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Semiconductor
Physics 101




®
Semiconductor Physics 101 ®
®.

Some things conduct electricity, some don't, and some kinda do.

e Electrons exist in different energy levels
e Higher energy levels are more suited for conduction

Bandgap: the difference in energy between the valence
band and the conduction band of a solid material

Nucleus
overlap

>

1st shell = 2 electrons

2nd shell = 8 electrons

Electron energy

\Srd shell = 18 electrons

metal semiconductor insulator 8
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Semiconductor Physics 101

Band Gap and Resistivity

Aluminum Sodium
2.7 uQecm 4.7 nQecm
Conductors

Hong Xiao. Ph.D.

[
E,=1leV

Silicon
~ 101 uQecm

Semiconductor

www2.austin.cc.tx.us/HongXiao/Boo

k.htm

(Also why glass is transparent)

Eg=86V

Silicon dioxide

> 10%° uQecm

Insulator

8

A

Silicon (1.1eV)
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The bandgap inherent in
semiconductors is the key to making
useful devices (i.e. solar cell.
Transistor, etc.)
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IV Curves

Large resistance Small resistance Diode
/ /V /U
<« » -« > >
Vv A vl | T | V

The electrical properties of semiconductors can
be engineered to have “useful nonlinearities”

10

Sam Zeloof, 2018




Doping and the PN Junction

e Doping - adding small amounts of impurity to semiconductor crystal
(Silicon) to modify electrical characteristics
e Hole - The absence of an electron (electron acceptor)

| €«—— nonmetals

<

13

Al

31

Ga

49 50

In Sn

81 82 83
Tl Pb Bi

<——— metals—>>1

—> |

N type dopant - Negative, extra
electrons (Phosphorus)

P type dopant - Positive, extra holes
(Boron)
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R RRRR—_D_EESSBESBEBECBTZ
Doping In Semiconductors

’ Phosphorus ‘ Boron

doped serpiconductor

‘ Silicon ® Electron

o0 00 o0 o0 .. .. o0 o0 o0 00 o0 ..
:8:8:8:8: : :8:8:8:8:
o 00 o0 o0 00 0O o0 o0
0:0:0:9: 0:0:0:0:
o0 00 00 o0 o0 00 060 o0
0:0:0:0: 0:0:0:0:
o0 00 00 o0 o0 00 060 o0
0:0:0:0: HEHSHEHTH
e o0 o0 o0 ® 00 o0 o o0 o0 o0 oo
Array of Si atoms n-type semiconductor p-type semiconductor

Doping increases conductivity, causes wave functions that describe electrons in valence and

conduction bands to overlap and lowers the band gap. Overall adds charge carries, either
electrons or holes. 12
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'he PN Junction '
e UNCtLIo S type ntype
Anode silicon silicon Cathode
O | O
space Anode | Cathode
. charge .
neutral region region neutral region
A holes
c electrons
2
©
=)
g3 p-doped n-doped
S8
=
©
(9]
.. =
X
"Diffusion force" on holes —:—» <—I_ "Diffusion force" on electrons
I I
I I
E-field force on holes — — E-field force on electrons
! : 13
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T
The PN Junction

Forward Direction

N-doped Si

P-doped Si

<

> <
I

Current Flow

0.7V

No External Voltage

No Current Flow

Reverse Direction

-g '(?)'{?}A@
- IR
19

Current — Voltage Characteristic curve

of a P-N junction

1000v

auoz uona|dag

el e . e - - -

Reverse Direction

<
\

Very little reverse Current Flow

3

0,7V

—— -

Voltage

Forward Direction
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P-type N-type

hole depletion region f electron

X = s .
2 e 0 ¥ +
. : E L4 .
anode - = - = + '+ e - cathode
St 7 ' \ : =
: | .
[} ' °
- B = + 4+ + +
1 1 ®
: . .
[} : ° A
""" : | .
7 - = 1 F + |+ + +
..... . ' .
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The PN Junction (cont.)

