The p-n junction  p-n iko sl 5SS

Suppose we join a piece of p-type silicon to a piece
of n-type silicon

We get what 1s called a p-n junction

Remember — both pieces are electrically neutral



The p-n Junction

When initially joined
electrons from the
n-type migrate into the

p-type

When an electron
fills a hole — both the :
electron and hole oepuénon
disappear Layer

This leaves a region with no free charge carriers — the depletion
layer — this layer acts as an insulator



The p-n Junction

0.6V
As the p-type has ,-_-/\-_-D
gained electrons — 1t ,
1s left with an overall
negative charge...

As the n-type has
lost electrons — 1t 1s
left with an overall
positive charge...

Depletion
Therefore there 1s a voltage Layer

across the junction — the . , ,
junction voltage — for o sl R (Gl O A o

silicon this is the junction voltage ko sl dg>
approximately 0.6 V .v,, Built-In voltage s offset voltage
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Built-in Potential Barrier or Built-in Voltage (Vbi) across the The depletion region of a
depletion region can not be measured by a voltmeter because
new potetial barriers form between the probes of the voltimeter
and the semiconductor, canceling the effects of Vbi. gives diodes,

p—n junction is what

: . : transistors, and all
Therefore, it only can be determined or predicted from the

calculation using previous equation.

probe @ probe
barrier i barrier

N L
N ptype Y n- t‘rpe

T S :

Semiconductor smgle crystal (wafer)

other semiconductors

their useful properties.




The p-n junction  p-n ko sl 5SS
Built-in Potential Barrier or Built-in Voltage (Vbi)

V;: Thermal voltage
[ N_N, 3 k: Boltzman’s constant
rln T: absolute temperature(K)
e: electronic charge
N,: acceptor concentration
N;: donor concentration

Ve=kTle. V;=0.026V at 300K

Example: Calculate the V of a p-n junction.

Consider a silicon p-n junction at T=300 K, doped at N,=10!® cm"3
in the p-region and N;=10'" cm™ in the n-region.
Here, n.= 1.5x101% cm,

Answer: Vi =0.757 V



The current in the junction iloJl 3 U Ll
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The current in the junction iloJl 3 U Ll

fpn abo g b w5 £ o

n-type p-type
07+ 0. 8883, 00
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@ '_(-B'i@a;_pp-"_e-'_
I,=0mA |, =0mA
O-VD=0V+O
(no bias)

In the absence of an applied bias voltage, the net flow of charge in any
one direction for a p-n junction is zero.



The current in the junction iloJl 3 U Ll

Electric field
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The current in the junction iloJl 3 U Ll

PN Junction in Equilibrium

In equilibrium, the drift and diffusion components
of current are balanced; therefore the net current
flowing across the junction is zero.

S parip = paig
Jn,drift — _Jn,diﬁ”
JtOl‘ — Jp,dl"lﬁ‘ —I_Jn,dl"lﬁL +Jp,dlﬁ[ +Jl’l,dlfjf p— O



The current in the junction iloJl 3 U Ll
pn junction with applied bias U dgor ks die pn dls ol

forward bias L;»u‘vs SLEYN

ohmic contact

both electrons and holes are repelled toward the depletion region.

As a result, the depletion region gets smaller.

Once the depletion region is gone, electrons are free to carry current across the

junction and the semiconductor becomes a conductor.
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The current in the junction iloJl 3 U Ll

Forward Bias condition (V> 0V)

Electric Field
The net electric field is
always from the n- to
- L the p-region.
| — = [+ +E-field =
S S PO B
I 7y + + I
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The Forward Biased P-N Junction

If we apply a
higher voltage...

The electrons feel
a greater force
and move faster

The current will

be greater and

will look like
this....

The p-n junction is called a DIODE and 1s represented by the symbol...

