PHYS127AL Lecture 4

David Stuart, UC Santa Barbara
Transformers and diodes
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Transformers

Diode introduction

Solid-state physics view of semi-conductors
Diode circuits

DC Power supply
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Transformers

Two loops of wire can have mutual inductance;
the common example of that is a transformer.

AC power transferred efficiently through B field.
VpIp — VsIs. Vs/Vp — Ip/Is — Ns/Np

Vs — VpNs/Np
Frimany Secondary
winding winding
¥p ElTS N turns
Primary -~ Magne
current / , Flux, @tlcb\
— \ Secondary
W-I— I, current
———
Primary +
voltage
V;
f Secondary
J voltage
I
\- Transformer
Core —
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Non-contact transtformers

Can also have non-contact transformers for inductive charging.
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Non-contact transtformers

Can also have non-contact transformers for inductive charging.

Toothbrush

Primary coil on
inside charger ~charger
\ stand

|| -Rechargeable
battery

Seconduary coil
Wall Charger inside base
outlet unit of brush

www._explainthatstuff.com
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Diodes

A diode 1s approximately a one-way current valve, where current flows
once there 1s enough voltage to overcome a threshold.

Called a check-valve in plumbing.

There are several ways to make an electronic version.
We’ll focus on semiconductor diodes.
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IConduction 1n metals

Current flows due to free charge carriers. I=nAqvq

In copper, each atom contributes its |_> -
valence electron, which is loosely bound, rit velocity

to a sea of free electrons. charge per carrier

» area of “pipe”
v
B number density of charge carriers
S
Single-atom energy levels

>
X
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IConduction 1n metals

Current flows due to free charge carriers.

In copper, each atom contributes its
valence electron, which 1s loosely bound,
to a sea of free electrons.

Multi-atom energy levels

WL

I=nAqwvd

|_> drift velocity

charge per carrier

» area of “pipe”

\/ . .
number density of charge carriers

Valence electrons shared across crystal.
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IConduction 1n metals

Current flows due to free charge carriers. I=nAqvq

In copper, each atom contributes its

valence electron, which 1s loosely bound,

to a sea of free electrons.

Multi-atom energy levels

|_> drift velocity

charge per carrier

» area of “pipe”

\/ . .
number density of charge carriers

Valence electrons shared across crystal.
Form a “Fermi sea” of energy levels.
Have one free charge carrier per atom.
Large n gives high conductivity.
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Conduction 1n semi-conductors

Current flows due to free charge carriers.

In a semiconductor, like silicon, each
atom has its outer shell filled, without a
valence electron.

E
t Single-atom energy levels

>
X

I=nAqwvd

|_> drift velocity

charge per carrier

» area of “pipe”

\/ . .
number density of charge carriers
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Conduction 1n semi-conductors

Current flows due to free charge carriers. I=nAqvq

In a semiconductor, like silicon, each |_> it velocit
atom has 1ts outer shell filled, without a 1t velocity

valence electron. charge per carrier

» area of “pipe”

\/ . .
number density of charge carriers

Multi-atom energy levels

> No valence electrons, so no conduction

\ _/ \ _/ \ _/ \ X/\ band, and no free charge carriers. n=0.
| But we can implant charge carriers.
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Conduction 1n semi-conductors

Silicon has atomic structure 1s22s22p63s23p2

Four valence electrons share with four neighbors to fill outer shell.

Each silicon atom is bonded to four neighbouring atoms.