Not only can the PN junction rectify current, but it can also convert radiation
(light, X-rays, etc) to electrical current or electrical current to light.

Solar (Photovoltaic) cell:

O | >
- —  Solar Radiation
i \_\(Photon-light]

L.

Metallic
Conducting Strips

Photogeneration of charge carriers

"\ g ’ ’

L Y |\ = P
\ L o w—
Glass ',1 l‘\zi > o ¢
Lens ‘3,3 s

-ve Electrons

“p-type Silicon
Substrate Base

+ve Holes

Electron Flow

“N-type Silicon
““Depletion Layer

-
-

-

Approx.
0.58vVD(C

y
%o

PV Cell Symbol

LED (Light Emitting Diode):
Charge carrier recombination induced
electroluminescence

Bandgaps are
engineered to color

GaP - 2.3eV

Flat spot
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The Transistor

First IC-Jack Kilby, 1958 First planar transistor-Jean First IC with multiple
Hoerni, 1959 transistors- Robert Noyce,
1961
First Transistor, i
First !C, Intel’s 8080
1047 ltra ;s:tor, 5000 transistor, 1974
195

Fig. The number of transistors increasing between years 1958 to 1974 [4]
17
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The MOSFET

Metal Oxide Semiconductor Field Effect Transistor

COLLECTOR DRAIN PLATE
G
D TAB
S BASE GATE GRID
G = Gate D = Drain
S = Source TAB = Drain
EMITTER SOURCE CATHODE
Drain (D) Drain (D)
©
_V . BIPOLAR JEET VACUUM TUBE
A |
Gate(G) d e - Gate (G ' Figure 3-44.—Comparison of JFET, transistor, and vacuum tube symbols.
o O ! o o
N-channel P-channel 18
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MOSFET Operation

i N-Channel Enhancement Mode FET

Source (S) Gate (G) Drain (D)
O

Oxide (Si02)
(thickness = 1,,,)

Oxide (Si0s)

Source
region Channel

region

i i >

<

p-type substrate
(Body)

p-type substrate

(Body)
Channel I
region | ¥ [ / VesVmTV
o] = /

Body g % 6V

. . . — ]

Drain region (B) £ ya 1

< 3V

(a) (b) g saturation region av]

§ 3V

A positive voltage on the gate repels holes from the channel region and “inverts” it to f
N type so current can flow across the device ‘ s 1

Drain to sovrce voltage [V]

Sam Zeloof, 2018
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I RRRRRERRBR_EESBE==E
MOSFET Operation

Comparison of n- and p-type MOSFETs!”!

Famneter [ DMOSFET BMOSFET Enhancement Mode vs. Depletion Mode
Source/drain type n-type p-type
Chanas! type n-type p-type Enhancement Mode Depletion Mode
(MOS capacitor)
Polysilicon | n+ p+ 3 o 2
Gate type i
Metal ®m ~ Si conduction band | ¢, ~ Si valence band —lﬁl
T n
Well type p-type n-type /
a2e . No channel Channel
Positive (enhancement) | Negative (enhancement
Threshold voltage, Vi, : ( 7 ) g. ; ( ; ) when Vg =0 when Vg =0
Negative (depletion) Positive (depletion)
Band-bending ' Downwards Upwards Conduc?ion bfatwe'en source A gate voltage must be applvlied
; and drain regionsis enhanced to deplete the channel region
Inversion layer carriers Electrons Holes by applyinga gate voltage in order to turn off the transistor
Substrate type p-type n-type
Wikipedia

20
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From Transistors to ICs

Modern processors contain billions of transistors
Intel 4004 (1969-1970) - 1,800 transistors
Groups of transistors form logic gates

Feature/process size = gate length = 10um to 14nm and beyond

+V(]’)D 'V(;)l) *Vop e
g2
, l
== — ]
= =
A :
7 _ e Y-@D
A y
- L A4|
A—j Qy —
| — in—; -Y-AB
A —
—5 . —5
Q Sl
(a) (b) (c)

