PHYS127AL Lecture 5

David Stuart, UC Santa Barbara
More diodes; Transistors
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Review

Diodes:
Current proportional to charge carrier density, n
Doping n-type or p-type impurities in a silicon crystal changes n
A junction between n-type and p-type causes a depletion region
Reverse bias increases depletion region without current flow

Forward bias reduces depletion region; large current once overcome.
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More diodes:
Power supply
LEDs

Battery backup circuit
Photodiodes

Transistors
Basic idea of operation
General rules for circuit analysis
First example circuits
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Diode circuits

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

P

Vvin @ Rload

T

Vi

V,,—0.7V+E

Y

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

A

p $—0

VEn C/\D Cﬁltcr — Rload

RC discharge
while diode is off.

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.

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

Vvin CI\D Cﬁltcr — Rload

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

- N -

But the negative swings are wasted. This 1s called a "half-wave rectifier".

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.
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Diode power supply circuits

Full-wave rectifier circuit uses the positive and negative swings
Positive Vin swing
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Diode power supply circuits

Full-wave rectifier circuit uses the positive and negative swings

< Negative Vin SWng
—>— »O

[L—
o
o
ol

O

O

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

Full-wave rectifier circuit uses the positive and negative swings

“®

VA 0 3
Again, a capacitor
. 2 / can smooth the ripple
Viy—14V4/

between peaks.

Note use of
electrolytic cap here.

~N~Y
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Diode power supply circuits

Full-wave rectifier circuit uses the positive and negative swings

Can adjust Viy, and hence Vout, I
with a transformer.

VA
V|
Vi,— 14V

~N~Y
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Diode power supply circuits

Full-wave rectifier circuit uses the positive and negative swings

Can adjust Viy, and hence Vout, I
with a transformer.

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-wave rectifier circuit uses the positive and negative swings

Switch and fuse ‘

©

Can adjust Viy, and hence Vout, I
with a transformer.

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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Digression on switches

I Many kinds of switches available.

3 SPDT toggle switch
Double pole - double throw
b . .
Symbeol . DPST Switch
Momentary (push-button) switch
OFF<~ ~“ON

)

L SPST
= single-pole single-throw

||

l:
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Digression on fuses

Many kinds of fuses; usually a thin wire that melts at a specific current.

T BLOWNFUSE 1 GOOD FUSE
Typically used in car fuse boxes

Slow-blow

5
]
S
3
N
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Digression on fuses — resettable fuses

“Resettable fuses” are usually just thermistors that have their resistance increase
dramatically with temperature. Turning off the power and waiting a minute will
reset them by letting them cool down. If the source of the high current problem
is gone, re-powering after cool down will return the circuit to functionality.
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Digression on fuses — circuit breaker

For a house or building, the AC power is separated into about a dozen circuits,
with circuit breakers that limit current to 15 or 20 A. TN A,

2
-
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Digression on fuses — circuit breaker

For a house or building, the AC power 1s separated into about a dozen circuits,
with circuit breakers that limit current to 15 or 20 A. ZTN A,

Upper Terminal
(Incoming Supply)

Thermal
Protection
Bimetal

Tripping Lever

Arc Chamber

Operating
Mechanism Electro-Magnetic
Protection
(Solenoid or

Operator ;
Magnetic Coll)

Fixed Contact

. ‘
Space for >
Identification .
mark = { : Moving Contact

Lower Terminal
(Outgoing Load)

DIN Rail Holder

www.electricaltechnology.
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Digression on fuses — ground fault interrupter

For kitchens and bathrooms (where standing water 1s likely), power outlets
must use a GFCI to avoid current shorting to ground through external paths.

1
w

Reset ‘-
Test -+

&

Test
buttoen

Circuit opens Resistor m
when a fault
Is detected

%

Line voltage
from utllity

neuiral

Current
Sensor

relay

Ground Fault Circuit Interrupter operation

transformer

Live conductor
or fault to an
enclosure Is

touched
By

Load \
\ Fault current

travelling to

the heant
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Diode power supply circuits

“Full DC power supply circuit

o

=
= ~
. g
(oW
o

VA
Vin
Vi, —14V+ /

~N~Y

21
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Diode power supply circuits
Full DC power supply circuit

\
\ ‘ o
1 [@)
PadIqyf
prory o

O

Turning a circuit off and
waiting 15 seconds before
turning it back on helps by:

Vll
Vin Bleeding capacitor.
Vi, —14V+/ Resetting thermal fuses.

~N~Y

22
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Diode power supply circuits
Full DC power supply circuit

O
= ;u
~ :
Size of C and ripple?
V4 Obviously, larger C reduces ripple.

Vin RC >> 1/(2x60 Hz) = 8ms
Vi, —14V4 [~ - |~ Or, define AV and Iiax.
y Eg, AV=1V&Inx=1A
tq=CV
C = (dq/dt)/(AV) =1 (At)/(AV)

C=1A8ms/1=28000 puF
23
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Final diode power supply circuits

‘Select a zener diode with a breakdown to match the desired clamping voltage.