A

i

'!'!. ()

—

—

Periodic table of the elements

[] Alkali metals [[] Halogens
I group [] Alkaline-earth metals [_] Noble gases
-§ 1 [] Transition metals [] Rare-earth elements (21, 39, 57-71) 18
1 and lanthanoid elements (57-71 only) 2
1 [[] other metals
L 2 [[] Other nonmetals [] Actinoid elements 19, Al 15 .81 17419
3 4 5 6 7 8 9 10
2| L | Be B|C|N|O|F|Ne
1 12 13 14 |15 16 |17 18
. Na | Mg | 3 4 5 6 7 8 9 10 11 12 | Al | Si P S | Cl | Ar
19 |20 |21 22 |23 |24 |25 (26 (27 (28 |29 |30 |31 32 33 |34 |35 (36
“'K|ca|sc|Ti|V |cr|Mn|Fe|Co|Ni|[Cu|zn|Ga|Ge]|As Se | Br | Kr
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
8 Rb | Sr | Y Zr |[Nb [Mo | Tc |Ru|Rh |[|Pd |Ag [Cd | In | Sn | Sb | Te | Xe
55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
g Cs|Ba|La|Hf | Ta| W |Re [Os | Ir | Pt |[Au |Hg | Tl | Pb | Bi | Po | At | Rn
87 |88 (89 (104 (105 (106 |107 |108 [109 (110 [111 |[112 |113 |114 |[116 (116 (117 |118
"I Fr Ra |Ac | Rf |[Db | Sg | Bh [Hs | Mt [Ds [Rg ([Cn [ Nh | FI [Mc | Lv | Ts | Og
i e 59 |60 |61 62 |63 |64 |65 (66 (67 |68 |69 70 71
Ce |Pr |[Nd |[Pm |Sm | Eu |Gd | Tb (Dy | Ho | Er [Tm | Yb | Lu
aeibciilsetsait 91 92 |93 |94 (95 (96 |97 |98 |99 100 |101 |102 |103
Th [Pa | U [Np|Pu|Am |Cm | Bk | Cf | Es | Fm | Md | No | Lr

“Numbering system adopted by the International Union of Pure and Applied Chemistry (IUPAC).

@ Encyclopzedia Britannica, Inc.
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Conduction 1n semi-conductors

Silicon has atomic structure 1s22s22p63s23p2

Four valence electrons share with four neighbors to fill outer shell.

Silicon atom

Periodic table of the elements

[] Alkali metals [] Halogens
g group [[] Alkaline-earth metals [_] Noble gases
gl [J Transition metals [] Rare-sarth elements (21, 39, 57-71)
1 and lanthanoid elements (57-71 only)
1 [[] other metals
H 2 )
= g [[] Other nonmetals [[] Actinoid elements =
2| Li | Be
3 1 12 13
Na [ Mg | 3 4 5 6 7 8 9 10 11 12
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Conduction 1n semi-conductors

Now, let’s replace one silicon atom with a phosphorus atom. It has an extra

electron, which is very weakly bound. The crystal is still charge neutral, but

it has one free charge carrier.

n-type silicon

Periodic table of the elements

[] Alkali metals [] Halogens
T group [] Alkaline-earth metals [_] Noble gases
.§_ 1" [ Transition metals [[] Rare-earth elements (21, 39, 57-71) 18
Phosphorus 1 [J Other metals and lanthanoid elements (57-71 only) 2
P "T'H| 2 & ot i Wi 13 14 15 16 17 | He
- 3 2 er nonmetals Clinoid slements 5 6 7 8 ) 10
N 2| Li | Be B|C|N|O|F|Ne
/ Vo \ 1|12 13 (14 (15 [16 |17 |18
A N \ SIlNa|Mg| 3 4+ s 6 7 8 9 1w 1 n|a|si|Pp|s|c]|ar
v (@)
. \ | .
X, “B ) 2
Y A N o
\ ol / Extra
b electron
DavidStuart@UCSB.edu Phys127AL Lecture 4: Transformers and diodes 15



mailto:DavidStuart@UCSB.edu
mailto:DavidStuart@UCSB.edu

Conduction 1n semi-conductors

Now, let’s replace one silicon atom with a phosphorus atom. It has an extra

electron, which is very weakly bound. The crystal is still charge neutral, but
it has one free charge carrier.

