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1. BASICS OF CIRCUITS THEORY
1.1. Electrical properties of materials

From the electrical point of view, all materials can be divided into three
groups. But at first, remember that all materials are built of atoms. Each atom
has nucleus and electrons rotated on the nucleus and bounded to it.

Definition. Conductors - materials that permit free motion of a large
number of electrons. Most metals are good conductors. For example, copper,
silver, gold etc.

Definition. /insulalors (or nonconductors) are materials with molecules
which haven't free electrons at all. Electrons are tightly bounded to their atoms.
Large amount of energy is required to free the electrons from the influence of
the nucleus. Examples of insulators are rubber, plastics, glass and dry wood.

Definition. Semiconductors - materials that conduct electricity, but offer
opposition to current flow. These type of materials is neither good conductor
nor good insulator. Examples of semiconductors are carbon, silicon,
germanium, tin, and lead.

Examples. Conductor materials are widely used in different wires (for
instance, Cat. E5 cable), in production of various printed circuit boards, etc,
Insulators are usually applied for isolating wires of different polarities, in
capacitors and other electrical devices. Semiconductor materials are the basis
of the whole microelectronic field and, as a result, computer devices.

1.2. The concept of electricity

The basic concepts of electricity are closely bounded to the conductor
materials. We start with the concept of voltage.

Electricity exists due to the movement of either positively charged
particles (holes) or negatively charged particles (electrons) from point A to point
B. Consider the movement of holes.

Definition. Vollage between two points of scheme is the energy released
during the movement of unitary positive charge from the point with high
potential (point A, for instance) to the point with lower potential (point B).
Potential is defined as

p=W,lq, (1.1)

where W, denotes the potential energy of the particle, g is the particle’s charge.

During its movement from one point to another, particle interacts with
many atoms inside the conductor and step-by-step looses its energy. Then,
taking into account all particles, voltage is defined as potential difference
between two corresponding points of scheme:

V=0-@ (1.2)
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The basic measurement unit for potential difference is the Volt (symbol V)
and, that's why, potential difference is called voltage.

Term “voltage” has several synonyms: “electromotive force" (emf),
“potential difference” and “voltage drop”. In electrical formulas and equations
voltage is usually symbolized with a capital V or with E.

Note. An object's electrical charge is determined by the number of
electrons that the object has gained or lost.

Usually there are many free electrons (or, equivalently, positive charges)
in the conductor. In neutral state, they drift from one atom to another in a
random direction. But when potential difference is applied, the direction of free
electrons movement is taken under control.

The strength of the applied voltage determines how many electrons
change from a random motion to a more directional path through the wire.

Definition. The movement or flow of such electrons is called electron
current flow or just current.

The symbol for current is “I" or “i". Quantitatively the current is measured
by its strength. The current strength / equals to the amount of electricity (or

charge) Ag transferred during time interval At through a conductor cross
section:

I=AglAt. (1.3)

The basic measurement for current is the amperage (A). The direction of
electron flow is from a point of negative potential to a point of positive potential.
The flow of electrons in one direction causes a flow of positive charges in the
opposite direction. The flow of positive charges is known as conventional
current.

Generally, electrical current can be classified as one of two general types:
Direct Current (DC) or Alternating Current (AC). A direct current flows
continuously in the direction. An aifernating current periodically reverses
direction. An example of DC is the current obtained from a battery. An example
of AC is a common household current.

Definition. Resistance is defined as the opposition to the current flow.
The amount of such an opposition mainly depends upon the amount of
available free electrons in the material.

Resistance is measured in Ohms and is represented by the symbol *R".
One Ohm is defined as the amount of resistance that will limit the current in
conductor to 1 A when the potential difference applied to the conductor is 1 V.
The short notation for Ohm is the Greek letter capital omega €.

Definition. Conductance is defined as the ability to conduct current and
is opposite to resistance. If wire has a high conductance, then it has low
resistance end vice-versa. The unit used to specify conductance is called
“Mho™ which is “Ohm" spelled backward. The symbol for "Mhe" is the Greek
letter omega inverted U. The symbol for conductance used in formulas is G:

G=1IR. (1.4)
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Electricity is generally used to do some sort of work, such as turning a
motor or generating heat.

Definition. Specifically, power is the rate (or speed) at which work is
done or the rate at which heat is generated. In equations, power is abbreviated
with the capital letter P. Power is described as the current | in a circuit times the
voltage V acrass the circuit:

P=V.I. (1.5)

The measurement unit for power is Watt and is abbreviated with the
capital W.

In 1827, George Ohm discovered that there was a definite relationship

between voltage, current and resistance in an electrical circuit. This relationship
can be stated as follows.

Definition. Applied voltage equals circuit current times the circuit
resistance:

V=IR. (1.6)

1.3. Voltage, current and power in case of harmonic impact

In case of harmenic impact, current and voltage in some schemes vary in
time accordingly to the sine or cosine law:

it) =lcos(2zf-t), v(t)=V -cos(2zf-t), F=1/T, (1.7)
where w=2nf=2n/T denotes a cycling frequency, T is a signal cycle (or

period).
Definition. instantaneous power p(f) is denoted as

p(t) = i(t)-v(t). (1.8)

Power given off on the resistance R also depends on time and varies with
the frequency doubled 2w (Fig. 1.1);

p(t) = i(t) - v(t) =lcos(wt) -V cos(wt)=0.5-1-V . [1+ cos(2wt)], (1.9)
Defi.. 'tion. Average power P is obtained by averaging the instantaneous
power over the period:
1 T
P=—|p(t)dt. 1.10
= z[.o( ) (1.10)
The concept of average power is used to estimate the extracted power.
For our case, we get:
M Vi

1]"
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2wt)dt = —sin| 2—T |-0=0. 1.12
Jeos(zat)dt = m[ : ] (1.12)
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Fig. 1.1
1.4 Effective (active) voltage value

Let the harmonic voltage w(f) impacts the resistance R. As a result, the
average power P is extracted. Define the equivalent direct voltage Ve such that
when it applies to the resistance R the extracted power value P; will be the
same as the average power P in case of alternating voltage.

The average power P (from Eq. (1.10) and Ohm's law (1.6)) can be
written as:

fE 2
L Wl PO

Pz?11 R SR (1.13)
Definition. Extracted power Py
P, =V4IR. (1.14)
Then setting P equal to Py we obtain:
%:Fﬁi from which V, sv—; or V,”=%. (1.18)
Thus:

1. Effective voltage V. in case of harmonic impact is J2=1.41 times
smaller than the amplitude value V of signal w(f).

2. Effective voltage value Vs is also equal to the root-mean-square
voltage:

p:l]"’z‘”dr, P, —VZIR, P=P, fromwhich
T{ R ’




V,, = /%Iv’(f}m‘. (1.16)

2. ELECTRICAL SCHEME AND ITS COMPONENTS

Definition. Electrical scheme is a set of discrete and integral
components (Fig. 2.1). Discrete components are divided on linear and
nonlinear elements.

Definition. Linear elements are the elements for which the dependence
of current upon voltage is described by linear function. This group includes
such real elements as resistors, capacitors and inductances.

