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Practical zoology

When | was a young boy
and | didn't understand how
something worked, | just
made stuff up In my head.

&
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Practical zoology

HOW CARS WORK
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Practical zoology
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Practical zoology
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As | got older, | started to learn that science
could explain how most things worked.

However, when there were holes iIn my
knowledge, my mind still just filled in the
gaps.
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Practical zoology
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Practical zoology
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Silicon...
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Silicon... zoology?
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Semiconductors



Discrete energy levels

Electrons within an atom sit in discrete energy levels
 Each of these orbitals hosts two electrons -

one spin up and one spin down
Lower energy states lie closer to the nucleus, while

those In the outer shells are the so-called valence

electrons that take part in chemical reactions
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Band structure

In a periodic lattice, the available energy levels split

to produce a continuous energy band

The inner bands will be tightly bound to the nucleus,

and electrons there are unable to jump to

Energy

neighbouring atoms

States
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Band structure

In a periodic lattice, the available energy levels split

to produce a continuous energy band

The inner bands will be tightly bound to the nucleus,

and electrons there are unable to jump to

Energy

neighbouring atoms
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* The valence band - the highest occupied

band where electrons are not free to move
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Band structure

In a periodic lattice, the available energy levels split

to produce a continuous energy band

The inner bands will be tightly bound to the nucleus,

Conduction band

and electrons there are unable to jump to

Energy

neighbouring atoms

The most interesting bands are

* The valence band - the highest occupied

band where electrons are not free to move

e The conduction band - the lowest energy States

band where electrons are free to move
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Electrical behaviour

The energy gap between the valence and
conduction bands will determine the electrical

behaviour of the solid

* Metals have overlapping states, so already

there are charge carriers (electrons) able to

move freely throughout the bulk
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Electrical behaviour

The energy gap between the valence and
conduction bands will determine the electrical

behaviour of the solid

* Metals have overlapping states, so already

there are charge carriers (electrons) able to

move freely throughout the bulk

>
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 Insulators have a large band gap, leading

to poor charge flow
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Electrical behaviour

The energy gap between the valence and
conduction bands will determine the electrical
behaviour of the solid

* Metals have overlapping states, so already >
there are charge carriers (electrons) able to E Conduction band

move freely throughout the bulk I t
 Insulators have a large band gap, leading

to poor charge flow
« Semiconductors have a band gap of ~few

eV, giving some charge carriers at room

Metal Insulator Semiconductor

temperature (eg. Silicon ~1010 charge carriers

cm-3 for a density of 5x1022 atoms cm-9)
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Charge carriers in semiconductors

Electrons sitting in the valence lband can be promoted into the

conduction band with enough energy

Energy
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Charge carriers in semiconductors

Electrons sitting in the valence lband can be promoted into the
conduction band with enough energy

* The gap left by the electron’s departure is called a hole

Energy
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Charge carriers in semiconductors
Electrons sitting in the valence lband can be promoted into the
conduction band with enough energy

* The gap left by the electron’s departure is called a hole

Other electrons within the valence band can move into these

Energy

holes, such that the hole appears to travel through the material
» Holes are treated as effective particles which move

freely in the valence band and allow a current to flow
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Charge carriers in semiconductors

Electrons sitting in the valence lband can be promoted into the
conduction band with enough energy

* The gap left by the electron’s departure is called a hole

>
Other electrons within the valence band can move into these %
C
holes, such that the hole appears to travel through the material - TeaaTI T
» Holes are treated as effective particles which move
freely in the valence band and allow a current to flow
Each movement of an electron from the valence to conduction Semiconductor

band produces an electron-hole pair
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Doping of semiconductors

Silicon is a group 4 element, and therefore contains 4
valence electrons
e [t will therefore form 4 covalent bonds in order to

reach a stable configuration

Alomic Number —J . metals
- G nonmetals
metaloids @
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Doping of semiconductors

Silicon is a group 4 element, and therefore contains 4 If we introduce a small amount of a group 5 element,
valence electrons the crystal lattice will remain intact but there will be
* |t will therefore form 4 covalent bonds in order to some atoms with an excess of electrons - n-type
reach a stable configuration doping
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Doping of semiconductors

Silicon is a group 4 element, and therefore contains 4 If we introduce a small amount of a group 3 element,
valence electrons there will be some atoms with an electron deficiency -
* |t will therefore form 4 covalent bonds in order to p-type doping

reach a stable configuration
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Band structure n-type semiconductors

