MAT E 273 | 41 Extrinsic Semiconductors
Electrical Properties - Part 3 Basic Semiconductor Devices
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Readings
Callister 10e: 18.11, 18.15 (P-N Junction Only)

Suggested Practice Problems
Callister 10e: Ch. 18: 24, 25, 26, 27, 28, 29, 30



Study Guide

Understand how the intrinsic conductivity of semiconductors and insulators varies from
metals in terms of a conduction mechanism.

Understand how changes of temperature in  Buence the conductivity of insulators and
semiconductors (how/why does this differ from metals ?).

Know how to identify a 1lI-V compound semiconductor given some compound names /
chemical formulas.

Know which elements tend to be acceptor dopants and donor dopants for elemental group
IV semiconductors.

Know the difference between intrinsic and extrinsic semiconductivity.
Does extrinsic conductivity replace / substitute for intrinsic conductivity?

Understand how to calculate extrinsic conductivity, given a dopant identity & concentration
and the appropriate carrier mobility.

What is the applicable mobility for electrons? For holes?

Know the anatomy of a basic P-N junction.

Be able to identify forward bias vs reverse bias.

What happens physically for forward bias? Reverse Bias?
Know the characteristic I-V curve for a P-N junction.



Formation of Energy Bands

. Most of the time, we are concerned with
Conduction Band ]
only the valence and conduction bands

and the band gap between them.

Band Gap
Again, these simpli Ped schematics

represent the band structure for the
equilibrium interatomic spacing at OK.

Valence Band

In other words, we have not allowed for
the possibility of ionized atoms yet,
which changes the diagrams slightly
(and their meaning).

Energy ——

Band Diagrams describe the distribution of
electron energies in a material, not the
necessarily spatial distribution (locations) of

electrons.



Band Diagrams - Summary

Metal

Conduction Band

Band Gap

Empty states

Filled states

allows for electrons
to be easily excited to
higher energies.

The conductivity of metals

is high:
[} -m]-1
Ag  6.8x107
Cu 6.0x107
Al 3.8x107

Steel 0.6x107

Intrinsic
Semiconductor

Conduction Band

Band Gap

Filled
valence
band

Filled valence band.
Small band gap (< 2 eV).

Mediocre conductors without
special impurity additions
(e.g. doping).

[} -m]-t
Si 3.4x10-4
Ge 2.2
GaAs 0.04

Insulator

Conduction Band

Band Gap

Filled
valence
band

Filled valence band.
Large band gap (> 2 eV).

Very poor conductors without

special impurity additions
(doping).

[l -m]-1

Si0,  1x10-16
PE 1x10-16

Concrete 1x10-9



Metals
An abundance of easily accessible and empty energy states exist due to

d ~~10-23 eV Electrons can be excited by:
Heat

Electric Field

Magnetic Field

Radiation (optical and higher energies)

Empty states

E¢

\/

— Electron
excitation

Energy———

Filled states

¢¢¢¢¢¢¢¢¢¢¢<7el>¢ NENRRRENRN

0200000000000 | [ [ | | [[|[]]]] \

T=0K T>0K
Unperturbed Metal

The abundance of energy states for free
electrons results in metals being excellent

conductors of electricity (and heat).

The conductivity of simple metals is given

by the classical Drude model: | —
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Semiconductors and Insulators - Intrinsic Conduction

Both feature a blled valence band,

SO excitation requires a much larger energy change

compared to metals because electrons must be promoted across the band gap.
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At a given temperature, an
equilibrium number of free
electrons will be generated
due to thermally broken bonds
(covalent bonds for Si).

For every electron that is
promoted to the conduction
band, one hole (empty state) is
left behind in the valence band.

This is called intrinsic conduction.
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Semiconductors and Insulators - Intrinsic Conduction

Both feature a blled valence band, so excitation requires a much larger energy change
compared to metals because electrons must be promoted across the band gap.
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InBuence of Temperature (and Bandgap for semiconductors)
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Semiconductor Types
Elemental (Group IV) Semiconductors

Eg = 5.5 eV for diamond form (insulator).

Metallic at room temp.

Eg = 1.1 eV at room temp.