Elements that have nonlinear voltage-ampere characteristics (VAC)
belong to the class of nonlinear elements. This group consists of diodes,

transistors, efc.
Electrical scheme

+Rssistanue,

Integral components

-
i

- Capacitance, “T| elements

Reactive > Inductince

Discrete elements are also divided on active and passive elements.

Definition. Active elements allow amplifying input alternating signals,
whereas passive elements can only transform the energy of the signal from one
form to another.

Passive discrele elements are divided into two classes according to the
energy transformation mode: dissipative elements and reactive elements.

The example of dissipative element is a resistance that actively
transforms energy from electro-magnetic kind to the thermal state. In opposite,
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the reactive elements accumulate the energy of electrical or magnetic field and
then return it to the circuit. Well-known examples of such elements are
capacitance and inductance.

2.1. Idealized models of discrete passive elements

The mathematical analysis of real-life schemes is usually done using its
idealized model. Then the set of idealized elements is necessary to replace
the real elements. In this topic we will consider the main idealized passive
elements and their properties.

Definition. Resistance is the idealized passive linear element and it can
transform the current into voltage without lag effects. Parameter of the element
is the resistance defined as.

I
R=pZ. (2.1)
where p denotes the resistivity of the material and is measured in Q-m, | is a
material width and A denotes a cross-section area of the material (Fig. 2.2).
Resistance can also be determined using Ohm's law (Fig. 2.3):

V =IR or v(t)=Ri(t). (2.2)
R
| |
— Pl s + =L i‘_/\/\/\(_‘
Vv Vv
Fig. 2.2 Fig. 2.3

Resistor (real-life resistance) is usually used:

1. As a load of active devices;

2. In filtering schemes;

3. As an additional timing element (time constant setting);

4. For the redistribution of the potential levels in a scheme etc.

Definition. /nductance is an idealized passive element (Fig. 2.4). Voltage
drop on the inductance is proportional to the rate of current change flown
through it:

The main features of the element:

1. The symbol used to indicate inductance in electrical formulas and
equations is L. The measurement units for L are called “Henries” and are
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abbreviated by H. Equation (2.3) is the mathematical representation for the
voltage v, (f) induced in a coil with the inductance L.
di(t)
v.(t)= et (2.3)

2. Inductance is naturally a dynamic element. Voltage drop on the
element appears only when there are changes of current, flown through the
inductance. In static mode (in case of direct current) the voltage drop on the
element is absent.

3. Inductance is an inertial element, i. e. current through it cannot change
instantly when potential difference is applied on it. That is, Fig. 2.5 cannot be
observed because otherwise:

ﬁ_:.m, v ()= o. (2.4)
it o
# e
Y O b R
: = i
e | £
Fig. 2.4 Fig. 2.5

Inductive elements have limited applications and are usually used in
filtering elements and for high-frequency coupling.

Definition. Capacitance is the idealized passive linear element. Its
current is proportional to the rate of voltage change applied to it (Fig. 2.6):

! dv.(t)

() =C—E=. 2.5

e(t) p (2.5)
Capacitance C is defined as the ability to store an ic(t)

electrical charge and measured in Farads. The amount of c e

charge q that can be stored in a device is calculated by the

voltage V applied to the device when the charge was stored + =

times C: ve(t)
g=CV;. (2.6) Fig. 2.6

2.2. Scheme active elements

Active elements are power sources which actuate currents or voltages in
the scheme. |dealized active elements are divided into:"
1) idealized independent voltage source (emf generator);
2) idealized independent current source (current generator).
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Definition. Emf generator is the energy source with the terminal voltage
that doesn't depend on the current flown through the source (Fig. 2.7).
Numerical characteristic of the element is the terminal emf *E”.

EMF action causes increasing of the potential, that's why it's directed
from the low to the high potential inside the source.

Main features of the element:

1) Emf value doesn't depend on the load resistance;

2) The internal resistance of the source equals to 0, R=0;

3) There is no lack of energy in the source;

4) Emf generator is the source of the extremely high power because the
current in the external circuit at any value of load resistance is [=E/R;.
Definition. Current generator is the active element with the current that

doesn't depend on the value of terminal voltage (Fig. 2.8). The main numerical
parameter of the source is the generated current value /.

E I
= oF
-
o
Fig. 2.7 Fig. 2.8

Main features of the element:

1) Value of the current, generated by the element, doesn't depend on the
load resistance;

2) Internal resistance of the source is extremely high (currents of other
sources can’t flow through the element);

3) Current generator is the source of the extremely high power, at any value
of load resistance R, its terminal voltage is V=/R, and power is
determined as P=VI.

Note. According to their features EMF generafor can't be connected in
parallel and current generators can’t be connected in series.

2.3. Real-life power supplies

Real-life sources are the sources of finite power.

Definition. Real-life voltage source has low internal resistance which is
connected in series with the ideal emf generator (Fig. 2.9). When current
through the load increases output terminal voltage decreases:

e=E-IR (2.7)
and emf E is divided between the input and the load resistances:

10



E R e:‘_i._
R+R " 1+R IR,

Definition. Real-life current supply has high internal resistance (low
conductance) and has parallel connection with the ideal current generator
(Fig. 2.10).

2 R, ! @9 G; G,
R

Fig. 2.9 Fig. 2.10

e=IR =

(2.8)

Ie

The value of generated current is divided between conductances G; and
GL:

! /
I =VG, = G, fp=rm————. 2.9
o=V, G+G, ' ° 1+GIG, &8

Current and voltage of the real-life sources are lower than the current
and voltage of ideal supplies due to the internal resistances:
e=E-IR, I.=1-VG, (2.10)
Real-life sources are close to the ideal ones if following ratios are
fulfilled:

—;:'—" <<1 - for the emf generator:
L

% << 1 - for the current generator.
L

2.4. Electrical circuit and its main laws

At first, let us introduce the following main concepts:

1. Scheme is a graphic representation of the device model, composed
from idealized electrical elements (Fig. 2.11).

2. Node (or junction) is the connection point of three or more electrical
elements.

11



Fig. 2.11

3. Branch is the part of the scheme between two nodes, which is not
divided by the third node.

4. Loop is a random closed path in the scheme.

There are two types of the simplest connections between elements of the
scheme. They are series connection and parallel connection.

Definition. Series connection is the connection of the elements which
have the same current value flown through (Fig. 2.12). Nodes must be absent
between the elements connected in series.

In case of series connection the total resistance increases. Elements R;,
C; have series connection on Fig. 2.9 whereas R;, R; don't have it.

Definition. Parallel connection is the connection of elements, which have
the same applied voltage (Fig. 2.13). Element terminals connected in parallel
are merged in pairs.

In case of parallel connection the overall resistance decreases. On
Fig. 2.11 elements Rs, Ly are connected in parallel as well as the elements R;,
R; on Fig. 2.13.

Fig. 2.12

Calculation example. On Fig. 2.14 the voltage value V, is known and
equals to 10 V. The resistance value R;=2 k(2 and current value L=1mA.
Then voltage drop on the resistance R; will be:

Vi, =L,R,=110°.2.10° =2V. 2.11)

Therefore, voltage value in the second node with respect to 0 potential
will be

V2=V|—VR:=1D—2=BV. (2.12)
12



pis al

Fig. 2.14

Almost all circuits examined so far, have been relatively simple. Many
circuits used in practice are extremely complex and can have many power
sources and branches which make the use of Ohm's law impractical or
impossible.