O
~
5 ay
2 2
o
O

Zener diode clamps and

Vin

Vi, —14V+ /

flattens output at some
voltage below the ripple.

;77N
AN
{
i \/\
N '\
; vy, \
/ \
, \
\ \
\

~N~Y
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More realistic diode behavior
We initially approximated the diode I'V as a short circuit above 0.7 V
200 IN914
—o
y ;: 100 ; \ :\
10 » rd
) Olsssssssssnsssssnssnsnsssnsns T,
\/| N 0 06 0.7
V (V)
+2 .......................................................................................
07 ..................................................................................
oY WA S, (Y
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More realistic diode behavior

We initially approximated the diode I'V as a short circuit above 0.7 V; but it actually starts earlier

and 1s less steep.

)
IN914
L O
y f’é 100 —
—

26
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Light Emitting Diodes

SMT LED

a /y Epoxy lens/case (TOp) (B Ot'[OIIl)
/ Wire bond

Semiconductor die

Reflective cavity
Anode . \

Flat

::;:I } Leadframe
Longer Lead Cathode
Flat spot
l ]
Anode Cathode
(long) (short)
+ I —

’ I P N
Anode Cathode * P E
AR .

LED

(no depletion zone)
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Battery backup circuit with diodes

DC power supply

+ .

Laptop
or
other load

- Simply connecting battery won’t work.

Will overcharge battery and cause it to

burn.

DavidStuart@UCSB.edu
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Battery backup circuit with diodes

DC power supply

o

o o

1

Laptop
or
other load

Could switch one out and the other in

DavidStuart@UCSB.edu
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Battery backup circuit with diodes

DC power supply
6 V output

o

6V

A

1

Laptop
or
other load
requiring
5-6VPS

DavidStuart@UCSB.edu
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Battery backup circuit with diodes

DC power supply
6.7 V output

o

’ D|Z%

AN

Ry

6V m—t—

1

Laptop
or
other load
requiring
5-6VPS

DavidStuart@UCSB.edu
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Battery backup circuit with diodes

—O/ O—e ® Dl
DC power supply \

6.7 V output
7\
AMAH

R» Ri

6V m—t—

T .

LED lights when DC power supply 1s active.

Laptop
or
other load
requiring
5-6VPS
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Battery backup circuit with diodes

e

i o
Y[ | 7

R

R>
6V —1—

T .

LEDI lights when DC power supply 1s active.
LED?2 lights when battery 1s active.

Laptop
or
other load
requiring
5-6VPS
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Photo Diodes

v
2 |
S
£
5 |
O
net F-field
P \ N
" \ T
= - o
+ ! : I .
+ o .
+ i < // \\ E _
' N T
) ‘/ Y \ ‘
"-_AnOde('l‘) net — charge depletion zone net + charge

4 %

Vout I out

Cathode (-)
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IPhoto Transistors

For detecting light, we often use phototransistors rather than photodiodes.
They amplify the I(Ny) response.

IN914

d

rI-])I(rl/ . .

We get a hint of how by seeing that
diode current increases with voltage _

SUre

Me.

. < 100 - f:
across 1it. z i/
Current flow frees more carriers.
Photocurrent controls larger current.
18 r
(5 ():6 0.7
V (V)
\ |
net F-field I
P \ N
I < \ | B
+ 0 I
+ o
+ L
i E ~f . E _
! \

v

/ \

|

DavidStuart@UCSB.edu Phys127AL Lecture 5: More diodes; transistors



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

Transistors

A transistor operates by amplifying current.
It 1s active, meaning more power out than in.
Previous components were passive.

Made by sandwiching a thin, lightly-doped p-type layer between n-type regions.

collector collector
_ N - N
collector - C - 2
- S 5
- ] B
————————————— ~_ &
base base o—— + P B base o—— T +_ P| .S
V = +~
HtH 2
— - - 1 x> bkememmem— e — o,
_ — - O
emitter — — =
NPN — - — N NPN - - - TN
emitter emitter
36
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Transistors

If we have a voltage across the base-emitter junction > 0.6 V it becomes

forward biased.

Negative charge carries move from the emitter to the base, but they can
also move across the field region to the collector.

200

IN914

law

([i()(I() )

«_'_‘I\///(‘,/
al

t.}”:])j(, R,

/I/(‘.

This corresponds to a small current into the base
and a larger current into the collector.

Is controls Ic and amplifies it by a factor B=100.

col

lector

N
LWL
B2 222222
- P

| -
_ . N
emitter

37
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Transistor rules of operation

1). Ve = 0.6 V or the transistor 1s off C
[.e., VB=VEg+ 0.6V
Once the transistor is on, AVp = AVE. . l .
2). Ic=pB Is. b
And by charge conservation Ig =Ig + Ic so Ig = Ic E
3). Vce > 0.2V

With these simple rules we can analyze most transistor circuits.
We’ll add some nuance later.
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Transistor rules of operation

1). Ve = 0.6 V or the transistor 1s off C
l.e., VB=VE+ 0.6 V
Once the transistor is on, AVp = AVE. . l .
2). Ic =P Is. D
And by charge conservation Ig =Ig + Ic so Ig = Ic E
3). Vce > 0.2V 2N3904
With these simple rules we can analyze most transistor circuits. '

We’ll add some nuance later.