He
v
B| C|N|O]| F |Ne
Al P| S |Cl]|Ar
Zn | Ga As | Se | Br | Kr
| _—V
cd1In |Sn|Sb|Te| I | Xe
Hg| Tl | Pb| Bi | Po | At | Rn

Eg = 0.67 eV at room temp.

Useful for logic devices and as substrates for other microelectronic

devices.

Only certain crystal phases of C and Sn are semiconducting.
Siis - by far - the most commonly used elemental semiconductor



Semiconductor Types
Elemental (Group IV) Semiconductors

He

B|C|N]|O| F |Ne

Al P Cl | Ar

Zn | Ga As | Se | Br | Kr
Cd|In|Sn|Sb|Te| I | Xe
Hg| Tl | Pb | Bi | Po | At | Rn

Pure Si, pure Ge, and Si-Ge solid solutions are  Intrinsic  semiconductors,
since their only mechanism for acquiring free electrons (and therefore
holes also) is excitation across the band gap.




Semiconductor Types
Elemental (Group IV) Semiconductors
Compound (Il - V) Semiconductors

He

B C|N|O]| F|Ne

Al P |1 S |Cl|Ar

Zn | Ga As | Se | Br | Kr
Cd|In |Sn|Sb|Te| I | Xe
Hg| Tl | Pb| Bi | Po| At | Rn

These are compound semiconductors with an average of valence +4:
GaAs AIP InSb E

Useful for lasers, LEDs, and optical devices.



Semiconductor Types
Elemental (Group IV) Semiconductors
Compound (Il - V) Semiconductors

He

B C|N|O]| F|Ne

Al P |1 S |Cl|Ar

Zn | Ga As | Se | Br | Kr
Cd|In |Sn|Sb|Te| I | Xe
Hg| Tl | Pb| Bi | Po| At | Rn

Be aware that un-doped elemental and un-doped IllI-V compounds are
Intrinsic _ semiconductors !

In this class we will only discuss doping of elemental semiconductors.



Doping
Intentional addition of impurities to a semiconductor in order to modify
the electrical conductivity. Sufficient doping levels induce extrinsic

conductivity, which is a conduction mechanism
that occurs simultaneously with the intrinsic He
mechanism.
B|C|N|O| F |Ne
Al TSI P | S | Cl|Ar
Zn | Ga[Ge| As | Se | Br | Kr
Cd|{In|Sn|Sb|Te| I | Xe
Hg| Tl | Pb | Bi | Po | At | Rn

Acceptors and Donors

Impurities that offer one less or one more valence electron compared
to the host atom. For elemental semiconductors , these dopants
correspond to Group Il and Group V elements.



Acceptor Doping

Intentional addition of Group Il atoms to a Group |V semiconductor.

He

B C|N|O]| F|Ne

Al S | Cl|Ar

Zn | Ga Se | Br | Kr
Cd|In |Sn|Sb|Te| I | Xe
Hg| Tl | Pb| Bi | Po| At | Rn




Acceptor Doping

Intentional addition of Group Il atoms to a Group |V semiconductor.

Example: Boron added to Silicon

He

B C|N|]O| F |Ne

Al P| S |Cl|Ar
Zn|Ga|Ge|As | Se | Br | Kr
Cd|In|Sn|Sb|Te| I | Xe
Hg| Tl | Pb| Bi | Po | At | Rn




Acceptor Doping
Intentional addition of Group Il atoms to a Group |V semiconductor.
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Donor Doping

Intentional addition of Group V atoms to a Group IV semiconductor.

Example: Phosphorus added to Silicon

He

BIC|N|O]| F |Ne

Al P | S |Cl|Ar
Zn|Ga|Ge|As | Se | Br | Kr
Cd|In|Sn|Sb|Te| I | Xe
Hg| Tl | Pb| Bi | Po | At | Rn




Donor Doping
Intentional addition of Group V atoms to a Group |1V semiconductor.
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InRuence of Donor Doping
When does doping become significant?

Consider adding 1 P atom per 10 billion Silicon Atoms. Seems insignificant, but ...



InRuence of Donor Doping
When does doping become significant?

Consider adding 1 P atom per 10 billion Silicon Atoms. Seems insignificant, but ...
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InRuence of Donor Doping

Even for a very small doping concentration > o ! Free clectronin
at room temperature, the free electrons Sl Liarge conduction band
associated with the donor species comprise contributipn | contributidn

the dominant fraction of the free electrons in

the conduction band.