Through experimentation in 1857 the German physicist Gustav Kirchhoff
developed methods to solve complex circuits. They are known today as
Kirchhoff laws.

2.5. Kirchhoff laws. Law 1 - Kirchhoff current law

Definition. The current arriving at any node in a circuit is equal to the
current leaving that node (Fig. 2.15):

I I
Is
[}
2 &
Fig. 2.15
Laly=l+l+lg or L+l,—l—1,—1=0 (2.13)
or equivalently:
5
ZI* =0. (2.14)

Proof. Kirchhoff current law is obtained from the charge conservation
law which states of the impossibility to store charge in the node. In other words,
number of charges entering the node (on Fig. 2.13, q; and ;) is equal to
number of charges leaving the node (on Fig. 2.13, g3, g4 and gs), that is:

q,+9,=q,+q, +qs. (2.15)
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After taking derivative of charge with respect to the time we have currents
equality:
L+l =l+0 +0. (2.16)

Hend of the proof

Example. In the scheme on Fig. 2.16 in case of Vi>V;, there are the
following currents: /;=2mA, hL=5mA. Then the unknown current can be
calculated as following:

L=l —-1,=5-2=3mA. (2.17)

Note. In case of AC under harmonic impact we should make geometric
sum of the currents instead of algebraic one (Fig. 2.17).

R,
Lk
; I
V1 Vz
_T_ TR _I.. Iy
Fig. 2.16 Fig. 217

Consequence 1. In case of parallel connection of the elements
(Fig. 2.18) the equation for currents is as follows (from the 1* law):

P=h+ b+l (2.18)

Re
Fig. 2.18

Using Ohm's law we can write:
A4
R,

E

2|=<
+
D=

L]

(2.19)

A<

= 1



where Rg is the equivalent resistance of parallel connection of resistors Ry, Ra
and Rj.
According to the property of parallel connection the voltage values
Vi=V,=V; and are equal to V. Then
VIV ¥ Vea U 0 Lt
R. /Ri*“Ry Ry Re R R, R,
In case of equal values of resistances (Ri=R;=R;) we have R=R,/3. If
there are only two resistances in the scheme the formula (2.20) will be
1 1=.11 RR,
—=—t+—, R=— :
RyTR R R+,
Note. Equivalent resistance of two elements R; and R; connected in
parallel is less than the value of the smallest resistance, i. e.

(2.20)

(2.21)

' ot o R
if Ry<R,,i.e de' then RE_7R1+R2 —1+&<R,, (2.22)
RZ

If the difference in the resistance values R; and R; is significant, the
equivalent resistance is almost equal to the smaller resistance:

e, it Boot men'R = Brivn,
R, 1+04

Conseguence 2. Two elements connected in parallel create a current
divider (Fig. 2.18).

(2.23)

Proof. Elements connected in parallel have the same applied voltage V.
LR
".2 R1 .
It's obvious that currents in branches are inversely proportional to their

resistances. It allows to determine the current in the second branch if the
current in the first branch is known:

IR, = LR, =V, then (2.24)
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R
L= I‘F:.‘ (2.25)
In a similar way, we can determine currents in branches of the divider if
total current and elements R, and R; of the divider are known:

RR
V=IR, = Iﬁ: =R, =LR,. (2.26)
Then we have
R R
L =l—3— and I, =/ —— 3
1 R+R, # L+ R, i

Calculation example. the total current of the divider on Fig. 2.19
/=10 mA and elements R, =2kQ, R, =3k(). Calculate current value in each

branch of the scheme. Using formulas (2.27) we get

R 10-3_—6mA and 1,=1-0

10—2_=4mA. (2.28)

I, =1 -
R+R, 2+3

R+R, 2+3

2.6. Kirchhoff laws. Law 2 - Kirchhoff voltage law

Definition. The sum of the voltage drops around a closed loop is equal to
the sum of the voltage sources of that loop:

N M
?:‘V* = ZE, : (2.29)

Consider the following scheme (Fig. 2.20). According to Kirchhoff second
law we can write:

Vi-V,-V,=E -E, and IR -LR,-I,R,=E,-E,. (2.30)

The signs of the voltage drops and emf sources we define according to

the direction of path tracking, the direction of emf source operations and current
direction at the loop elements.

Consequence 1. The total voltage at the two-terminal network is equal to
the sum of voltage drops at its elements (Fig. 2.21):

V=WV+V,+V;, IR =IR+IR, +IR,. (2.31)
Then
Ry =R+ R +R,. (2.32)

Thus, the equivalent resistance of elements connected in series equals to
the sum of resistances of these elements.

16
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ﬁf ...I:I R1 Rg Rg
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Ry Vv
| S
—
Fig. 2.20 Fig. 2.21

Consequence 2. Voltage divider consists of two resistances, connected
in series. The input voltage is applied to the elements R; and R, whereas the
output voltage is taken only from one of them (R;) (so called, divider's arm)
(Fig. 2.22).

Determine the output voltage V; using the input voltage V:

v R, v

R,= V,=——=-.
BoAR * VR‘+R . 1+&

2

Application of voltage divider. If it is necessary to get voltage value V,
as Vz=VI3, then the divider resistances must satisfy the following equation:

R,=2R,. (2.34)

Voltage drops at the divider resistances are proportional to the
corresponding resistances:

V,=hLR, =IR, = (2.33)

!l, thus EL:—'_ (2.35)
Rz

Fig. 2.22 Fig. 2.23

fact, the equivalent resistance of divider wer arm\m’ﬂ’b
1? 1Ty (m, M E

Consequence 3. If we connect I e load, 193 the divider resistance
(Fig. 2.23), then we generally will chan e a outp ut E b(cieycn:af.-as.e it). lIn




_RR_ (2.36)

l =
fF R4R’
and that causes decreasing of the output voltage Va.

Note. Load with high resistance R,>>R, practically doesn't change the
output resistance:

Rl = R, : R L oduetothe R >>R,. (2.37)
R R L 2
1+—2 L
L
Then
1l Bi..
Rl = 3 &R, (2.38)

2.7. Circuit calculation method. Complex amplitude method
Under harmonic impact currents and voltages at linear elements are
described by cosine (or sine) law of variation:
v(t) =V cos(wt+y), (2.39)

where v(f) is an instantaneous voltage, V denotes the amplitude, y is an initial
phase, @(f)=wt+y denotes total instantaneous phase, w=d®/dt.

Definition. Instantaneous voltage can be represented in a complex
form:

v(t)=Vve ¥ =ve™", (2.40)

Two considered forms of harmonic voltage representation are related as
(based on Euler formula):

v(t)=Ve™" =Vcosd(t) + jVsind(t), (2.41)
v(t)=Re[v(t)|=Vcos®@(f) =V cos(wt +y). (2.42)

Definition. Complex amplitude is defined as:
V=Vel. (2.43)

Thus, the concept along with the actual amplitude value also takes into
account the initial phase. Therefore, the instantaneous complex signal can be
represented:

v (t)= Ve = yeheht = gt (2.44)

18



All calculations in the complex amplitude method are made with respect
to the current and voltage complex amplitudes.