(a) NMOS logic circuit inverter, (b) NMOS logic two-input NOR
and
(c) NMOS logic two-input

ann ﬁi; 'l

}EA'L
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ur World
in Data

Moore’s Law — The number of transistors on integrated circuit chips (1971-2016)

! Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years.
o O re S aw This advancement is important as other aspects of technological progress — such as processing speed or the price of electronic products — are

strongly linked to Moore's law.

g IBM 213 Storage Controller.
10,000,000,000 18-core Xeon Hasweu»Es\\QSPARC il

Xbox One main SoC © 022rccxe Xeon Broadwell-E5
S 4

61-core Xeon Phi 8,1a-cove Xeon Ivy Bridge-EX

5,000,000,000 SLSEOER-8 S o \ :
8-core Xeon Nehalem-EX~. Apple A8X (tri-core ARM64 "mobile SoC")
Six:core Xeon 7400, 88 8 e Buoiort HEBUIRE core 7 Broadwell-u

UG-COre + ris Core i7 Broadwell-
Dual-core ltanum 2@y~ ¢ ‘Quad-core + GPU GT2 Core i7 Skylake K

1,000,000,000 Pentium D Pres!er\PO\NERG ° L4 ® °Ouad-core + GPU Core i7 Haswell
, ) ,

Ttanium 2 with, oSt o) Apple A7 (dual-core ARM64 “mobile SoC")
9 MB cache ore i7 (Qua
500,000,000 Itanium 2 Madison 6M€ R 2
Pentium D Smithfields, . Core 20u0 Conroe
Itanium 2 McKinleyy © RCell Core 2 Duo Wolfdale 3
Pentium 4 Prescott-2M@ @ @Core 2 Duo Allendale
Pentium 4 Cedar Mill

1}
The number of 100,000,000 e G
. . 50,000,000 Pentium 4 Willamette €y Qdo PBaan QAtom
transistors in a dense

Pentium Ill Tualatin
Pentium Il Mobile Dixon,

AMD K7 . @Pentium lll Goppermine. PARM Cortex-A9

AMD Kg-Ill
. . . 10,000,000 AMD K, Qpentiym Il Katmai
integrated circuit doubles 5.050.100 S P

Pentiumg, — AMD K5

approximately every two R

1,000,000 9.,

Transistor count

yea rs” 500,000 TgRRmae o
Intel 80386y Intel . €PARM 3
Motorola 68020 ¢ ® ’%OQDEC
100,000 e . . MultiTtan o
63004y STOMI
50,000 Qintel 80186
Intel 80864 € ntel 8088 o, QM2 e
B ST
Matorol
10,000  Tsiooo  Zilog Z8Q giorga Whe GSCE‘GN'\‘C%%
RCA 1802 € 65C02
5,000 | 8005, - I aoso” 20
IOS Technol
"y Meggge esr =T
1,000
PP PR L I TSI TP EF S E OG0
N N N I N N N S N N S S SIS S S S S )

Year of introduction
Data source: Wikipedia (https://en.wikipedia.org/wiki/Transistor_count)
The data visualization is available at OurWorldinData.org. There you find more visualizations and research on this topic. Licensed under CC-BY-SA by the author Max Roser.
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Semiconductor

Fabrication




Semiconductor Fabrication

IF (A+B) AND(C+D) OCCUR
OR
IF (A+B)AND(D+E) OCCUR

. Pattern i ng F AND G;HI\IJEDN(HH) IS
e Doping

e Layering

finished wafer

24
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Patterning - Photolithography

e Etymology - Ancient Greek (writing with light)
e Used to fabricate ICs and PCBs - Features from mm to nm
e Photoresist - A UV sensitive layer is applied to the wafer as a liquid and

, Tlvs—— ACTUAL
s SIZE

baked to form a solid layer AN

~-MASK

e Resist layer is exposed through a mask and developed to leave the
pattern on wafer surface, much like making prints in a darkroom 25
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Photolithography

Resist polarity:

Positive - exposed
areas are removed
during develop

Negative - exposed
areas remain during
develop

Chris A. Mack, Fundamental Principles of Optical Lithography, (c) 2007

Figure 1.11 Example of a
typical sequence of
lithographic processing
steps, illustrated for a
positive resist.

