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Chapter 10

¥ OUTLINE
Ð Diode Current and Equation
Ð Some Interesting Circuit Applications

Ð Load Line Analysis
Ð Solar Cells, Detectors, Zener Diodes
Ð Circuit Analysis with Diodes

Ð Half-wave Rectifier
Ð Clamps and Voltage Doublers using Capacitors

¥ Reading
Ð Hambley 10.1-10.8
Ð Supplementary Notes Chapter 2
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I-V Characteristics

In forward bias (+ on p-side) we
have almost unlimited flow
(very low resistance).
Qualitatively, the I-V
characteristics must look like:

VF

I
current increases
rapidly with V

VF

I

The current is close
to zero for any
negative bias

In reverse bias (+ on n-side)
almost no current can flow.
Qualitatively, the I-V
characteristics must look like:
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Diode Physical Behavior and Equation

N
type

P
type

Schematic Device

+! V

I

I
Symbol

+! V

Qualitative I-V characteristics:
I

V

V positive,
easy
conduction

V negative,
no
conduction

Quantitative I-V characteristics:

)1e(II kTqV
0 !=

In which kT/q is 0.026V and IO is a
constant depending on diode area.
Typical values: 10-12 to 10-16 A.
Interestingly, the graph of this
equation looks just like the figure to
the left.

A non-ideality factor n times kT/q is often included.
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The pn Junction I vs. V Equation

In EECS 105, 130, and other courses you will learn why the I vs. V
relationship for PN junctions is of the form

)1e(II kTqV
0 !=

where I0 is a constant proportional to junction area and depending
on doping in P and N regions,
k is Boltzman constant, and T is absolute temperature.
                                        a typical value for I0 is

,106.1hargec electronicq 19!"==

,Kat300 0.026VqKT ¡= A1010 1512 !! !

We note that in forward bias, I increases exponentially and is in
the µA-mA range for voltages typically in the range of 0.6-0.8V.
In reverse bias, the current is essentially zero.

I-V characteristic of PN junctions
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Diode Ideal (Perfect Rectifier) Model

The equation

is graphed below for

1)kT
qVexp(II 0 !=

A10I 15
0

!
=

The characteristic is described as
a ÒrectifierÓ Ð that is, a device that
permits current to pass in only one
direction. (The hydraulic analog is
a Òcheck valueÓ.) Hence the
symbol:

+! V

I

Simple ÒPerfect RectifierÓ Model

If we can ignore the small forward-
bias voltage drop of a diode, a
simple effective model is the
Òperfect rectifier,Ó whose I-V
characteristic is given below:

V

I

Reverse bias
0Vany  ,0I <!

Forward bias
0Iany  ,0V >!

 A perfect rectifier
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Diode Large-Signal Model (0.7 V Drop)

Improved ÒLarge-Signal DiodeÓ Model:
If we choose not to ignore the small
forward-bias voltage drop of a
diode, it is a very good
approximation to regard the voltage
drop in forward bias as a constant,
about 0.7V.   the ÒLarge signal
modelÓ  results.

Reverse bias
0Vany  ,0I <!

Forward bias
0Iany  ,0.7V >"
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The Large-Signal
Diode Model
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Rectifier Circuit

VS(t)

t

+

!

VR(t)
+
!VS(t)

VR(t)

ÒrectifiedÓ version of
input waveform

t

Assume the ideal
(perfect rectifier)

model.
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Peak Detector Circuit

+

!

VC(t)Vi(t)
+

!

C

Vi(t)

Vi

t

VC(t) VC

+
!

Assume the ideal (perfect rectifier) model.

Key Point:
The capacitor charges
due to one way current
behavior of the diode.
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pn-Junction Reverse Breakdown
¥ As the reverse bias voltage increases, the peak electric

field in the depletion region increases.  When the electric
field exceeds a critical value (Ecrit "  2x105 V/cm), the
reverse current shows a dramatic increase:

ID (A)

VD (V)

reverse (leakage) current

forward current

breakdown voltage VBD
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integrated
circuit

A Zener diode is designed to operate in the breakdown mode.

Zener Diode

ID (A)

VD (V)

reverse (leakage) current

forward 
current

breakdown voltage

R

VBD = 15V

VBD

+

vs(t)

Ð

t

+

vo(t)

Ð

Example:
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Load Line Analysis Method

1. Graph the I-V relationships for the non-linear
element and for the rest of the circuit

2. The operating point of the circuit is found from
the intersection of these two curves.

VTh
+
!

+

V

Ð

RTh
I

I

V

The I-V characteristic of all of the circuit except
the non-linear element is called the load line

VTh

VTh/RTh operating point
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Solar cell: Example of simple PN junction

¥ What is a solar cell?
ÐDevice that converts

sunlight into electricity

¥ How does it work?
Ð In simple configuration, it is a

diode made of PN junction
Ð Incident light is absorbed by

material
Ð Creates electron-hole pairs that

transport through the material
through

¥ Diffusion (concentration gradient)
¥ Drift (due to electric field)

PN Junction Diode
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optical
kTVq

SD IeII !!= )1( D

Photovoltaic (Solar) Cell

ID (A)

VD (V)

with incident light

in the dark

Operating point
The load line a simple resistor.
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I-V characteristics of the device

¥ I-V characteristics of a PN
junction is given by

where Is is the saturation intensity
depending on band gap and doping
of the material and IL is the
photocurrent generated due to light

¥ Efficiency is defined as

Voc

Isc
(Vm, Im)

LS I
kT
eV

II !"#

$
%&

' != 1)exp(

IntensityLight

IVFF

IntensityLight

VI scocmm **.
==!