Voltage and current of reactive elements can be represented in the
complex form as well. Using the interconnection between instantaneous values
of currents and voltages (from Egs. (2.3) and (2.5))

Ldf,_(f) ; _Cdvc{t)l

el G (2.45)
we obtain

v(t)=Ve™, i(t)=le™, (2.46)

v, (t) :L%(.ﬂ_e“’]:ﬂpe“ =\ g™ (2.47)

fc(r)=c%(vce~“) CV, jwe™ = i.e™ (2.48)

Decreasing both parts of (2.47) and (2.48) by common multiplier e, we
get Ohm's law in a complex form.
V.=l (jwL)=12Z,, I, =V, (jwC)=V_1Z,. (2.49)
Definitions. Complex resistances of reactive elements Z, and Z; are
as follows:
-
jwC
Fulfilment of Ohm's law (in complex form, Eq. (2.49)) confirms the linear
character of the inductive and capacitive elements.

Definition. Resistances of the reactive elements are frequency
dependent;

L=jl=gX, 6 Z.= =—jX,. (2.50)

e
wC’
While frequency increases, inductive resistance rises and capacitive

resistance decreases. Inertia of the reactive elements is also shown in the
phase shift between current and voltage changes:

X, =wl, X,= (2.51)

V
.‘. ‘:’EM Z Ji‘l'v-'vr (2.52)

Z =, =X067, Z = =Xo"2. (2.53)
In the inductive element the voltage leads the current by 90% y- w=n/2.

And in capacitive element the voltage lags the current by 90°: yp=-11/2.
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2.8. Main parameters of periodical signals

There are so-called geometrical parameters of periodical signals:
- signal cycle T;
- frequency F=1/T, w=2nF=2nIT:
- amplitude (maximal instantaneous signal value),
There are also additional parameters for periodic impulse seguence:
- pulse duration, r;
- filling factor (or off-duty factor) Q=Tir:
- pulse duty factor (fill factor) y=1/Q.
The following energy characteristics can be calculated for impulse
signals:
- instantaneous power of the signal p(f)=s"(9), if s(1) is voltage (current),
then s%(f) is the power dissipated on the resistance R=1 Q:
- signal energy on the interval:

E=jp(t}df:i'sz(t)dt (2.54)

because P=EIT, i. e. E=PT:
- averaged signal power:

Pay =

~|m

T
:1132(;).:#; (2.55)
T o
- mean value of impulse sequence (constant component of the signal):
1 T
Va=?£v(f]df. (2.56)

The meaning of the constant component. Replace a sine pulse by
rectangular with an equivalent area at the interval equaled to the signal period
(Fig. 2.24). Then constant component is a height of the rectangle with an
equivalent area and one side equaled to the signal period.

Area of sine impulse:

Ti2

= J' Vasin(ot)dt = —lems{mr}‘réz =

T u 2n T i )
n m

= —Vm EE{COS[—?—_‘—‘—] - Cﬂsﬂj| = —Vm 2—?‘:(—2) e

S, =W '« ' (2.58)
Then we have
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s=8, Yol _yr, v-Ya (2.59)
T L

The value of constant component is determined for the periodical
sequence of rectangular impulses in a similar way.

From a physical point of view constant component is such a constant
voltage that is not passed by separating capacity. The value of constant
component is determined for the periodical sequence of rectangular impulses in
a similar way (Fig. 2.25):

t V
Vi=WT, Vn:Vm?_-za""_

(2.60)

3. RC-CIRCUITS

The simplest RC circuit consists of resistor and capacitor connected in
series (Fig. 3.1). Due to capacitor’s inertia the task of full description of such a
circuit can be done only if current and voltage processes are observed during

some period of time.
| S §
Aty iy
O c= u(t)

Fig. 3.1

It is known, that current through the capacity is determined by the velocity
of voltage change:
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dv(t)
=g

Therefore, voltage at the capacity can't be changed instantly, i. e. it keeps
its previous value during switching:

Ve lts =) =ve(f; +). (3.2)

i.()=C (3.1)

3.1. Main properties of RC circuit in switching mode

1) After circuit turning on, a capacitor should be considered as a short-circuit
element for the current flown through it.

2)When capacitor is in a short-circuit mode, voltage on the capacitor is
equal to 0.

3)Voltage propagation process doesn't depend on the initial charge of the
capacitor; existence of the initial voltage can be taken into account by
connecting appropriate emf generator in series to fully discharged
capacitor.

4)After the end of transient switching process (i. e. in steady state),
capacitor represents a circuit break with the zero current flown through it.

Consider the impact of voltage from emf generator to the RC circuit.
Divide this process into 2 parts:
1) Switching-off the emf generator from RC circuit followed by capacitor
discharge process;
2) Switching-on the emf generator that provides charging of the capacitor.

3.2. Capacitor discharge process

Scheme initial conditions: capacitor voltage v(0)=E; current in the

circuit /=0; emf generator is connected to the circuit.

S R -(f)
- I':'l‘\\

O c= |w(f)

-1

Fig. 3.2
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At the moment =0 emf generator is switched off from the circuit (Fig. 3.2).
Capacity discharge process initiates the current in the circuit:
ave(t)

vy

Immediately after switching, voltage at the capacity remains the same
Vo=E and the current in the circuit has its maximal value l;=E/R (Fig. 3.3).

i.(y=C (3.3)

Transient process of capacity discharge is E(f)
described by the following equation (from Kirchhoff
voltage law): E—
dv(f)  v(t) _dv(t) t
C——F=-—22, 1—= =0, 34
p R v(t)=0 (3.4) [ W
where 1= RC. Tf{r) L
After solving the equation we have >
v(t)= A, (3.5) V
where p; is the solution of the characteristic equation: EIR
A
pt+1=0, i.e. p,= 1 and v(t)=Ae". (3.6) vé{}
T
Putting the initial condition =0, V(0)=E into the \ i
Eq. (3.6) we have .S
v(t)=Ee"". (3.7) Fig. 3.3

3.3. Capacitor charge process

Scheme _initial conditions: switching moment t=0; voltage at the
capacity v¢(0)=0; current in the circuit i(0)=0; emf generator is switched off.
Scheme conditions immediately after switching:
- voltage at the capacity remains the same v=0;
- current in the circuit has its maximal value because emf E is applied only
to the resistor (capacitor is in a short-circuit state) (Fig. 3.4).

s R
i(f)
(lP_E\ f il P

Fig. 3.4
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During transient process while charging the capacitor, current in the
circuit decreases and the voltage v¢(f) increases. After completing the transient
process the scheme steady state conditions are: i(f)=0, v(f)=E (Fig. 3.5).
Analytically transient process of the capacitor

AED charge is described by the differential equation (from
P e— Kirchhoff voltage law):
E=v (t)+vg(t) or E=v (t)+i(t)R. (3.8)
Considering i(f)zC% we have
dv
E=v.(t)+ ,_;t(_‘l_ (3.9)

where 1=RC.