I Prepare Wafer

Coat with Photoresist

Prebake

AREAEEERER

Align and Expose

Post-Exposure Bake

Develop

Etch, Implant, etc.

Strip Resist

26
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B
Photolithography - Example Process

=

OO NSO HWNDN L

Dehydration bake - 10 min @ 160°C

Optional spin HMDS

Spin AZ 4210 (5510) resist 30 sec @ 3500 rpm ~3.5um (0.9um) film
Soft bake resist 1 (1) min @ 105°C hotplate

Expose 200mJ (115mJ) @ 365nm

(If using 5510, post bake 105°C hotplate 1 min)

Develop 1.3 400k KOH:H20 (RD6 2.8% TMAH) puddle 40 (60) sec
Water rinse (no solvent)

Hard bake 5 min @ 115 C hotplate

Etch - HF 20 min or until surface hydrophobic @ 35°C

Water rinse

Resist strip - Acetone or O2 plasma

Acetone then IPA then water rinse
27
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Photolithography (cont.)

Hydrophilic Silicon Wafer Spin Coater (PC fan)

28
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Photolithography (cont.)

Thin Film Interference

29
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Photolithography (cont.)
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Photolithography (cont.)

I Ultraviolet Light Source |

| Silicon Wafer coated with Photoresist |

Traditional Mask Lithography Projection Maskless Lithography 31
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Maskless Photolithography

V2 - deep submicron
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Maskless Photolithography (cont.)

L
S

Sam Zeloof, 2018
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e EEE——
Doping

e Diffusion - high temperatures > 900°C drive dopant atoms into Si lattice
o Spin on dopant
m Phosphoric acid (N)
m Boric acid (P)
o Solid source - BN, elemental Phosphorus
o Gas source - Phosphine, Diborane

e |on implantation - dopant gas is ionized and accelerated into Si wafer at

high velocity
o 2g5keV - 1MeV
o Hazardous gases and high voltage required
o Precise dopant concentration and depth control
o Gate threshold voltage tuning

34
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Doping Methods Comparison

Diffusion furnace lon implanter
35

Sam Zeloof, 2018



Doping Methods Comparison (cont.)

Doping Profiles

Mask
/

=TI~ ‘
I .22 1 I— =

S ERaaibC
At e L 7]

36
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Boric Acid Solution Synthesis

e Small percentage Boric by weight (ug) in solvent is required
e Precision scales are expensive

37
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Boric Acid Solution Synthesis (cont.)

JT EATON, O I I

BORIC ACID

i PALMETTO BUGS, ANTS, SILVIRRSK
ORLESS, NOW-STAINING, NON-FLAMMARY
R USE . - .

- |

ne

¥

" ( . 5
e,

d
L
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Phosphoric Acid Solution Synthesis
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Layering - Thermal Oxidation

e Silicon Dioxide (SiO2, sand/quartz k=3.9) is dielectric that convenlently
grows on Silicon
o Native oxide ~25A

o Field oxide >5000A | [ e
o Gate oxide <<250A | orgon
e Removed with HF (Hydrofluoric) conane sounir sosit
e Grown in tube furnace >1000°C (s) Bofors 810 growth (b) Atter 8I0, growth

o Dry oxidation - Ambient or O2 gas
m Better film, less holes, slower (O2 diffusion)

o Wet oxidation - water vapor
m  Worse film, much faster (H20 -> OH diffusion)

Fig. 1.4 Thermal Oxidation

Si0x-thickness (um)

40

4 <
S e 240 o teoo vaer e4bi weo
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Thermal Oxidation




I RRRRRERRBR_EESBE==E
Oxide Etch - Hydrofluoric Acid

ELIMINATES
Ml STAINS!