An electric field (voltage) across the silicon crystal will cause those charges
to move, and never be bound. This 1s called n-type silicon since it has
negative charge carriers.

n-type silicon

Periodic table of the elements

[] Alkali metals [] Halogens
T group [] Alkaline-earth metals [_] Noble gases
.§_ 1" [ Transition metals [[] Rare-earth elements (21, 39, 57-71) 18
Phosphorus 1 [J Other metals and lanthanoid elements (57-71 only) 2
P "I'H 2 B ot - B Actinoid o 13 14 15 16 17 | He
5 2 ther nonmetals ctinoid elements N g Z 5 g N
e 2| Li | Be B|c|[N|[O|F|[Ne
/ : \ 1|12 13 |14 |15 |16 [17 |18
/ \ %INa|Mg| 3 4 s 6 7 8 o 1w 1 12|A|lsi|P|s]|c]|ar
| ‘
\ o / Extra
electron
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Conduction 1n semi-conductors

Now, let’s replace one silicon atom with a phosphorus atom. It has an extra

electron, which 1s very weakly bound. The crystal 1s still charge neutral,

but it has one free charge carrier.

An electric field (voltage) across the silicon crystal will cause those
charges to move, and never be bound. This is called n-type silicon since it

has negative charge carriers.

We can implant (dope) some controlled density of phosphorus, order 1 per
106 S1 atoms, and get a controlled charge carrier density and hence

resistivity. I=nAqv4

n-type silicon

Periodic table of the elements

Extra
electron

12
Mg

[] Alkali metals

[] Halogens

[] Alkaline-earth metals [_] Noble gases

[[] Transition metals
[C] other metals
[[] Other nonmetals

[[] Rare-earth elements (21, 39, 57-71)
and lanthanoid elements (57-71 only)

[[] Actinoid elements

He

10
Ne

18
Ar

DavidStuart@UCSB.edu
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Conduction 1n semi-conductors

Alternatively, we could replace one silicon atom with a Boron atom. It has
one less electron, so there 1s a “hole” in the covalent bonds.

An electric field (voltage) across the silicon crystal will cause electrons to
move into the “hole”, leaving another bond missing an electron. This 1s
like a positive charge carrier, so this 1s called p-type silicon.

We can dope with some controlled density of boron and get a controlled

charge carrier density and hence resistivity.

p-type silicon

Li | Be

11 12
Na | Mg

[=nAqvd

Periodic table of the elements

[] Alkali metals [] Halogens

[] Alkaline-earth metals [_] Noble gases

[[] Transition metals [[] Rare-earth elements (21, 39, 57-71)
and lanthanoid elements (57-71 only)

[C] other metals

[[] Other nonmetals [[] Actinoid elements

He

10
Ne

18

Ar
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Conduction 1n semi-conductors

Doping (or implanting) 1s done with an 1on-beam accelerator, usually on
thin wafers of silicon 4, 6, 8, 12-inch diameter and 0.1 to 0.5 mm thick.

Then the wafer 1s heated so the implanted impurities settle into lattice sites.

EndStation

lon Acceleration Electronic
Mass Column Scanning
< |

A i
SI'i‘ta = ng\

lon Extraction/
_— Pre-Acceleration

Filament {Cathode)

Elemental Source

Chamber Plasma
{Anode)
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Conduction 1n semi-conductors

Doping (or implanting) 1s done with an 1on-beam accelerator, usually on
thin wafers of silicon 4, 6, 8, 12-inch diameter and 0.1 to 0.5 mm thick.

Then the wafer 1s heated so the implanted impurities settle into lattice sites.

Deposit Al for connecting surfaces; called the Ohmic contact.

lon Acceleration Electronic
Mass Column Scanning

Analyzi
s ng\

Magnetic |
Quadrupole EndStation
Lenses

lon Extraction/
_— Pre-Acceleration

Filament {Cathode)

Source Elemental Source

Chamber Plasma
{Anode)
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Conduction 1n semi-conductors

We then have a bulk crystal with an excess of charge carriers,
either n-type or p-type.