For n-type doping, there is an excess of electrons in the crystal

structure

Si | Si | Si
0

Si g P @ Si
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Si | Si | Si
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Band structure n-type semiconductors

For n-type doping, there is an excess of electrons in the crystal

structure

e [hese sit within a new band close to the conduction band
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Band structure n-type semiconductors
For n-type doping, there is an excess of electrons in the crystal
structure

e [hese sit within a new band close to the conduction band

The electrons Iin this band will almost all move to the conduction

band with thermal energy alone
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Band structure n-type semiconductors

For n-type doping, there is an excess of electrons in the crystal
structure

e [hese sit within a new band close to the conduction band

The electrons in this band will almost all move to the conduction
band with thermal energy alone
* The majority carriers for n-type materials are electrons in
the conduction band
e Significant carrier densities can be achieved introduction
tiny fractions of impurities (eg. 1 ppm P = 5x1016

electrons cm3 versus 1010 cm-3 for undoped Si)
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Band structure p-type semiconductors

For p-type doping, there is a deficiency of electrons in the crystal

structure

Si | Si | Si
0

Si g B 2 Si
o0

Si | Si | Si
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Band structure p-type semiconductors

For p-type doping, there is a deficiency of electrons in the crystal

structure

e [hese holes sit within a new band close to the valence

band

Si | Si | Si
0

Si g B 2 Si
o0

Si | Si | Si
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Band structure p-type semiconductors

For p-type doping, there is a deficiency of electrons in the crystal

structure

e [hese holes sit within a new band close to the valence

band

Electrons in the valence band will move to occupy these holes

with thermal energy alone
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Band structure p-type semiconductors

For p-type doping, there is a deficiency of electrons in the crystal

structure

e [hese holes sit within a new band close to the valence

band

Electrons in the valence band will move to occupy these holes

with thermal energy alone

 [he majority carriers for p-type materials are holes in the

valence band
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P-N junctions



P-N junctions

n-type

Charge carriers
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Electrically neutral system
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P-N junctions - carrier movement

n-type

Charge carriers
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Electron diffusion =—p

daniel.hynds@physics.ox.ac.uk

p-type

36



P-N junctions - carrier movement

n-type

Charge carriers
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Electron diffusion =—p

<4— Hole diffusion
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P-N junctions - carrier movement

n-type

Charge carriers
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P-N junctions - carrier movement

n-type

Charge carriers
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Electric field
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P-N junctions - carrier movement

n-type p-type

Charge carriers

Electron diffusion =——3p €——— Electric field acting on electrons

Electric field action on holes =——p» 4—— Hole diffusion
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P-N junctions - built-in depletion

n-type

Charge carriers
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Depletion region
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P-N junctions - forward bias

n-type

Charge carriers
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P-N junctions - forward bias

"New"” electron flow ——p

n-type

Charge carriers
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P-N junctions - forward bias

"New"” electron flow ——p

n-type

Charge carriers
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P-N junctions - forward bias

"New” electron flow —p 44— "New” hole flow

h-type p-type

O .0 O

o O 0o
O 0O

oG

Charge carriers
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P-N junctions - forward bias

"New"” electron flow ——p

n-type

Charge carriers
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P-N junctions - reverse bias

n-type

Charge carriers
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P-N junctions - reverse bias

"New"” electron flow <-——

n-type

Charge carriers
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P-N junctions - reverse bias

"New"” electron flow <-——

n-type

Charge carriers
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P-N junctions - reverse bias

"New"” electron flow <-——

n-type

Charge carriers

1 July 2024 - https://indico.cern.ch/e/ukhepinst2024

—p ""New” hole flow

p-type
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P-N junctions - reverse bias

"New"” electron flow <-——

n-type

Charge carriers
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P-N junctions - external field

Bringing together p-doped and n-doped semiconductors will give rise to a

natural region free of charge carriers between the two
 This built-in depletion region contains an electric field which

counters the diffusion of more carriers across the junction

We can forward bias the junction to reduce the depletion width
e Current will flow through the junction once the depletion width has

been reduced to O

We can reverse bias the junction to increase the depletion width
* |f one of the regions has no carriers left then it can be said to be

fully depleted
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P-N junctions - external field

Bringing together p-doped and n-doped semiconductors will give rise to a
natural region free of charge carriers between the two
 This built-in depletion region contains an electric field which

counters the diffusion of more carriers across the junction

We can forward bias the junction to reduce the depletion width
e Current will flow through the junction once the depletion width has

been reduced to O

We can reverse bias the junction to increase the depletion width

* |f one of the regions has no carriers left then it can be said to be

fully depleted
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Semiconductor-metal junctions