Solution of the equation consists of the free
component, which is determined only by the internal
circuit parameters and of the stationary component:

V(D)= Vine () Viaomn (1) (3.10)
, Free mode is determined while the external

Fig. 3.5 effect is absent E=0, i. e.
ozvc(r)n%ﬂ (3.11)

and
t

Ve () =Vyme (t) = AE * (3.12)

Steady state corresponds to the static case:
t =, g‘f-éﬁ:o‘ therefore v, (t)=E. (3.13)

In general, switching process consists of two components:

]

ve(t)=E+Ae . (3.14)

The unknown constant A is determined from the initial scheme conditions
t=0, vc(0)=0. Then A=-E and

vc(r)=5[1—e':’]. (3.15)
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3.4, Features of the transient processes in the RC-circuit

Transient process flows nonlinearly (irregularly) in time.
Discharge process. At the beginning, after switching the toggle, velocity
of the voltage change is very high but then transient process is getting slower.
At the initial time the velocity of the transient process is determined by the
time parametfer of the circuit - 7 (so-called, time constant):
Lodv.(t) E

=Ee ", =——, 3.16

During the time equaled to t voltage at the capacity changes at "e" times:

vc(z)=§1 (3.17)
i. e at 63 % from the initial value (Fig. 3.6).

The greater the time constant is the slower transient process flows
(Fig. 3.7).

£ M0

E/e

T
Fig. 3.6 Fig. 3.7

Duration of the transient process is determined according to the threshold
level of a transient voltage:
a) voltage is changed at 10 times:

j f
v(t,)=Ee " =%=U.1E. " =10, f,=tin10, t,=2.3t; (3.18)
b) practical duration of the transient process (discharge process):
t,=3t and v(t,)=0.05€, (3.19)
t,=5t and v(t,)=0.01F. (3.20)

Time constant doesn't depend on the initial voltage of the capacitor
(Fig. 3.8). General law of the voltage change during the charging process of the
capacitor:

3
]

v(t)=E+Ae *. (3.21)
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V(D) If at =0 initial voltage v(0)=V,, then constant
E siareminsrasis value is Vo=E+A, A=V,-E. Then the capacitor charge
vit:) in case of non-zero initial voltage is described by the
/ following formula

i _r
Vot | ¢ v(t)=E+(V,-E)e -. (3.22)
T ¢ i General formula for the determination of the
! transient process duration at the specified threshold

Fig. 3.8 level v(t;) (Fig. 3.8) (from Eq. (3.22)):

E-v(t) A4 E-v(t) E-V,

—=gF f=—tin——1c =1 2 3.28
E-V, IR, O ey P99

3.5. RC-circuit under impact of rectangular pulse

Rectangular pulse can be considered as a result of two polar voltage
jumps shifted in time on the impulse duration value ¢, (Fig. 3.9,b):

e(t)=s,(t)-s,(t)=E-1(t)-E-1(t-t,). (3.24)

where 1(f) denotes a unit step (Fig. 3.9,a).
Transient process on the capacity is also the result of influence of two
voltage jumps (Fig. 3.9,c—d):

v(e)=E[1—e_i]-1(t)—E[1—e'__"L]-1(t £). (3.25)

Correspondingly, voltage changes on the resistor are determined by the
law of current variation (Fig. 3.9,e):

Va(t) =i(E)R=Ee™(t)_Ee * 1(t_t). (3.26)

Qutput pulse shape depends on the ratio of time constant of the circuit
and impulse duration. The case of relatively small time constant 1<<f; is
described at stress diagrams (Fig. 3.9,d-e). The second extreme case
corresponds to the relatively high time constant 1>>t; (Fig. 3.10).

While impulse duration the capacitor charges up to the small voltage
value Vi,. Charge and discharge of the capacitor takes place at the initial part of
the transient process curve, that's why voltage change is practically linear.

Pulse top drop at the resistor takes place according to the capacitor
charge. Negative impulse tail is formed by the current of the discharge
capacitor.
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Fig. 3.10

For undistorted impulse transmission it is necessary to increase
sufficiently time constant in comparison to the impulse duration.

Limiting mode corresponds to the impulse duration {=3t when the voltage
at the capacity reaches 95% from the steady-state value, i. e. 0.95E (Fig. 3.11).

Fig. 3.11
3.6. Differentiating circuit

Definition. Differentiating circuit is a circuit where the output voltage is
proportional to the velocity of input voltage change:
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Vo () =k L) (3.27)
dt
Example. Result of the ideal differentiating process of trapezoid impulse
is the pair of bipolar rectangular impulses (Fig. 3.12). Duration of the output
rectangular impulses coincides with the duration of rising and trailing edges of
input trapezoid impulse.
At the rising edge interval 0 <t <, we have edge slope:

Wi (t) _ AV, _ (3.28)
dt At
which defines the amplitude value of the output rectangular impulse:
v, =k (3.29)

]

where k has dimension of time and denotes some constant value.

Decreasing durations of rising and trailing edges of the trapezoid impulse
causes decreasing of output rectangular impulse durations and increasing their
amplitude values.

The result of differentiation of rectangular pulse is a pair of 3-impulses
(Fig. 3.13).

lem(f, )
L h Ve
|\ ¢
b eate b ;
Av, () $v.. 0
vﬂ'ﬁ
t {
r'l |
Fig. 3.12 Fig. 3.13

Definition. Differentiating circuit based on RC-scheme (Fig. 3.14)
differentiates output signal with some error;
d

. v, (t
Vou (1) = Ri(t) =RC dr( ) 1V () Vo (): (3.30)
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Vinp({) R Vour(t)

Fig. 3.14

mp(f ) Ve (t)
cu‘(r) df &

Differentiating error is determmed by the second component of Eq. (3.31).
If the following ratio is held

(3.31)

V(1) __ D)

dt dt (9.52)
then the circuit reaction approaches the ideal one:
t)

Vou (1) 1 Leell) of (3.33)

Results of differentiating processes of real frapezoid and rectangular
impulses are depicted in Fig. 3.15. Ideal differentiating is carried out on the
impulse parts with constant or linear-varying voltage, except periods of
capacitor charging and discharging. i

Ving(f)

Voulf)

——

~




Note. To increase differentiating accuracy we should decrease time
constant 7. However in this case the amplitude of the output signal decreases.
Satisfied differentiating is carried out if t<0,1,.

3.7. Integrating circuit

Definition. Integrating circuit is the circuit where output voltage is
proportional to the integral of input signal:

Vo (t) = kj'vm{r)n't, (3.34)

As a result of ideal integration of rectangular impulse, linearly-increased
voltage is generated:

t
t}:kjv,}dhvum. t=2t>0, (3.35)
where k has the dimension inversed to time (Fig. 3.16).

Important. The simplest integrating circuit is implemented on the basis of
RC-circuit where output voltage is taken from the capacitor (Fig. 3.17).

v, (0 -
v Vinglt) C== |Vaud®)
A1
fj
Fig. 3.16 Fig. 3.17

Integration in such a circuit is made with some error:

Vo (t) = Cj it cu_c "'"ﬁ{f)d _Cj Ying ”RV O, (3.38)

vm(f]=lrjvw{t)dt—%fvm(t]dr. (3.37)

The second component is the integration error. More exact integration is
carried out if v, (1) << v, (t):

t
Vo (1) %[v,,,,(r)dr. (3.38)
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Note. In case of rectangular impulse integration output signal differs from
ideal linearly-increased signal (Fig. 3.18):;

vm[t)='|.fn(1—e'%]. (3.39)

A Vau(l)
Vo b et

Initial part corresponds to the exact integration. The biggest error
corresponds to the end of impulse.