P-type N-type

— + — — — I—

These are just resistors.
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Conduction 1n semi-conductors

If I put a p-type piece in contact with an n-type piece, the

opposite signed charge carriers can move to cancel either other.

DavidStuart@UCSB.edu Phys127AL Lecture 4: Transformers and diodes
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Conduction 1n semi-conductors

If I put a p-type piece in contact with an n-type piece, the
opposite signed charge carriers can move to cancel either other.

As they do so, they will leave a region on either side of the
junction that is depleted of charge carriers.

The bulk 1s charge neutral throughout, but the carriers are no
longer free charge carriers.

And an intrinsic electric field develops in the depletion region.  V =0.7 Volts

FE-field
P \ N
T \ |
E > I
+ ! | _
oO———— | - | —O
-1- | L
| |
/ . -
net — charge A net + charge

depletion zone
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Conduction 1n semi-conductors

An 1ntrinsic electric field develops in the depletion region. V = 0.7 Volts

If we put a resistor across this, no current would flow because the depletion
region has high resistivity (n=0).

Voltage, but no current, so no power. Unless we freed a charge carrier.

n-type semiconductor Front con tact
v

This 1s a photocell.
E-field
P \ N
I - \ |
+ | < l -
+ ! ' _
O " I o
-+ | L
| |
N IR
net — charge v net + charge
depletion zone

VNV
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pn diode

This is a pn-diode, and its symbol matches that of a one-way valve. _DI_

s

E-field
P \ N
I \ T
. > I
+ ! : _
oO—— | - | —O
-+ | L
| |
/ ~ - \
net — charge v~ net + charge

depletion zone
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pn diode

This is a pn-diode, and its symbol matches that of a one-way valve. _DI_

We can see that one-way current behavior by applying an external voltage.

|

FE-field
P \ N
| < \ |
. : .
-
+ ! ' _
O— | - | —O
== ! L
| |
/ ~ -
net — charge A net + charge

depletion zone
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pn diode

This 1s a pn-diode, and its symbol matches that of a one-way valve. _DI_
We can see that one-way current behavior by applying and external voltage.

That widens the depletion region but current still won’t flow through it.

I
net F-field
P \ N

. > .
+ | < |
+ o o

o— | - | I o

—+ L

| € |
—|—|<// \\ I —

—_/ \_

/ A \
net — charge depletion zone et + charge
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pn diode

This is a pn-diode, and its symbol matches that of a one-way valve. _DI_

We can see that one-way current behavior by applying an external voltage.

"

Flip the battery’s polarity.

FE-field
P \ N
T \ T
E : I
-
+ ! ' _
oO——— | - | —O
-1- ! L
| € |
/ ~ -
net — charge v net + charge

depletion zone
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pn diode

This 1s a pn-diode, and its symbol matches that of a one-way valve. _DI_
We can see that one-way current behavior by applying an external voltage.

Flip the battery’s polarity.

‘ 04V
FE-field
P \ N
| < I
+ + | I _ —
| —
+ + | | —
S | —
| |
+ + NG —
| |
/S — N
net — charge net + charge

depletion zone
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pn diode

This is a pn-diode, and its symbol matches that of a one-way valve. _DI_
We can see that one-way current behavior by applying an external voltage.

Flip the battery’s polarity. Once we overcome the 0.7 V internal voltage,
current flows through continuous charge carriers.

‘>O.7V
I —
P N
+ 4 - —
+ _
© —— O

(no depletion zone)
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IDiode IV curve

The IV relation depends on polarity.

Forward biased above Vg = I=1Iy(e""VT - 1) due to injected carriers. Vr=kT/e
Reverse biased = small leakage from thermally excited carriers.

Reverse biased below breakdown gives exponential increase.

A

Breakdown: Reverse Forward
iy ot

<V
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Diode circuits

We can analyze diode circuits with a simpler IV model:
Zero current if less than 0.7 V across diode.