S-M junctions

n-type metal

Charge carriers

Question: how hard is it to move electrons from (say) the metal to the semiconductor?
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S-M junctions

n-type metal

Charge carriers

Consider the case where it is easy to move from the metal to the semiconductor
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S-M junctions - carrier movement

n-type

Charge carriers
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Electron diffusion =—p €—— Electron diffusion
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S-M junctions - forward bias

n-type

Charge carriers
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S-M junctions - forward bias

"New” electron flow —p

n-type

Charge carriers
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S-M junctions - reverse bias

n-type

Charge carriers
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S-M junctions - reverse bias

n-type

Charge carriers
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S-M junctions

n-type metal

Charge carriers

Consider the case where it is easy to move from the metal to the semiconductor

An Ohmic contact is created
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S-M junctions

n-type metal

Charge carriers

Consider instead the case where it is difficult to move from the metal to the semiconductor
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S-M junctions - carrier movement

n-type

Charge carriers
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Electron diffusion =—p
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S-M junctions - carrier movement

n-type

Charge carriers
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Electron diffusion =——p €—— Energy-barrier
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S-M junctions - carrier movement

n-type

Charge carriers
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S-M junctions - carrier movement

n-type

Charge carriers
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Electron diffusion =——3p €——— Electric field acting on electrons
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S-M junctions - carrier movement

n-type

Charge carriers
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S-M junctions - carrier movement

n-type metal

Charge carriers

Consider instead the case where it is difficult to move from the metal to the semiconductor

A Schottky contact is created
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Schottky junctions - forward bias

n-type

Charge carriers
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Schottky junctions - forward bias

"New” electron flow —p

n-type

Charge carriers
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Schottky junctions - forward bias

"New” electron flow —p

n-type

Charge carriers
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Schottky junctions - reverse bias

n-type

Charge carriers
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Schottky junctions - reverse bias

“"New” electron flow <——

n-type

Charge carriers

1 July 2024 - https://indico.cern.ch/e/ukhepinst2024

daniel.hynds@physics.ox.ac.uk

metal

74



Schottky junctions - reverse bias

“"New” electron flow <——

n-type

Charge carriers
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Schottky junctions - external field

Bringing together a metal and doped semiconductor can give rise 1o a
natural region free of charge carriers between the two
* This built-in depletion region contains an electric field which

counters the diffusion of more carriers across the junction

We can forward bias the junction to reduce the depletion width

» Current will flow through the junction once the depletion width has IM'I

been reduced to O

We can reverse bias the junction as for a pn-junction and no current will |
|
(il

flow
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Schottky junctions - external field

Bringing together a metal and doped semiconductor can give rise 1o a
natural region free of charge carriers between the two
* This built-in depletion region contains an electric field which

counters the diffusion of more carriers across the junction

We can forward bias the junction to reduce the depletion width

Ereakdown
e Current will flow through the junction once the depletion width has  -V___ ¢
Rey'fsrse Eias | emka
been reduced to O rosage Currert

Reverse
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Schottky junctions - NB

n-type

Charge carriers

Consider a Schottky diode with a strongly doped n-type semiconductor
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Schottky junctions - NB

n-type

Charge carriers

Consider a Schottky diode with a strongly doped n-type semiconductor
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Schottky junctions - NB

n-type

Charge carriers
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Schottky junctions - NB

n-type

Charge carriers
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Schottky junctions - NB

n-type metal

Charge carriers

Consider a Schottky diode with a strongly doped n-type semiconductor

The depletion width will get smaller and smaller until it looks like an Ohmic contact
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Transistors

Transistors play a crucial role in all modern technology, and are

the reason that the semiconductor industry is so vast

Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years.
This advancement is important for other aspects of technological progress in computing — such as processing speed or the price of computers.
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Anatomy of a transistor

Transistors are very much like Bach - variations on a theme...
 There are many kinds of transistors even just in silicon,
ranging from the most commonly used MOSFETSs, to
MISFETs, JFETs, bipolar junction transistors, point-

contact transistors, Schottky transistors...

