28|



e il E'H""fia Enhance chemical reaction!

| -

=1 %
i it

r ' rl-'. .-. 4

" L . ul

Reactive lon Etching (RIE)
I L

R 71 d

Plasma generates (1) ions (2) Activated neutrals

—— gas flow
diffusion of diffusion of by product
 reactant desorption
O & o
I \chemical
adsorption reaction ____gaseous by products

Substrate

103 150; B8



Deep Reactive lon Etching (DRIE)

* Similar to RIE, but special gas chemistry forms a
polymer (“sidewall inhibitor”) on the sidewalls as the
trench is being etched

* This protective polymer prevents undercutting,
enabling the formation of very deep and narrow I N
structures " 52 o7 o %

e Dry etching is generally anisotropic!

AccV SpotMagn WD |——] Sum
500KV 3.0 5000x 21.8 mhp closed 08 100 5



|On Implantation * lons are accelerated into

the target wafer

+_“t$75 - * Because of material
Neutral beam trap damage, need to anneal
R R R and beam gate Beam trap afterward to “heal” the
ﬁmﬁ Neutral beam wafer and let defects move
Resolving aperture I into place
® P | —— = . [ntegrator * Pros:
' i 0 e Canimplant almost
analyzing @ \ anything
magnet ~ Focus /' G e Precise dose and depth
] Acceleration .
tube y-axis v control
(Dlon |- scanner ()~ ¥-axis
ource H5 KV scanner e Room temperature process
Wafer in process chamber ¢  Cons:

e Expensive
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Diffusion Doping

(1) Pre-deposition

(2) Drive-in
dopant gas
Sio, | Sio, >0 —si0; —
= ~~ Doped Si region % ~

18100 28|

Based on EE143 slides from A. Javey




Second Process Integration Question!

How would you make this structure?

Aluminum

P+ dopecC




Second Process Integration Question!

How would you make this structure?

1. Oxidation
Polysilicon CVD
3. lonimplant, e.g. boron

a. deposit ion implant mask, e.g. a photoresist

b. photolithography to open up hole

c. implant

d. anneal
Silicon Nitride CVD

Photolithography and RIE etch nitride to open hole
Sputter Aluminum

Photolithography and etch Aluminum AFM cantilever made with
Photolithography and etch nitride and poly similar backside processing
. Flip the wafer. Wet oxidation of the back.
10 RIE down to open up the hole. g

N

© o~ U



MOSFET Transistors

Source (8) Gate (G) Drain (D)

Oxide (5i02)
Oxide (810;) (thickness =1}
Source
region

Channel
region

i

p-lype substrate

p-type substrate

{Body) (Body)
Channel
region
Body
Drain region (B)
(a) {b)

18150 B8




4+
i (small)

MOSFET as a Switch

* Diagram to the right is that of a
“NMOS”: when turned “on”, the
current is carried by electrons Dbt o-chimins)

* A“PMOS” would be the opposite:
current carried by holes

* When the gate voltage applied is
higher than some threshold voltage,
“inversion” in the channel occurs and
current can flow!

p-type substrate

e 108 100 18
I r{J‘. y



Third Process Integration Question!
How would you make a simple PMOS?

For reference, here is a picture of the NMOS
from earlier (ignore the body electrode)

Source (5) Gate (G) Diraun (D)

Oxide (Si02)

{thickness =r_}

Channel
region

= ol
i L >
p-lype substrate

{Body)

1

Body
iB)

ib)

1025 180 {68)

\ 4
A=



Example Process Flow Revisited

Week 3: Poly-Si Deposition

Week 2: Field Oxidation - 5200 A

Week 3: Active Area Photolithography wWeek 6: Gate Photolithography

Field Oxide Gate
' Active Area -

Week 6: Clear Source and Drain
Week 4: Gate Oxidation - 800 A

) Source / Drain Regions
Gate Oxide Y :

18100 28|
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Example Process Flow Revisted (cont.)

Week 7a: Source-Drain Deposition (N+)  Week 8: Contact-Hole Cut (Mask #3 - CONT)

Contact Holes

\

. Spin-On Glass

Week 9: Metallization
Aluminum ~

Week 7b: Spin-on Glass Strip

Week 10: Metal Definition

Week 7b: Drive-In Oxidation Metal Definition

Intermediate Oxide

18100 28|

Based on EE143 slides from A. Javey
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