Short circuit if more than 0.7 V across diode.

Vin

vin

+1

Vout
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Diode circuits

We can analyze diode circuits with a simpler IV model:
Zero current if less than 0.7 V across diode.

Short circuit if more than 0.7 V across diode. Current drops voltage across R.

Vin

Vout
O
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Diode circuits

We can analyze diode circuits with a simpler IV model:
Zero current if less than 0.7 V across diode.

Short circuit if more than 0.7 V across diode. Current drops voltage across R.

Vin

Vout

DavidStuart@UCSB.edu Phys127AL Lecture 4: Transformers and diodes
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Diode circuits

We can analyze diode circuits with a simpler IV model:
Zero current if less than 0.7 V across diode.

Short circuit if more than 0.7 V across diode. Current drops voltage across R.

Vin

Vout

DavidStuart@UCSB.edu Phys127AL Lecture 4: Transformers and diodes
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Diode circuits

We can analyze diode circuits with a simpler IV model:
Zero current if less than 0.7 V across diode.
Short circuit if more than 0.7 V across diode. Current drops voltage across R.

These are called diode clamps;
they clamp the voltage at a diode drop. Vin

Vout

DavidStuart@UCSB.edu Phys127AL Lecture 4: Transformers and diodes
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Diode circuits

We can analyze diode circuits with a simpler IV model:

Zero current if less than 0.7 V across diode.
Short circuit if more than 0.7 V across diode. Current drops voltage across R.

These are called diode clamps;
they clamp the voltage at a diode drop. Vin

Vout
O
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Diode circuits

We can analyze diode circuits with a simpler IV model:
Zero current if less than 0.7 V across diode.
Short circuit if more than 0.7 V across diode. Current drops voltage across R.

These are called diode clamps;
they clamp the voltage at a diode drop. Vin

Vout
O

DavidStuart@UCSB.edu Phys127AL Lecture 4: Transformers and diodes
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Diode circuits

If diodes are n-line, they just drop 0.7 Volts — 1f current is flowing—otherwise I
they act like an open circuit.

>| o) No output because
no current flows.

Vin @ But, can always

imagine some load
o resistance.
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Diode circuits

If diodes are n-line, they just drop 0.7 Volts — 1f current is flowing—otherwise I

they act like an open circuit. “Rectifier circuit.”

V,

VinA
Vi, —0.7V-

P

Vvin @ Rload

T

Y

When Vi, goes negative, diode 1s reverse biased = open circuit.

DavidStuart@UCSB.edu
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Diode power supply circuits

Can use this to convert an AC signal to a DC signal, e.g., in a power supply,
with a capacitor to provide current between swings.

“®

4 $——0
Chilter ——
. O

V. RC discharge
v while diode is off.

i A

DavidStuart@UCSB.edu Phys127AL Lecture 4: Transformers and diodes
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Diode power supply circuits

Can use this to convert an AC signal to a DC signal, e.g., in a power supply,
with a capacitor to provide current between swings.

p $—0

Vvin Cl\) Cﬁltcr T— Rload

¢ O
V. RC discharge Less “ripple” for larger
v while diode 1s off. capacitance values.
Via— 0.7V \
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Diode power supply circuits

Can use this to

convert an AC signal to a DC signal, e.g., in a power supply,

with a capacitor to provide current between swings.

V.

Vin
Vi, — 0.7V

¥ o

Vvin CI\D Cﬁltcr — Rload

o O

~ RC discharge Less “ripple” for larger
while diode 1s off. capacitance values.

- - N -

But the negative swings are wasted.