Important. To implement more exact integration it's necessary to
increase time constant of the circuit t>>ti, to work at the initial part of the
charging curve. That causes the small amplitude of the output impulse.

Note. After impulse ending the ideal integrator keeps voltage level,
whereas the real integrator has the exponential decay due to capacity
discharge.

Integration error can be determined from the comparison of output signal
from the ideal integrator (under the impulse impact):

Ve () =11, (3.40)
T
and real one
t
vm(r)zb;(%e_F]. (3.41)

Making series expansion of Eq. (3.41) and limiting with 3 expansion

terms, we have:
2
vw,(r)zvﬂ[1—1+ ir—%(ij ]:Voi[f—i]. (3.42)

T T T 2t

Definition. Absolute integration error at t = {:

2
8= ‘;—0[-2) . (3.43)

Definition. Relative error of integration process:
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5o b

= =L, 3.44
Vot It 2t (244

Example. If y=0.01and t /t =0.02, we have 1=50¢,.

Note. If there are no strict requirements to the integrating circuit, then
time constant T = (5... 10)f;

Y

4. MICROELECTRONICS

Electrical current is a flow of charge carriers. There are two requirements
for the existence of the electricity:

« There must be a supply of charge carriers;
« The charge carriers must be free to move.

One of the best conductors is the metals because their atomic structure is
such that there are many free electrons wandering within the material. At the
other extreme are the non-conductors or insulators, including most plastics and
ceramics, which have no free electrons. Insulators offer very low level of
conductivity under the apllied voltage source.

Materials which have a conductivity level somewhere between the
extremes of insulators and conductors are called semiconductors. Such a
name was given because semiconductor materials are insulators at low
temperatures but are conductors at room temperature and above.

4.1. Main properties of semiconductor materials

Two of the most widely-used semiconductors are the silicon (Si) and
germanium (Ge). Important property of the semiconductor materials is that
their characteristics can be altered significantly through the addition of
impurity or impact of heat and light.

Definition. Addition of impurity to the semiconductor material can change
its properties from relatively poor conductor to a good conductor of electricity;
such a process is known as “"doping’.

Definition. Intrinsic semiconductor material is such a material that has
been carefully refined to reduce the impurities to a very low level — essentially
as pure as can be made by modern technelogy.

Some of the unique qualities of the Ge and Si noticed above are due to
their atomic structure. The atoms of both materials form a very definite pattern
that is periodic in nature (i. e., continually repeats itself).

Definition. One complete pattern is called crystal and the periodic
arrangement of the atoms is called lattice. For Ge and Si the crystal has 3D-
diamond structure of Fig. 4.1.

Examine the structure of the typical semiconductor atom. It is known that
the atom is composed of three basic particles: the electron, the proton and the
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neutron. In the atomic structure the neutrons and protons form the nucleus,
while the electrons revolve around the nucleus in fixed ombits.

The Born models of the Ge and Si are shown in
Fig.4.2. As indicated, the Ge atom has 32 orbiting
electrons, while Si has 14 orbiting electrons. In each case,
there are 4 electrons in the outer shell,

Definition. Outer shell is known as valence shell
and its electrons are called valence electrons.

The ideal number of electrons to fill this shell is
eight. Sharing four outer electrons with neighbour atoms
leads to the crystal structure shown on Fig. 4.1.

At different time each atom should have full outer shell, i. e. eight outer
electrons,

Shells
e &

N

\ el ki
NI broitn electrons @
e Ortng v
Valénce electrons
(4 for each)

Fig. 4.2. The atomic structure of Ge (leff) and Si (right)

Definition. This creates a bond between the adjacent atoms, holding
them together in the lattice (Fig. 4.3). Such kind of atom bonding is called
covalent bonding.

Although the covalent bond will result in a stronger bond between the
valence electrons and their parent atoms, it is still possible for the valence
electrons to absorb sufficient kinetic energy from natural sources to break the
covalent bond and obtain “free” state.

Definition. The term “free” denotes that the motion of such electrons is
quite sensitive to applied electric field established by outer voltage source or
any potential difference.

Definition. Free electrons in the material are called as intrinsic charge
carriers if their appearance is due to the natural causes only. Increasing of the
semiconductor material temperature results in a substantial increasing of the
number of free electrons.
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Fig. 4.3. Covalent boundings of the Si or Ge atoms
4.2. Energy states of the materials

Each electron contains some energy. The more distant the electron from
the nucleus, the higher its energy state. In the isolated atomic structure there
are discrete energy levels associated with each orbiting electron (Fig. 4.4). If
electron left its parent atom then it will have a higher energy state than any
electron in the atomic structure.

Between the discrete energy levels there are gaps in which no electrons
in the isolated atomic structure can appear.

Energy
Valance Level (outermost shell)
Energy gap
Second Level (next inner shell)
Energy gap
Third Level (etc.)
etc.
‘ Nucleus

Fig. 4.4. Discrete levels in isolated atomic structures
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When the atoms of a material are brought closer to each other in order to
form the lattice structure, there is an interaction between atoms. This
interaction results in the effect that electrons in a particular orbit of one atom
will have slightly different energy levels comparing to the electrons of an
adjoining atom,

The net result of such a process is an expansion of the discrete levels of
possible energy states to the bands as shown in Fig. 4.5. Note that there are
boundary levels and maximal energy states in which any electron in the
atomic lattice can find itself and there remains a forbidden region between the
valence band and the ionization level (or conduction band).

Definition. lonization is the mechanism when an electron absorbs
sufficient energy to break away from the atomic structure and enter the
conduction band.

The energy associated with each electron is measured in electron-volts
(eV). At absolute zero, 0 K (or -273.15°C), all valence electrons of
semiconductor materials find themselves locked in their outermost shell of the
atom with energy levels associated with the valence band of Fig. 4.5. However,
at room temperature (300 K, 25°C) a large number of valence electrons acquire
sufficient energy to leave the valence band, cross the energy gap defined by E,
in Fig. 4.5 and enter the conduction band. For Si Ey is 1.1 eV, for Ge - 0.67 eV.

The obviously lower E; for Ge accounts for the increased number of
carriers in that material as compared to Si at room temperature. Note that for
the insulator the energy gap is typically 5 eV or more, which limits the number
of electrons that can enter the conduction band at room temperature.

The conductor has electrons in the conduction band even at 0 K. Quite
obviously, therefore, at room temperature there are more than enough free
carriers to sustain a heavy flow of charge, or current.

Next consider the situation when certain impurities are added to the
intrinsic semiconductor material.

Energy Electrons {EN€r9Y Energy
Conduction band| “free” to
establish |Conduction band
conduction|—¢ e e The bands L&onduction band

E,=5eV E overlap 1. 8.8 %

Valence ’ Valence band
-8 ® @ ®

electrons™ |

" e e o boundto | Valence band
Valence band the atomic

structure
Insulator Semiconductor Conductor

Fig. 4.5. Conduction and valence bands of an insulator,
semiconductor and conductor
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4.3. Impurity in semiconductor materials

The characteristics of semiconductor materials (namely, conduction) can
be altered significantly by the addition of certain impurity atoms (doping
process) into the relatively pure semiconductor material. In practice a very
small percentage of dopant atoms is introduced into the lattice - for example, 1
partin 10 million.