For today we are going to limit ourselves to discussing Metal-
Oxide-Semiconductor Field Effect Transistors (MOSFETS)
 Again, there are many variations but we will consider

enhancement-mode MIOSFETs
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Operating principles

MOSFETs consist of two doped regions - the drain and the

source - on a lightly doped substrate, with insulating gate oxide

sitting between the doped wells and a conductive gate
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Operating principles

MOSFETs consist of two doped regions - the drain and the
source - on a lightly doped substrate, with insulating gate oxide
sitting between the doped wells and a conductive gate

A positive voltage is applied to the gate
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Operating principles

MOSFETs consist of two doped regions - the drain and the
source - on a lightly doped substrate, with insulating gate oxide
sitting between the doped wells and a conductive gate

A positive voltage is applied to the gate

 This drives holes away from the p-type material below the

oxide
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Operating principles

MOSFETs consist of two doped regions - the drain and the
source - on a lightly doped substrate, with insulating gate oxide
sitting between the doped wells and a conductive gate

A positive voltage is applied to the gate

 This drives holes away from the p-type material below the

oxide

 With enough voltage it draws electrons from the source

and drain
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Operating principles

MOSFETs consist of two doped regions - the drain and the
source - on a lightly doped substrate, with insulating gate oxide
sitting between the doped wells and a conductive gate
A positive voltage is applied to the gate
 This drives holes away from the p-type material below the
oxide
 With enough voltage it draws electrons from the source
and drain
 (Once these two regions join, an inversion channel is
formed (minority carrier channel) => effectively a switch

with a threshold voltage
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Operating principles

With no potential difference across the source and drain, there is

no flow of current (making it pretty useless)
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Operating principles

With no potential difference across the source and drain, there is
no flow of current (making it pretty useless)
 Typically there will be a potential from source to drain,

giving an asymmetric inversion layer

1 July 2024 - https://indico.cern.ch/e/ukhepinst2024 daniel.hynds@physics.ox.ac.uk

OV Source

Gate +V4

Gate oxide

Drain

+V>

92



Operating principles

With no potential difference across the source and drain, there is
no flow of current (making it pretty useless)
 Typically there will be a potential from source to drain,
giving an asymmetric inversion layer
* Increasing the potential difference leads to “pinch off” - the
inversion channel is cut off due to the higher potential
close to the drain - current still flows but is saturated and

No longer increases with voltage
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Operating principles
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Operating principles

Since we are talking about potential differences it
IS worth pointing out that the substrate potential

can also be controlled Gate +V
OV Source +V>o Substrate

Drain
e Thisis an NMOSFET - analogous devices
9 @ @
with n and p swapped are imaginatively

Gate oxide
called pMOSFETs

Both behave slightly differently due to the

difference in carriers and relative potentials, but

the real power comes in comibination
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CMOS
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CMOS

Substrate Source
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CMOS in person
\Vdd \Vdd

Consider an NAND gate

+  Effective Out = AB A_4 8_4

 Always on unless both inputs are on

Out

\Vss
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CMOS in person

VDD

Consider an NAND gate s |

*  Effective Out = AB E =

 Always on unless both inputs are on
 Useful to look at the device layout to see what

this actually looks like

ouT

METALL
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CMOS in person

VDD
\Vdd \Vdd
Consider an NAND gate ~ Bls| [a]
+  Effective Out = AB = = & = A B
 Always on unless both inputs are on
 Useful to look at the device layout to see what Out
this actually looks like - o
u
2 nMOSFET
| METALL L N DIFFUSION
POLY | P DIFFUSION
Vss
. CONTACT N-WE LL
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CMOS in person

VDD

\/dd \Vdd

7

e FEffective Out = AB E = n n

Consider an NAND gate Pl I |

 Always on unless both inputs are on

 Useful to look at the device layout to see what

Out
. . ouT
this actually looks like —
u
2 nMOSFET
METALL L N DIFFUSION
POLY [P DIFFUSION
Vss

. CONTACT N-WE LL

1 July 2024 - https://indico.cern.ch/e/ukhepinst2024 daniel.hynds@physics.ox.ac.uk 101



Semiconductor detectors



Basic anatomy - OD

One of the most basic types of detector is simply a PN-diode
 |arge area, highly doped region ~1018 cm-3

e High resistivity bulk ~1072 cm-3

* QGuard rings to step the high voltage down before the ’
physical edge
oxide
 Back-side HV contact
* Jop side contact to read out
‘ metal
High Voltage

1 July 2024 - https://indico.cern.ch/e/ukhepinst2024 daniel.hynds@physics.ox.ac.uk 103



Basic anatomy - 1D

Moving on to a single, long strip detector
e Strips many cm long, with capacitive readout of the strips
rather than DC (to avoid leakage current and reduce C)
 Dedicated electronics to read out every single channel
individually on a separate ASIC