ml’ﬂf

:MF'
gEﬂ“w p,-r i 7 E—
‘... cin f ‘ ,

42
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Oxide as Dopant Mask

Dopant Dopant

Note:
opant below oxide

silicon ) silicon
Ideal Case Actual case
Diffusion in one direction Lateral Diffusion

Thick oxide layers defined by photolithography are used to selectively
dope regions of the device

44
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() swssns GRAPHICS PLOT #sssxs® [mxin ]

PN Junction Fabrication =

Si0,

Layeron wafer

- b Fhoto resist

Si0,

Selectivearea doping

Masking-lithography

Si0,

metal

SiOz

Metalcontacts
Etching

45
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FET Fabrication

Sow A

L NMOS FET Constrvchan , G909 Pispe winken:
!f: P-igpe Qo z Eg?i

| Bl

| o Ehe

| P
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FET Fabrication (cont.)

Characteristics due to dopant segregation

and mobile ionic contaminants Fabricated with vinyl mask 47
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Layering - Metalization

Modern ICs can have 8+ metal layers!

,_;ijw

L_
,llliiillllm*

JHLLZZLL
Jlll]!llll
ERARRRRRREAL

2um
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Metalization

e Thermal evaporation - source material is heated in boat until it
evaporates and coats everything in the chamber

o Fast
o  High vacuum required (1x107® Torr)
o 1000A

e Sputtering - high energy (plasma) ions are accelerated toward a target
material and atoms are “knocked” off target and coat substrate

Substrate and film growth

o Medium vacuum required (somTorr) spuseig e—— L
o ~1000vVv
0 1/
e ooooo
——————— 1
=S L 49

Sputtering Target
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Metalization - Vacuum System

Need to be able to produce high vacuum conditions ~ 1x10™® Torr and below
so there are less gas collisions

Sam Zeloof, 2018



Metalization - Vacuum System

~48hr. pumping 51
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Metalization - Thermal Evaporation
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Metalization - Thermal Evaporation
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Metalization - Thermal Evap oratlon (cont )
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Metalization - Sputtering
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Sputtering (cont.)
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Plasma Cleaning

Same as sputtering, but lower power and typlcally 02 rather than Ar

57
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Plasma Cleaning (cont.)

Simple ICP Beam Extraction

Time-Varying Magnetic Field (B)  /5,ym Chamber, ~50-100 mTorr

Extracted lon Beam
Quartz Tube

Plasma Meniscus

Extractor Aperture

(Negative bias/grounded to
attract positive ions) ’400‘/ to 2kv
Bias Supply

58
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Plasma Cleaning (cont.)

Anode layer ion source

59
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Plasma Cleaning (cont.)

Sticking with the spirit of using rust & stain remover and roach killer...

Mason jar vacuum chamber

Sam Zeloof, 2018
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Four Mask PMOS (1970) (cont.)

Prep and Grow Field Oxi

Pattern and Etch Active

Doping

Pattern and Etch Gate

de
HF native oxide strip 5 min
Piranha 3:1 H2S04:H202 5 min
RCA SC-1 5:1:1 H2O:NH3:H202 @ 80°C for 10 min
RCA SC-2 6:1:1 H20:HCL:H202 @ 80°C for 10 min
Water rinse
HF dip
Field oxide growth - 45 min @ 1150°C w/ water vapor, 5000A blue

Dehydration bake - 10 min @ 160°C

Optional spin HMDS

Spin AZ 4210 (5510) resist 30 sec @ 3500 rpm ~3.5um (0.9um) film
Soft bake resist 1 (1) min @ 105°C hotplate

Expose active area 200mJ (115mJ) @ 365nm

(If using 5510, post bake 105°C hotplate 1 min)

Develop 1:3 400k KOH:H20 (RD6 2.8% TMAH) puddle 40 (60) sec
Water rinse (no solvent)