Definition. A semiconductor material that has been subjected to the
doping process is called an extrinsic material.

There are two extrinsic materials of immeasurable importance to
semiconductor device fabrication: n-type and p-type. Consider each of these
materials.

Definition. The n-type material is created by introducing those impurity
elements that have five valence electrons, such as antimony, arsenic and
phosphorus. The effect of such impurity elements is indicated in Fig. 4.6 (using
antimony as the impurity in a Si base). Note that the four covalent bonds are
still present.

There is, however, an additional fifth electron due to the impurity atom,
which is unassociated with any particular covalent bond. This remaining
electron is loosely bound to its parent (antimony) atom and is relatively free to
move within the newly formed n-type material.

Alt}n]of

IR
Q@ @ >

ol o L ity

@@ @i @ >

)

Fig. 4.6. Antimony impurity in n-type material
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Definition: Since the inserted impurity atom has donated a relatively
“free” electron to the structure, diffused impurities with five valence electrons
are called donor atoms.

The effect of this doping process on the relative conductivity can be
described in best way using the energy-band diagram (Fig. 4.7). Note that a
discrete energy level (called the donor level) appears in the forbidden band
with an E, significantly less than that of the intrinsic material.

Energy
Conduction band

l._f E= 0.05 eV (Si), 0.01 eV (Ge)

o l-0-- e -0
E_as before 4= *"""*T-Donor energy level
‘ ® e o o

Valence band

Fig. 4.7. Effect of donor impurities on the energy band structure

Those “free” electrons due to the added impurity sit at this energy level
and have less difficulty for absorbing a sufficient measure of thermal energy to
move into the conduction band at room temperature. The result is that at room
temperature, there are a large number of carriers (electrons) in the conduction
band and the conductivity of the material increases significantly.

At room temperature in an intrinsic Si material there is about one free
electron for every 102 atoms (1 to 10° for Ge). If our dosage level were 1 in 10
milion (107), the ratio (10'%10"=10%) would indicate that the carrier
concentration has increased by a ratio of 100 000:1.

Definition. The p-type material is formed by doping a pure Ge or Si
crystal with impurity atoms having three valence electrons. The elements most
frequently used for this purpose are boron, gallium, and indium. The effect of
one of these elements, B, on a Si base is indicated in Fig. 4.8. Now there is an
insufficient number of electrons to complete the covalent bonds of the newly
formed lattice.

Definition. The resulting vacancy is called a hole and represented by a
small circle or positive sign due to the absence of a negative charge.

Definition. Since the resulting vacancy will readily accept a “free”
electron the diffused impurities with three valence electrons are called
acceptor atoms.

The resulting p-type material is electrically neutral. The same is correct
for the n-type material.
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Fig. 4.8. Boron impurity in p-type material
4.4. The current direction in the semiconductor materials

The effect of the hole on conduction is shown in Fig. 4.9. If a valence
electron acquires sufficient kinetic energy to break its covalent bond and fills
the void created by a hole, then a vacancy, or hole, will be created in the
covalent bond that released the electron. There is, therefore, a transfer of holes
to the left and electrons to the right, as shown in Fig. 4.9. The direction to be
used further is that of conventional flow, which is indicated by the direction of
hole flow.

O A
Gl TomcY Jomc! lomcl Tom

S 0 U

] ] fa0Oax] e

s el

Hole flow
Electron ﬂaw

Fig. 4.9. Electron versus hole flow
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4.5, Majority and Minority charge carriers

In the intrinsic state, the number of free electrons in Ge or Si is due only
to those few electrons in the valence band, that have acquired sufficient energy
from thermal or light sources to break the covalent bond or to the few impurities
that could not be removed. The vacancies left behind in the covalent bonding
structure represent very limited supply of holes.

In an n-type material, the number of holes has not changed significantly
from this intrinsic level. The net result, therefore, is that the number of electrons
far outweighs the number of holes.

Definition. For this reason in an n-lype material (Fig. 4.10) electron is
called the majority carrier and hole - the minority carrier.

For the p-type material the number of holes far outweighs the number of
electrons, as shown in Fig. 4.10. Therefore in a p-fype material the hole is the
majority carrier and the electron is the minority carrier.

DE:I:I?\:EJI‘IS Acceptor ions
s < = Maijority
&= O~ OZF carers #6 By 0+,
e @ - ES ik + +
-0 - @ + =0
& o =" -+ (= + & ©
i @ HH“M' . Majority =%+ g @ .
= = - D iru.:mty carriers © ~ e
carriers Minority
n-type PtyPe  carriers

Fig. 4.10. Two semiconductor material types

When the fifth electron of a donor atormn leaves the parent atom, the atom
remaining acquires a net positive charge: hence the positive sign in the donor-
jon representation. For similar reasons, the negative sign appears in the
acceptor ion.

The n- and p-type materials represent the basic building blocks of
semiconductor devices. We will find in the next section that the “joining” of a
single n-type material with a p-type material will result in a semiconductor
element of considerable impaortance in electronic systems.

4.6. P-n-junction

Consider now a bar of silicon, doped so that half is p-type and half is n-
type (Fig. 4.11). The bar is not connected to a circuit, so no external electric
field is applied to it. Electrons are free to wander at random direction.

lon appearance. Some of the electrons from the n-type material (major
charge carries) wander across the junction, attracted by the holes in the p-type
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material. The holes in the region of the junction become filled. In the p-type
region (to the left of the junction) the filling of holes means that the atoms have,
on average, more electrons than they should. The atoms have become
negative ions (Fig. 4.12). Similarly, in the n-type region the atoms have, on
average, lost electrons leaving holes and so have become positive ions
(Fig. 4.12).

depletion
negative ionw__ m _-positive ion
O—p n
hole ?ﬁeciron po_.. T ++:, <
p j o : n O— O+ «—9
pes (o]

junction
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| | -
L | |
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o— Q|+t «e

© oo ® | +v
] M A B
-v-—-—/l \potemial hill

Fig. 4.12. P-njunction with no external
bias

Fig. 4.11. Initial p-n-junction

At the same time, although these ions are charged, they can not act as
charge carriers. This is because they are fixed in their places in the lattice. The
result is that the region on side A of the junction has overail negative charge
and the region on side B has overall positive charge.

There is a potential difference (p.d.) across the junction. The effect of
this p.d. is the same as if a cell was connected across the junction. This is not a
real cell but we refer to its effects as a virtual cell. At a silicon p-n-junction, the
p.d. is about 0.6 V. At a gemlanium junction, it is about 0.2 V.

Definition. As more and more electrons wander across the junction and
fill the holes on the other side, the charged regions A and B become wider.
Eventually, the negative charge in region A prevents more electrons from being
attracted through to the p-type material, and the charged region does not
become any wider. It contains no charge carriers and, for this reason, it is
called the depletion region.

We think of the p.d. across the depletion region as a potential hill, the
potential rising as we pass from the p-type side to the n-type side. The hill is so
steep that electrons can no longer pass down it.

Physical interpretation. There is also more detailed explanation

concerning the processes through the p-n-junction. At the initial state, there is a
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big difference in concentrations of the similar major charge carries (MajCCs) at
the both sides of the junction. Due to this fact, MajCCs become flowing through
the junction under the diffusion process.