. L ” oxide
 Wire bond each strip “manually

metal

High Voltage
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Basic anatomy - 2D

Finally, pixel detectors
* Now segmented in 2D
* Typically separate readout ASIC, with every channel

bump-bonded to its own diode

oxide

metal

High Voltage
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Signal formation



Charge carrier creation
As we depleted our PN-junction, we removed the free charge
carriers

* \We can continue to do this until the function is fully depleted

Under these circumstances the only free charge carriers moving

Energy

| Conduction band
around will be those that have enough thermal energy

 Thisis a small number for silicon at room temperature Valence band

Semiconductor
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Charge carrier creation

As we depleted our PN-junction, we removed the free charge

carriers

* \We can continue to do this until the function is fully depleted

>
Under these circumstances the only free charge carriers moving %
. 5 Conduction bana
around will be those that have enough thermal energy < _
 This is a small number for silicon at room temperature Valence band
If a particle interacts with the silicon, it can transfer energy onto
individual electrons and promote them to the conduction banad Semiconductor

 This is the foundation of solid-state particle detection
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Charge carrier motion

Electric Field

il

1 July 2024 - https://indico.cern.ch/e/ukhepinst2024 daniel.hynds@physics.ox.ac.uk 109




Charge carrier motion

Electric Field

il
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Charge carrier motion

Electric Field

il
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Charge carrier motion

Electric Field

il
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Charge carrier motion

Electric Field

il
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Charge carrier motion

Electric Field

il
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Charge carrier motion

Electric Field

il
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Charge carrier motion

Electric Field

il
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Charge collection

Typically we only collect one species of charge carrier
- often electrons (as they travel faster) but historically

p-on-n detectors were popular due to availablility of

high-resistivity n-type wafers

e Built-in depletion widths of only a few microns

20 -

* (Charge carriers follow the electric field lines A1)
30 -

within the sensor

40 -

50 -

60 80 100 120 140 160
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Induced current

In a simplistic approach, one can consider the signal at
the collection node as being the sum of all of the

charges that end up there

 This is true, but in fact a signal is generated as

10 -

each charge carrier starts to move

20 A
A1)
30 -

40 -

50 -

60 80 100 120 140 160
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Induced current

In a simplistic approach, one can consider the signal at
the collection node as being the sum of all of the

charges that end up there

 This is true, but in fact a signal is generated as

10 -

each charge carrier starts to move

20 -

 This is described by Ramo-Shockley theorem

A1)
30 -

d

Tinat) = =3B (%4(0): Vi) % (1)

50 -

60 80 100 120 140 160
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Induced current

In a simplistic approach, one can consider the signal at
the collection node as being the sum of all of the

charges that end up there

 This is true, but in fact a signal is generated as

10 -

each charge carrier starts to move

20 -

 This is described by Ramo-Shockley theorem

A1)
30 -

q d
(1) vw. il

50 -

* This is basically dictated by the weighting field 0 20 o 0
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Induced current

In a simplistic approach, one can consider the signal at
the collection node as being the sum of all of the

charges that end up there

 This is true, but in fact a signal is generated as

10 -

each charge carrier starts to move

20 -

 This is described by Ramo-Shockley theorem

Xao- =D
q '
Lina(t) = )
() = =3~ :
* This is basically dictated by the weighting field oo o 0

and the velocity
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Charge carrier generation



Generating charge carriers

Different particles will interact different with the electrons in our
silicon

 Photons have no mass

* Electrons are identical in mass

 (Other charged particles are substantially heavier
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Photon interactions

Photon interactions depend heavily on the energy of the photon
and the density of electrons in the medium, but the following
options are available:

e Elastic scattering (Rayleigh)

e Absorption (photoelectric effect)

* |nelastic scattering (Compton)

e (Conversion into matter (pair production)
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Photon interactions - Rayleigh scattering

Rayleigh scattering is elastic scattering - so there is no transfer of
energy to the medium

 This doesn’'t help us much to detect anything...
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Photon interactions - photoelectric effect

In the photoelectric effect the photon is fully
absorbed by an atom, which gjects an electron with
energy Ephoton - Ebinding
* The process involves the whole atom to
facilitate momentum transfer

 [or this reason, it occurs mainly for inner

electrons (K shell)
* The cross section depends strongly on atomic
number Z, and drops off rapidly with photon

energy:
Z4
O X —=
E‘S
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Photon interactions - Compton 