Hard bake 5 min @ 115'C hotplate

Etch active area - HF 20 min or until surface hydrophobic @ 35°C
Water rinse

Resist strip - Acetone or O2 plasma

Acetone then IPA then water rinse

Hydrophilic surface treatment NH40H/H202 or H2504/H202
Spin dopant 30 sec @ 3500 rpm

Pre deposition bake 10 min @ 200°C hotplate

Diffusion 45 min @ 1200°C w/ N2 gas flow in tube furnace
Strip dopant film - Piranha then HF

IPA then water rinse

Dehydration bake - 10 min @ 160°C

Optional spin HMDS

Spin AZ 4210 (5510) resist 30 sec @ 3500 rpm ~3.5um (0.9gum) film
Soft bake resist 1 (1) min @ 105°C hotplate

Expose gate window 200mJ (115mJ) @ 365nm

(If using 5510, post bake 105°C hotplate 1 min)

Develop 1:3 400k KOH:H20 (RD6 2.8% TMAH) puddle 40 (60) sec
Water rinse (no solvent)

Hard bake 5 min @ 115'C hotplate

Grow Thin Gate Oxide

Pattern and Etch Contac

Etch gate - HF 20 min or until surface hydrophobic @ 35°C
Water rinse

Resist strip - Acetone or O2 plasma

Acetone then IPA then water rinse

RCA SC-1 5:1:1 H2O:NH3:H202 @ 80°C for 10 min

RCA SC-2 6:1:1 H20:HCL:H202 @ 80°C for 10 min

Water rinse

Grow gate oxide - 750A - 2.5 min wet / 45 min dry @ 1150°C
Acetone then IPA then water rinse
t

Dehydration bake - 10 min @ 160°C

Optional spin HMDS

Spin AZ 4210 (5510) resist 30 sec @ 3500 rpm ~3.5um (0.9um) film
Soft bake resist 1 (1) min @ 105°C hotplate

Expose contact 200mJ (115mJ) @ 365nm

(If using 5510, post bake 105°C hotplate 1 min)

Develop 1:3 400k KOH:H20 (RD6 2.8% TMAH) puddle 40 (60) sec
Water rinse (no solvent)

Hard bake 5 min @ 115'C hotplate

Etch contact - HF 20 min or until surface hydrophobic @ 35'C
Water rinse

Resist strip - Acetone

Acetone then IPA then water rinse

Deposit, Pattern, and Etch Metal

Deposit metal - Al evaporation 3000A

Dehydration bake - 10 min @ 160'C

Optional spin HMDS

Spin AZ 4210 (5510) resist 30 sec @ 3500 rpm ~3.5um (0.9um) film
Soft bake resist 1 (1) min @ 105°C hotplate

Expose gate window 200mJ (115mJ) @ 365nm

(If using 5510, post bake 105°C hotplate 1 min)

Develop 1:3 400k KOH:H20 (RD6 2.8% TMAH) puddle 40 (60) sec
Water rinse (no solvent)

Hard bake 5 min @ 115'C hotplate

Etch metal layer - H3PO4 5 min @ 40°C

Water rinse

Resist strip - Acetone

Acetone then IPA then water rinse

Anneal AL10 min @ 475°C in H2

62
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Scanning Electron Microscope

Electron Gun

T ) Anode

‘ | N Magnetic

g1 ({11118 | — Lens
ToTV
Scanner

Scanning

Electron

~"Secondary
Electron
Detector

Stage Specimen

Sam Zeloof, 2018



Scanning Electron Microscope (cont.)
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Scanning Electron Microscope (cont.)
P

P ey

b - Hid” ! & . i -
Acc.V Spot Magn Det EO T T —T
5.00kV 3.0 100 000x TLD ~ 4.6 1 PR BAKEI-4 1.00 mk area
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Scanning Electron Microscope (cont.)

66
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Questions & Contact Info

e sam@zeloof.xyz

e http://sam.zeloof.xyz

View these slides online: https:.//goo.gl/esHgsd
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