The arrow shows the direction in which it conducts current




The Reverse Biased P-N Junction

Apply a voltage
across 1t with the

p-type negative

n-type positive

The voltage sets
up an electric field
throughout the
junction

The junction 1s said to be
reverse — biased



The Reverse Biased P-N Junction

P——

Negative electrons
in the n-type feel an
attractive force
which pulls them
away from the
depletion layer

Positive holes 1n
the p-type also
experience an
attractive force

which pulls them Thus, the depletion layer ( INSULATOR ) is

away from the widened and no current flows through the
depletion layer p-n junction
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A reverse bias increases the potential
drop across the junction.

As a result, the magnitude of the
electric field increases and the
width of the depletion region
widens.
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Hole diffusion current
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Electron drift current
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The current in the junction iloJl 3 U Ll

forward bias L;»L»‘W SLENN
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saturation current sl HL5 cowg g coub I

: kT
thermal voltage )| &) dgd! gy .ol Vp = r

k=1.38 x10-23J/K T = temperature in Kelvin q=1.6x10-19C
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The current in the junction iloJl 3 U Ll

Compressed
scale
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The current in the junction iloJl 3 U Ll

Example:Determine the current in a p-n junction diode.

Consider a p-n junction at T=300K in which s =10-14 A
Find the diode current for V,=0.7V and V,=-0.7V

Determine the diode current at 20°C for a silicon diode with I .= 50 nA and
an applied forward bias ot 0.6 V.

20



Diodes % L)

®The simplest and most fundamental nonlinear circuit element .

*Symbolized by: > Symbee B " — o
\ + -
O > O

®Has two terminals.
®the direction the arrow points in the diode symbol is the direction that
current will flow.

®Diodes are essentially one-way current gates.

®Has nonlinear i-v characteristic.
o Y B O omy 306

: : diode
plain resistor

21
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The diode characteristics Sl .ol >

P-n Junction I-V Characteristics
Putting 1t all together

Reverse Bias: Current flow is
constant due to thermally
generated carriers swept out by
E-fields in the depletion region

Ji A

Forward Bias: Current flow is
proportional to e(VaVreh) due to the
exponential decay of carriers into
the majority carrier bands

<— Exponential

!

Constant

"VA

Current flow is zero at no applied voltage

Izlﬂ(eVaﬂfref - 1)



The diode characteristics

The maximum

reverse-bias potential
. Reverse

that can be applied ~—breakdown—s

before entering the region

L;fbiU J’.:Al\ '9"‘“3‘“

1Y |

Reverse
bias

i

Zener region is called
the peak inverse

region

Forward
bias
region

voltage (referred to .
simply as the P1V

rating ) or the peak |

reverse voltage

Complete i-v curve of a
semiconductor diode

(denoted by PRV
rating ). l

¢¢ Zener breakdown = § LAl o L
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$¢ Zener breakdown J-":’.) )L:'é\ B Le

Avalanche effect: The increase of the reverse-biased voltage over the specified value will
cause a rapid strengthening of current. That 1s called a breakdown voltage. Once i1t 1s
reached, a large number of the carriers appear in the depletion layer causing the junction to
conduct heavily. Each free electron liberates one valence electron to get two free electrons.
These two free electrons then free two more electrons to get four free electrons and so on
until the reverse current becomes huge.

The process when the free electrons are accelerated to such high speed that they can dislodge
valence electrons is called an avalanche breakdown and the current is called a reverse
breakdown current.

Operation of a pn junction in the breakdown region must be avoided. In general, pn

junctions are never operated in the breakdown region except for some special-purpose
devices, such as the Zener diode.

24



$¢ Zener breakdown J-":’.) )L:'é\ B Le

*When the reverse voltage across diode reaches
breakdown voltage these electrons will get
sufficient energy to collide and dislodge other
electrons

* The number of high energy electrons increases
In geometric progression leading to an avalanche
effect causing heavy current and ultimately
destruction of diode



Silicon versus Germanium

Silicon diodes have, in
general, higher PIV and
current rating and wider
temperature

ranges than germanium

diodes.