PPPPPPP00

An insignibcant number of electrons are

promoted across the band gap compared to

those that are promoted from the high energy
donated state. Therefore, the intrinsic component
of the conductivity is negligible, and the conductivity
of a donor-doped semiconductor is:

! =ney, + pe,
but N>=> P
I =neu,
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N



InRuence of Acceptor Doping

Large
contribution

Y

Even for a very small doping concentration

at room temperature, the holes generated Sl
by excitations of valence electrons to contribution Large
acceptor states comprise the dominant contribution
fraction of the holes in the valence band.

Hole in
. valence band

¢¢¢¢¢¢¢¢(5'-|'

An insignibcant number of electrons are

promoted across the band gap compared to

those that are promoted from the high energy
donated state. Therefore, the intrinsic component
of the conductivity is negligible, and the conductivity
of an acceptor-doped semiconductor Is:

I = ey, + pey,
but p>>n

I = peu,

b

~—
N



Example ( concentrations and mobilities will be given, as needed)

Calculate the conductivity of intrinsic Si at room temperature:

I =neu, + pey, 10 T T
I =ne(l, + 1) 0 N
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Example ( concentrations and mobilities will be given, as needed)
Calculate the conductivity of intrinsic Si at room temperature:

| =

! =neu, + pey,

'I - nie(ue + :uh)
I =(1.3! 10° m°)(1.6! 10 ® C)(0.14 m* /V-s+0.05m* /V-s)

I =4110"] -m]*

Calculate the conductivity of extrinsic Si doped with 10 23 Ga atoms.



Example ( concentrations and mobilities will be given)

Calculate the conductivity of intrinsic Si at room temperature:
| =
! =neu, + pey,

'I - nie(ue + :uh)
I =(1.3! 10° m°)(1.6! 10 ® C)(0.14 m* /V-s+0.05m* /V-s)

I =4110“[! -m]"*
Calculate the conductivity of extrinsic Si doped with 10 23 Ga atoms per m 3,

| (p-type)
! =ney, + peu,
In this class, if you are told the semiconductor is extrinsic

p >> > or you are asked to calculate the extrinsic conductivity, use
_ an assumption such as this.

I =(10”m ®)(1.6" 10 ® C)(0.05m*/V-s)

I =800[! -m]'*




Example ( concentrations and mobilities will be given)

Unlike metals, we can achieve outstanding control of the electrical
properties of semiconductors, changing their conductivities over
a huge range via careful doping.

Calculate the conductivity of extrinsic Si doped with 10 23 Ga atoms per m 3,

(p-type)
/' =neu, + peu,

>> N In this class, if you are told the semiconductor is extrinsic
p > or you are asked to calculate the extrinsic conductivity, use
/ / an assumption such as this.

! = peu,

I =(10”m ®)(1.6" 10 ® C)(0.05m*/V-s)
I =800[! -m]'*




Producing Consistent Devices Requires
Highly Pure Single Crystals of Silicon

Work is done in cleanrooms often with
robot assistance.




PN Junction via Photolithography
Start with pure Si.

Semiconductor Substrate




PN Junction via Photolithography
Deposit a polymer coating.

Semiconductor Substrate




PN Junction via Photolithography
Align a metal die to the Si substrate.

Metal Absorber

Polymer

Semiconductor Substrate




PN Junction via Photolithography
Expose the assembly to ultraviolet light, which degrades the polymer where it's exposed.

Metal Absorber

Semiconductor Substrate




PN Junction via Photolithography
Expose the assembly to ultraviolet light, which degrades the polymer where it's exposed.

Degraded Polymer Polymer

Semiconductor Substrate




PN Junction via Photolithography
The degraded polymer is removed via acetone rinse.




PN Junction via Photolithography
The degraded polymer is removed via acetone rinse.

Polymer Mask

Semiconductor Substrate




PN Junction via Photolithography
Heat the masked wafer in a furnace in the presence of gaseous p-type atoms.
Diffusion results in a p-type region in the wafer.