Voc - Open circuit voltage

Isc - Short circuit current

Imp , Vmp- Current and voltage

at maximum powerFF is the Fill Factor
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Example 2: Photodiode

¥ An intrinsic region is placed
between the p-type and n-type
regions
#  Wj "  Wi-region, so that most of the
electron-hole pairs are generated
in the depletion region

$ faster response time
      (~10 GHz operation)

ID (A)

VD (V)

with incident light

in the dark

operating point
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Photodetector Circuit  Using Load Line

I

V

load line

VTh

VTh/RTh

operating
points under
different light
conditions.

As light shines on the photodiode, carriers
are generated by absorption.  These excess
carriers are swept by the electric field at the
junction creating drift current, which is same
direction as the reverse bias current and
hence negative current.  The current is
proportional to light intensity and hence can
provide a direct measurement of light
intensity $ photodetector.

- What happens when Rth is too large?
- Why use Vth?

VTh

+
! +

V

Ð

RTh
I

As light
intensity
increases.
Why?
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reverse bias

forward bias

¥ An ideal diode passes current only in one direction.

¥ An ideal diode  has the following properties:

¥ when I D > 0, VD = 0

¥ when VD < 0, I D = 0

Ideal Diode Model of PN Diode

ID (A)

VD (V)

I D +

VD 

Ð

+
VD 
Ð

I D

Circuit symbol I-V characteristic

Diode behaves like a switch:
¥ closed in forward bias mode
¥ open in reverse bias mode

Switch model
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Large-Signal Diode Model

reverse bias

forward bias

ID (A)

VD (V)

I D +

VD 

Ð

+

VD

Ð

I D

Circuit symbol I-V characteristic Switch model

VDon

+
! VDon

RULE 1:  When I D > 0, VD = VDon

RULE 2: When VD < VDon, I D = 0
Diode behaves like a voltage
source in series with a switch:
¥ closed in forward bias mode
¥ open in reverse bias mode

For a Si pn diode, VDon "  0.7 V
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Diode: Large Signal Model

¥ Use piece-wise linear model
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A diode has only two states:

¥ forward biased:  ID > 0, VD = 0 V (or 0.7 V)

¥ reverse biased:  ID = 0, VD < 0 V (or 0.7 V)

Procedure:

1. Guess the state(s) of the diode(s)

2. Check to see if KCL and KVL are obeyed.

3. If KCL and KVL are not obeyed, refine your guess

4. Repeat steps 1-3 until KCL and KVL are obeyed.

Example:

vs(t)

If vs(t) > 0 V, diode is forward biased
(else KVL is disobeyed Ð try it)

If vs(t) < 0 V, diode is reverse biased
(else KVL is disobeyed Ð try it)

How to Analyze Circuits with Diodes

+
!

+

vR(t)

Ð
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Diode Logic: AND Gate

¥ Diodes can be used to perform logic functions:

AND gate
output voltage is high only if 

both A and B are high

A

B

RAND

Vcc

C

Inputs A and B vary between 0
Volts (ÒlowÓ) and Vcc (ÒhighÓ)
Between what voltage levels
does C vary?

VOUT

VIN0 5

0

5

Slope =1
Shift 0.7V Up

EOC
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Diode Logic: OR Gate

¥ Diodes can be used to perform logic functions:

OR gate
output voltage is high if 

either (or both) A and B are high

A

B

ROR

C

Inputs A and B vary between 0
Volts (ÒlowÓ) and Vcc (ÒhighÓ)
Between what voltage levels
does C vary?

VOUT

VIN0 5
0

5

0.7V

Slope =1
Shift 0.7V Down

EOC
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Diode Logic: Incompatibility and Decay

¥ Diode Only Gates are Basically Incompatible:

AND gate
output voltage is high only if 

both A and B are high

A

B

RAND

Vcc

CAND

OR gate
output voltage is high if 

either (or both) A and B are high

A

B

ROR

COR

CAND High want RAND >> ROR

CAND Low want RAND << ROR

Signal Decays with each stage (Not regenerative)
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p-type Si

n n n n n

regions of n-type Si

No current flows if voltages are applied between n-type
regions, because two pn junctions are Òback-to-backÓ

n-regionn-region

p-region

=> n-type regions isolated in p-type substrate and vice versa

Device Isolation using pn Junctions
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¥ The basic building block in digital ICs is the
MOS transistor, whose structure contains
reverse-biased diodes.

Ð pn junctions are important for electrical isolation of
transistors located next to each other at the
surface of a Si wafer.

Ð The junction capacitance of these diodes can limit
the performance (operating speed) of digital
circuits

Why are pn Junctions Important for ICs?
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Power Conversion Circuits

¥ Converting AC to DC

¥ Potential applications: Charging a battery

VI=Vm sin (%t) R Vo
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Rectifier Equivalent circuit

V>0.6V, diode = short circuit
$ Vo=VI-0.6
V<0.6V, diode = open circuit
$ Vo=0
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Half-wave Rectifier Circuits

¥ Adding a capacitor: what does it do?

Vm sin (%t)
R V0

C

+

-
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Half-Wave Rectifier

Current
charging
up
capacitor
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Level Shift Circuit

- VC1 +

R1
VOUT

+

-

VIN

+

-

C1

VIN

t

VOUT

t

Once the capacitor is charged by the negative most voltage
the rest of the signal is shifted up by that amount.
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Voltage Doubler Circuit

+ V
C

21  -

R2
VOUT

+

-

VIN

+

-

C2

- VC1 +

R1
VOUT

+

-

VIN

+

-

C1

Level Shift Peak Detect

The final output is the peak to peak voltage of the input.