DavidStuart@UCSB.edu
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Diode power supply circuits

Can use the negative swing with four diodes 1n a “full-wave rectifier” circuit.

o

O

44
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Diode power supply circuits

Can use the negative swing with four diodes 1n a “full-wave rectifier” circuit.

o

O

45
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Diode power supply circuits

Can use the negative swing with four diodes 1n a “full-wave rectifier” circuit.

o

O

46
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Diode power supply circuits

Can use the negative swing with four diodes 1n a “full-wave rectifier” circuit.

o

O

VA
Vind

77N 7 RN
p \ N ’
, . ’ \ / \
' \ / \ 4 :
/ . / \ / \
/ / 4 ! \ / \ / \
/. —_— [ —= 7 \ '
/ . ' \ ! \ / !
111 ! : ’ \ / \
! \ ) \ ' \
' \ ! \ / \
]
\ / \ ! V
/ ' \
/ \ \ / )
/ \ ]
/ \ p \ \
4 >
\ \ ! / g
\ ! \ ’ \ [
\ / \ / \ ’ ;
] \ ! \
\ , \ / \ /
! \ '
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Diode power supply circuits

Can use the negative swing with four diodes 1n a “full-wave rectifier” circuit.

Positive Vin swing

VA
‘/Vill T

AN PN Rt
4 v / \ 7 \
’ \ ’
B ’ \ ’ \
/ ‘\ / \ ’ \
/ / 4 ! \ / \ ’ \
/- — [ g / b !
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Diode power supply circuits

Can use the negative swing with four diodes 1n a “full-wave rectifier” circuit.

< Negative Vin SWng
— >0

[L—
o
o
ol

O

O

—1

Vﬂ

v Voltage across Rioad

1s positive for both

V=LAV -~ half-cycles, but we
~ have two diode

drops, 1.4V, given
up 1in the rectifier.
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Diode power supply circuits

Can use the negative swing with four diodes 1n a “full-wave rectifier” circuit.

VA . .
. Again, a capacitor
i can smooth the ripple
Vi, —14V4

between peaks.

Note use of
electrolytic cap here.

~N~Y
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Diode power supply circuits

Can use the negative swing with four diodes 1n a “full-wave rectifier” circuit.

Can adjust Viy, and hence Vout, I

with a transformer. T
VA
Vil
Vi, —14V+ /

~N~Y
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Diode power supply circuits

Can use the negative swing with four diodes 1n a “full-wave rectifier” circuit.

Can adjust Viy, and hence Vout, I

with a transformer. 1: Add a “bleeder resistor” to
Va discharge the large
v capacitor and avoid a shock
T if load 1s disconnected and
Vio— 14V /

power turned off.

~N~Y
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Diode power supply circuits

Can use the negative swing with four diodes 1n a “full-wave rectifier” circuit.

Switch and fuse ‘

©

Can adjust Viy, and hence Vout, I

with a transformer. 1: Add a “bleeder resistor’ to
Va discharge the large
v capacitor and avoid a shock
o if load 1s disconnected and

Vi, —14V+/ power turned off.

~N~Y
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Diode power supply circuits

Full DC power supply circuit

)

~ 7~
l )
cC &
T £ g
2. 3
o,
O

~N~Y
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Diode power supply circuits
Full DC power supply circuit

)

\
\ ‘ °
1 [@)
PadIqyf
prory o

O

Diode clamps could
flatten output at some
voltage below the ripple.

But chaining a large
number of diodes,
N*0.7V, 1s inefficient.

~N~Y
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Zener diodes

Diodes can be engineered to have a specific breakdown voltage.
Then we can run them reverse biased to clamp at their Vy,.

These are called Zener diodes.

A

Breakdown Reverse

= --------x.-------

Vbr .

<V

=
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Final diode power supply circuits

)

O

Zener diode clamps and
flattens output at some
voltage below the ripple.

~N~Y
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AC to DC power supply examples

1 ~@np esi
— 2
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Light Emitting Diodes

S

-

Anode T—
Flat

Longer Lead Cathode

+ I—

P N
Anode Cathode +
W1 T
LED

(no depletion zone)
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IPhoto Diodes

Anode(+)
: net F-field
| P \\ N T
N | =
+ ! S
+ ; : _
Cathode (-) 1 -
/ v

\
net — charge Jepletion zone net + charge
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