Semiconductor Substrate




PN Junction via Photolithography
Remove from furnace after the diffusion doping is complete

Semiconductor Substrate




PN Junction via Photolithography
Remove the remaining polymer mask with chemical bath & rinse.




PN Junction via Photolithography
Remove the remaining polymer mask with chemical bath & rinse.

Semiconductor Substrate




PN Junction via Photolithography
Repeat to create an adjacent n-type region.

Semiconductor Substrate




PN Junction
The basis of many semiconductor devices (switches, logic, memory, etc.)

Acts as a one-way valve for electric current
(Allows current to pass in only one direction).

An activation energy prevents significant electron-hole
recombination at the PN junction under ambient conditions.

Holes are the dominant carrieri e- are the dominant carrier.

Semiconductor Substrate




PN Junction
The basis of many semiconductor devices (switches, logic, memory, etc.)

Forward Bias
Current flows as electrons and holes meet at the junction and recombine,
releasing energy as electrons drop back down to the valence band.

P N ” The decaying electron
§ I\ gives off energy in the
Light form of heat or light.
Emitting Eg
Diode \ The wavelength of light
D—| IS related to the band gap
’ energy.

Holes are the dominant carrieri e- are the dominant carrier.




Visible Light

A narrow and continuous range of the EMR spectrum detectable by the human eye.

1 THz =102 1/s

f Red Orange Yellow Green Blue Indigo Violet
400 510 525 500 630 675 750

THz \/-\/\ \/\

! vac 700 590 570 510 475 445 400

nm

E 1.65 2.10 2.18 243 2.61 278 3.10

eV

(per photon)




PN Junction
The basis of many semiconductor devices (switches, logic, memory, etc.)

Forward Bias
Current flows as electrons and holes meet at the junction and recombine,
releasing energy as electrons drop back down to the valence band.

P: N

ﬁ.l Sufpciently energetic photons

can create a free electron and
Eg hole that subsequently recombine.
\’K The current in the device can
0 —

be measured and is proportional
to the light intensity.

Holes are the dominant Carrieri e- are the dominant carrier.

+

Semiconductor Substrate




PN Junction
The basis of many semiconductor devices (switches, logic, memory, etc.)

Forward Bias
Current flows as electrons and holes meet at the junction and recombine,
releasing energy as electrons drop back down to the valence band.

Photodiode O: N
(Light Detector) |
(Camera Pixel) ﬁ.l Sufbciently energetic photons
can create a free electron and
Eg hole that subsequently recombine.
VX The current in the device can
0 —

be measured and is proportional
to the light intensity.

Holes are the dominant Carrieri e- are the dominant carrier.

+

Semiconductor Substrate




PN Junction
The basis of many semiconductor devices (switches, logic, memory, etc.)

Reverse Bias
Charges are separated away from the junction
Current stops as flowing and the junction is very insulating.

If a very high voltage is applied in this configuration, electric breakdown
will eventually occur and electrons will flow.

Prior to breakdown, a PN junction operating in reverse bias is a decent insulator.

Holes are the dominant carrier. e- are the dominant carrier.




PN Junction |-V Characteristics

_VO

Current,

Conductor
Forward bias

+

Breakdown
€ |

Insulator
Reverse bias

Conductor

Voltage, V




Other Examples of Diffusion - Layer by layer production of CMOS.

Elements such as Boron, Phosphorus, Arsenic, etc. are added to locally adjust the electrical properties.
This is called doping in the semiconductor industry.

Pure Silicon
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Common metrics in the semiconductor industry
are: transistor count tra and transistor density.

Commercial Cutting Edge for CPU:

2019 TSMC:

171.3 million transistors per square mm.

2021 Apple ARM M1 Max:
57 billion MOSFET transistors

Unmask /

Oxidation / Drive

300 mm ~1 ft

Mask / Oxidation /
Unmask

— |

Mask / Etch / Unmask

| — |

Metallization

=

Mask / Etch / Unmask

[ap 72; dpop B B Mo
|3pop gpop 8
e e 2 5
Jes ey IO
sa.;gp gpop Bdhdh oo

oW,

OB
7

8! [I’L‘DL‘[L‘) j.m

oodo o o

1 Q0 ]
[T I ] A
8hdb & -
[ it w0
[m] [m] ] [m] ]