The 2N3904 is an NPN transistor.

You also have others we will discuss later. EBC
C
=
0
B >
3
F
E
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Transistor rules of operation

1). Ve = 0.6 V or the transistor 1s off C
l.e., VB=VE+ 0.6 V
Once the transistor is on, AVp = AVE. . l .
2). Ic =P Is. D
And by charge conservation Ig =Ig + Ic so Ig = Ic E
3). Vce > 0.2V 2N3904
With these simple rules we can analyze most transistor circuits. ’

We’ll add some nuance later.

The 2N3904 is an NPN transistor. |
You also have others we will discuss later. EBC

Some terminology:
The power supply connected to the collector is called Vcc.
The power supply connected to the emitter is called VEk.

Top view
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Simplest transistor circuit

Can switch a large current with a small current.

Vce

10k

o

100

VEE

DavidStuart@UCSB.edu Phys127AL Lecture 5: More diodes; transistors
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Simplest transistor circuit

Can switch a large current with a few photons.

Vce

100

VEE

DavidStuart@UCSB.edu
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IEmitter follower

This transistor circuit has the output “follow” the input, with a 0.6 V drop.

Vce

Vin
Vout

REe

VEE

60V

40V

20V

oVv

Vin=4 + 2 sin ot

Vout = 3.4 + 2 sin ot

VO
o V(Ri: ] ) OV(Q] :e)
0.5 1.0 1.5 2.0 2.5 3.0
Time (ms)

DavidStuart@UCSB.edu
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IEmitter follower

This transistor circuit has the output “follow” the input, with a 0.6 V drop.

Vce

Vin
Vout

REe

VEE

50V

40V

30V

20V

1.0V

oV

-1.0V

Vin=2.2 + 2 sin ot

Vour=1.6+2sin ot but output clips at 0 V

V(O] :e) = VO
o VIRi:2) oV(Ql:e)
0 0.5 1.0 1.5 2.0 2.5 3.0
Time (ms)
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IEmitter follower

This transistor circuit has the output “follow” the input, with a 0.6 V drop.

Vee Vin=2.2 + 2 sin ot

Vour=1.6+2sin ot but output clips at 0 V

We will soon find work-arounds to avoid clipping.

50V
Vin

40V
Vout

30V

20V

Rge
1.0V

oV V(Ql:e) = Vg

Ve a VIRi:2) <V(Ql:e)
— -1.0V

0 0.5 1.0 1.5 2.0 2.5 3.0

Time (ms)
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IEmitter follower

The benefit here is increased input impedance. Recall that impedance is R = AV/AI

Vce
C
Vin S =
E
Vout
REe
VEE

VE
Without the transistor we need to flow
Al = AV / Rg to change Vin by AV Re

With the transistor, we can calculate Ri, from
Rin — AVin /Alin — AVB /AIB -

The base current is 1/B of the emitter current,
since Ig = Ic =B Is. So,

Rin =AVin / Alin=AVg/ (Ale/B)= BAVE / Alg
We also had AVs =AVE from the transistor rules, so
Rin=BAVgB/Alg = BAVE /Alg = BRE

The mput impedance is 3 times larger than Rg.
The transistor amplifies the impedance by 3 =100.
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IEmitter follower

The benefit here is increased input impedance. Recall that impedance is R = AV/AI

Vin S

-

\j

AN

PD |—»

The transistor amplifies the impedance by 3 =100.

This is the way to make each stage have large input impedance;
put a transistor at its input.

The emitter will follow the variations in the input.
The DC shift of 0.6 V is not a problem because

the variation of Vin is the signal.

The additional power needed is supplied by Vcc.

o000+
000
o000 =-
000+
(m— ]

Amp Filter ADC

DavidStuart@UCSB.edu
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IEmitter follower

The benefit here is increased input impedance. Recall that impedance is R = AV/AI

-
.

Vin S

Vin

mww> | PD —»

The transistor amplifies the impedance by 3 =100.

This is the way to make each stage have large input impedance;
put a transistor at its input.

The emitter will follow the variations in the input.
The DC shift of 0.6 V is not a problem because
the variation of Vin is the signal.

The additional power needed is supplied by Vcc.

Can get a factor of B2 with two followers. (Darlington configuration.)
However, that costs two diode drops.

o000+
000
o000 =-
000+
(m— ]

Amp Filter ADC

DavidStuart@UCSB.edu
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IEmitter follower

We can remove the clipping at 0 V by setting VEg to a negative supply.

in=2.2+ .
Vee=+5V \Y% 2.2 + 2 sin ot

Vour=1.6+2sin ot but output clips at 0 V

We will soon find work-arounds to avoid clipping.

50V
Vin
40V
30V
20V

1.0V

oV V(Ql:e) = Vq

o V[Ri:2) oV(Ql:e)

-1.0V

0 0.5 1.0 1.5 2.0 2.5 3.0

Time (ms)
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