The disadvantage

of silicon, however, as

compared to

germanium, as indicated

in Fig. 1.23, is the

higher forwa.rd-blas e
voltage required to v, (Si) l Vs (Ge)

| L1

reach the region of S
upward swing. |

St G

)

0.3 0.4 0.5 06 0.7 08 vy (V)
Vi 1Ge) Ve (50)

Figure 1.23 Comparison of Si
and Ge semiconductor diodes.
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oLl s 5las

1.7 RESISTANCE LEVELS

As the operating point

of a diode moves from one region to another the resistance

of the diode will also change due to the nonlinear shape of the characteristic curve.

J

I.ll_,llu.-'l. |

i

|
1:.

DC or Static Resistance

The application of a dc voltage to a circuit containing a
semiconductor diode will result in an operating point on the
characteristic curve that will not change with time.

The resistance of the diode at the operating point can be

found simply by applying the following equation:

Vn

R =
D I

Figure 1.25 Determining the dc
(%1 resistance of a diode at a particu-

lar operating point.
]

The dc resistance levels at the knee and below will be greater than the resistance
levels obtained for the vertical rise section of the characteristics. The resistance
levels in the reverse-bias region will naturally be quite high

In general, therefore, the lower the current through a diode the higher

28

the dc resistance level.



LS,LMJ\ ds 9las

AC or Dynamic Resistance: I

-
. . . 11
[t is obvious from Eq. 1.5 that the dc resistance {1
of a diode 1s independent of the shape of the "
characteristic in the region surrounding the (-paint f |+ Ad,

point of interest. |

[t a sinusoidal rather than dc input is applied,
the situation will change completely.

Figure 1.28 Determining the ac

The varying input will move the instantaneous Hesisiatice at 4 (Lpoint

operating point up and down a region of the

characteristics and thus defines a specific change AV,
. Fa =
in current and voltage. Al
The demg.natlon Q—p01.nt 1s derived fro.m the  26mV
word quiescent, which means “still or Fa = I
Ge,Si

unvaryin g.”




Worksheet:4

30

Determine the dc resistance levels for the diode of Fig.

(a) Ip=2 mA
(b) Ip =20 mA
(c) Vp=-10V ¢ T tmA)

m_

—— Silicon
e
1 -
-10 ¥ 19~ |

L B —
‘1} 085 08  Vy(V)
| A

1.26 at

Figure 1.206



LS,L.,J\ ds 9las

For the characteristics of Fig. 1.29:

(a) Determine the ac resistance at I = 2 mA.
(b) Determine the ac resistance at [, 25 mA.
(c) Compare the results of parts (a) and (b) to
the dc resistances at each current level.

k Ip(mA)
30— <
g e e = ATy
20— -
N
15—
10—
L -
4 ___________________
| — D
I I | | | | | -
0 0.1 02 0.3 04 05 06 07 0.8 09 1 V

K_._Y_._J
AV,



LS,L.,J\ ds 9las

Average AC Resistance

If the input signal is sufficiently large as indicated in Fig. 1.30, the resistance for this region is called the

average ac resistance. The average ac resistance is, by definition, the resistance determined by a straight line

drawn between the two intersections established by the maximum and minimum values of input voltage.

4 Ip(mA)

_ AV

T 20—

Iay
A lrd pt. to pt.

Al;=17TmA — 2mA = 15 mA 151 |
AV,=0725V =065V =007V |

AV, 0075V 3121 10 ,
Fav = &Id — 15 m‘—S-ﬂ ||'I

|
|
|
|
|
|
|
[
|
|
[
|
|
[
|
|
|
[
|
I
7

| | | |
0 01 02 03 04 05 06 O
~
AV;

08 09 1 y, (V)

Figure 1.30 Determining the average ac resistance between indicated limits.



TABLE 1.2 Resistance Levels

Special Graphical
Iype Equation Characteristics Determination
Vo I
DC or static Rp= T Defined as a 0
b point on the a
characteristics
Yo
AC or = Ti:“’ = Eﬁfmv Defined by a I LAl
dynamic o o tangent line at Uy !
the (J-point
e —
Al
A _ Al s Af
verage ac B = g1 Defined by a straight d
ﬁlrd pt. to pi.

33

line between limits
of operation

AV,



DIODE EQUIVALENT CIRCUITS  SLil 2\ Csw\

An equivalent circuit is a combination of elements properly chosen to best represent the
actual terminal characteristics of a device, system, or such in a particular operating region.

Type Conditions Model Characteristics
i ll:ll
P g
Piecewise-linear model = { .
|—"W'lr'—H—'E' ”
Ve 7T ldeal . A
dinde
i I
Simplified model Recsorc B Fav a II M— - TIE
Ve o ldeal 4
divade
i In
Ideal device R i ng e 0

34 Eerwor & Fr

4 4



DIODE SPECIFICATION SHEET Sl oliol ge 33

35

BV 128V (MIN) @ 100 pA [0 3% CLUTTLINE
ABSOLUTE MAXIMUM BATINGS i MNase 15 I f
Temperatures I'::“q-.
Storage Temperature Range =H5'C to +200°C I
Mavimum feeciion Operaiing Temperaire +118'C _f
Lead Temnperature 0
Power [Hssipation | Node 2} EI-‘::: '-u:
Maxinwem Toial Power Dissipation at 25'C Ambiens S mW
* Limear Power Derating Factor { from 25°C) A% mW T
Maxkmum ¥oltage and Cerrents I
Wiy Weeking Inverse Vahage IR l
sl kil
Iy Avirage Kedtiled Owrest M mAs i L b “"__"I b LR
Ig Comtinuous Foreard Currem 00 ma e JLE]
Ir Pk Bepeitve Foreand Curresd HE mA HOTES:
i ~ Cropper chad sieed beswth_ np plased
irprarpen Frak Farwand Surge Currenl i e lends wvarable
Fuls: Widih = 1= Ak & Hirei kcally scaled glass packaga
Pulss: Wigdth = | = Al A Pacicsge weaghi in 814 grom
ELECTREICAL CHARACTERISTICS i 250 Ambiend Temperature nnbess oherwise noted)
Y AR CHAEACTERISTIC MIN | MAX | UNITS TEST COMNDTTIOMNS
E Ve Forward Yaoliage nEs | [.00 W [ = 200 mA
(N 054 Y Ip= i mA
078 | nss WV Ip=30mA
L [LAL Y lp=0@ma
ne? | oTs W Ip= 50 mA
F— a0 | (sE W Ip= L0 m#&
W Ip =01 M
i In Reverse Coument S A Vp=20¥. T, = 135'C
S0 nd, V= DR Y
.0 pA Vg = 100V, T, = 125°C
nh g = UAO Y
[T "|I"_ = [EO W, Ty = WEIC
BY Breakdoun Voleage 125 W = |-|'-'1_-'f HA
H i Capacilance —| B4 nF V=0 = L. MHz
1 Iy Reverss Recovery Time o KR s Ip = Pl ma, Vg = 35 %
Hy o= 0o 100 kLl
G o= I0pF
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DIODE SPECIFICATION SHEET Sl oliol ge 33

Specific areas of the specification sheet have been highlighted in blue with a let-
ter identification corresponding with the following description:

A:

B:

The minimum reverse-bias voltage (PIVs) for a diode at a specified reverse
saturation current.

Temperature characteristics as indicated. Note the use of the Celsius scale and
the wide range of utilization [recall that 32°F = 0°C = freezing (H,0) and
212°F = 100°C = boiling (Hz0)].

Maximum power dissipation level Pp = Vplp = 500 mW. The maximum
power rating decreases at a rate of 3.33 mW per degree increase in tempera-
ture above room temperature (25°C), as clearly indicated by the power
derating curve of Fig. 1.36.

Tk

perature in Fig. 1.36).

Range of values of Vi at I = 200 mA. Note that it exceeds V= 0.7 V for
both devices.

Range of values of Vi at [ = 1.0 mA. Note in this case how the upper lim-
its surround 0.7 V.

At Vi =20V and a typical operating temperature [ = 500 nA = 0.5 uA,
while at a higher reverse voltage [, drops to 5 nA = 0.005 pA.

The capacitance level between terminals is about 8 pF for the diode at Vi =
Vp = 0V (no-bias) and an applied frequency of 1 MHz.

The reverse recovery time is 3 us for the list of operating conditions.



SEMICONDUCTOR DIODE NOTATION
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Load-Line Analysis Analysis of Diode circuits L;:L;:J‘ 6 51> J,:lé

R —>= Vo, et I Ll s
A

Idz IS eV_T

S350 3 RV D558 056 sl

Vi gl 1, L) Aad slg] S«
) e ) e sl sl 2
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Diode characteristic

Load-Line Equation
vDD o VD
R

ID=

() '
Vb )
VDb
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Example 2.1

. ! imdld
determine: (a) Vp, and Iy, (b) Vg |
10
r s B i =
o H 0 LI
S T
- t
E ql —
L= UV RZ21k0) ) 4 4
= g o
| 2
| -
Bt
05 0%
Vo tmA)
E- ~~
0
mA gf=
H- —
T =
=
*r
4
3=
=
'r

0s II 1 W 10 L, V)

(E)

=

. 2!
—
i b=
R f—
.y .

.

=4

=

S

4v

L -
P=R Vp=0V
0V _ o
1k 0™
Vo= E — 10V
Ip=04
Vi (V]
V.=, R=I,R=
(9.25 mAY(1 kQ)=9.25V
Vo,=E-V,=

10V-0.78V=9.22V



2.4 SERIES DIODE CONFIGURATIONS WITH DC INPUTS

FXAMPIE 2.6

+ ¥y =

.*._H 1

5

=3V R&22k0 !

| = 4+
1!

Figure 2.16 Gircuit for Example

For the series diode configuration of Fig. 2.16, determine Fp, Fp, and /.

Solution

Since the applied voltage establishes a current in the clockwise direction to match the
arrow of the symbol and the diode 1s in the “on™ state,

=07V

Vea=E—Vp=8V—-07V=73V
5 T

In=1p= Ve o 13V = 3.32 mA

R 22Kk



For the series diode configuration of Fig. 2.19, determine :V,,Vy, and I,

Solution

Although the “pressure” establishes a current with the same direction as the arrow
symbol, the level of applied voltage is insufficient to turn the silicon diode “on.” The
point of operation on the characteristics is shown in Fig. 2.20, establishing the open-

circuit equivalent as the appropriate approximation. The resulting voltage and current
levels are therefore the following:

pR=(0A)1.2kQ=0V
and Vp=E



o

+ Vvn -

>
15V —= § 1 kQ
— :‘D

Figure 8.12 Circuit

containing ideal diode

I +

Sl a5 51l

Short circunt
7 .
r =] fﬂ
I'n(limited by circuit)

(a)

T Vp—
——O—0—

_|_
15V = 31k
J— :ID

Figure 8.13 Circuit of
Figure 8.12, assuming that
the ideal diode conducts

0 Vr
T Vo —
_O O—
+
L5V — §1 kQ
—_— :'D

Figure 8.14 Circuit of
Figure 8.12, assuming that
the ideal diode does not
conduct



The external circuit must be designed so as to lmut:

I-the forward current through a conducting diode.

2- the reverse voltage across a cutoff | RS %
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Diode Applications S ol by

Logic gates. &2kl <L) 5 The Rectifier. L fjfu
it The half-wave Rectifier. 4>- j.U ) s j.b
+ Up —
O > o
> w— D %
v u(t) P R o
o o
ur A
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* 26. For the network of Fig. 2.150, sketch v, and ig.

% Iy
——

]
+ | kid

Figure 2.150 Problem 26
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OR Gate

Y= A+B+C

Inputs
A Qutput
Bo— OR

Logic gates.  dualaad CJU},J‘

+5 'Y

Rg

AND Gate