Definition. This results in the certain value of diffusion current j; which
is directed towards a hole motion.

Due to the motion of MajCCs from the both sides of the junction, positive
and negative ions appear. These ions create a diffusion electrical field
directed from positive to negative ions. This field accelerates minor charge
carries (MinCCs) from depletion region and becomes decelerating force for
MajCCs.

Definition. The flow of the MinCCs through the junction under the
diffusion field creates a drift current j;. The structure comes to the equlibrium
state when the value of drift current becomes equal to the value of diffusion
current,

Summary. Thus, in the absence of an applied bias voltage, the net flow
of charge in any one direction for a semiconductor diode is zero. Then p-n-
junction region contains the impurity ions and small concentration of the charge
carries (depletion region).

4.6.1. Reverse bias of the p-n-junction (V<0 V). If an external potential
of V volts is applied across the p-n-junction such that the positive terminal is
connected to the n-type material and the negative terminal is connected to the
p-type material as shown in Fig. 4.13, the number of uncovered positive ions in
the depletion region of the n-type material will increase due to the large number
of “free” electrons drawn to the positive potential of the applied voltage.
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Fig. 4.13. Reverse-biased p-n-junction
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For similar reasons, the number of uncovered negative ions will increase
in the p-type material. The nel effect, therefore, is a widening of the depletion
region. This widening of the depletion region will establish too great a barrier for
the MajCCs to overcome, effectively reducing the majority carrier flow to zero
as shown in Fig. 4.13.
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The number of MinCCs, however, that find themselves entering the
depletion region will not change, resulting in minority-carrier flow vectors of the
same magnitude as in the case with no applied voltage.

Definition. The current that exists under reverse-bias conditions is called
the reverse saturation current and is represented by /.. The term “saturation”
comes from the fact that it reaches its maximum level quickly and does not
change significantly with increase in the reverse-bias potential,

The reverse saturation current is seldom more than a few microamperes
except for high-power devices. In fact, in recent years its level is typically in the
nanoampere range for silicon devices and in the low-microampere range for
germanium.

Physical interpretation. Reverse bias of p-n-junction creates conditions
for MinCCs drift, whereas MajCCs diffusion current is practically absent.

Such a situation explains by the fact that the field, created by the external
source Eg;, coincides with the direction of p-n-junction field E; created by ions in
depletion region. This causes the increasing of potential barrier height for
MajCCs, that's why diffusion current tends to 0.

At the same time, the net field in the structure equaled to the sum of the
E.x and E; accelerates the MinCCs and creates a reverse current of p-n-
junction jg, namely, the saturation current. It is directed as earlier from high
potential to the low one. Small value of the reverse saturation current is caused
by the little concentration of MinCCs.

Hence, reverse current of the Junction has a drift current character and it
is formed by the MinCC motion and is considered to be a heat flow since either
MinCC concentration and saturation current depend on the temperature.

4.6.2. Forward bias of p-n-junction (Va>0 V). A forward-bias or “on”
condition is established by applying the positive potential to the p-type material
and the negative potential to the n-type material as shown in Fig. 4.14. For
future reference, therefore a semiconductor diode is forward-biased when the
association p-type and positive and n-type and negative has been established.

The application of a forward-bias potential V will “pressure” electrons in
the n-type material and holes in the p-type material to recombine with the ions
near the boundary and reduce the width of the depletion region as shown in
Fig. 4.14.

The resulting MinCC flow of electrons from the p-type material to the n-
type material (and of holes from the n-type material to the p-type material) has
not changed in magnitude (since the conduction level is controlled primarily by
the limited number of impurities in the material), but the reduction in the width
of the depletion region has resulted in a heavy majority flow across the junction.

An electron of the n-type material now “sees” a reduced barrier at the
Junction due to the reduced depletion region and a strong attraction for the
positive potential applied to the p-type material. As the applied bias increases
in magnitude the depletion region will continue to decrease in width until a flood
of electrons can pass through the junction, resulting in a rise in current.
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Fig. 4.14. Forward-biased p-n-junction

The value of the external p.d. when the depletion region disappears is
greater than 0.2 V for Ge and 0.6 V for Si.

Physical interpretation. External voltage source makes an electrical
field inside the structure directed forward to junction diffusion field. The total
field inside the junction decreases, i.e. the value of potential barrier as well as
junction width decrease. With potential barrier decreasing, the main part of
MajCCs overcomes this barrier and that causes abrupt increase of diffusion
current.

So, when p-n-junction is in the forward biased state, there is a sufficiently
high direct current, which has diffusion character and is created by the MajCCs.

Summary. Thus, the property of unidirectional conduction of p-n-unction
is caused by the existence of charges of two types: MajCCs (high
concentration) and MinCCs (low concentration), and also the factor which
controls the flows of these charges (ion diffusion field). Diffusion field
accelerates MinCCs and creafes breaking effect on MajCCs. The certain
polarity of external bias source increases or decreases this control factor.
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4.7. Semiconductor diodes

Diode is the simplest semiconductor device but it plays a very vital role in
electronic systems. Diode has characteristics that closely match those of a
simple switch. It appears in a range of applications, extending from the simple
to the very complex.

In addition to the details of diode’s construction and characteristics, the
very important data and graphs can be found on specification sheets. We will
see some of them to learn and understand the terminology employed and to
demonstrate the wealth of information typically available from manufacturers.

Diode has a following symbol on schemes (more in details this point will
be highlighted below):

+ EVD -

I

Definition. A semiconductor device that has a single p-n-junction is
known as a diode. The behaviour of a diode is investigated by connecting it
across a variable voltage source and measuring the current which passes
through it. The typical dependence of Si diode current upon the applied voltage
is depicted in the Fig. 4.15.

Plot explanation (forward-bias). The diode characteristics coincide with
the characteristics of a p-n-junction. The right part of the plot shows what
happens when the diode is in forward-biased state. When the applied p.d. is in
range from zero to 0.6 V (for Si), its value is insufficient for electrons to
overcome the depletion region of the junction. No current flows.

As the bias is further increased, the depletion region will continue to
decrease in width until a flood of electrons can pass through the junction,
Current increases exponentially (not a straight line) as shown in the forward-
bias region of the characteristics, i. e. the diode does not obey Ohm law.

Note that the vertical scale of the plot is measured in mA (although some
semiconductor diodes can have a vertical scale measured in amperes) and the
herizontal scale in the forward-bias region has a maximum of 1 V.

Definition. The potential at which the rise of the curve occurs is
commonly referred to as the offset, threshold, or firing potential (the notation
Vo).

Approximating formula. It can be demonstrated through the use of
solid-state physics that the general characteristic of a semiconductor diode can
be defined by the following equation for the forward- and reverse-bias regions:

Ip =I5 ("™ 1), (4.1)
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where /s is a reverse saturation current, k=11.6/n with n=1 for Ge and n=2 for
Si for relatively low levels of diode current (at or below the knee of the curve)
and n=1 for Ge and Si for higher levels of diode current (in the rapidly
increasing section of the curve); Tx=T+273°.

Ip (mA)
:f Eq.(4.1 Actual commercially |
. available unit
16
15 ;
14 T
13 H Defined polarity
12 and direction for
1
graph
10 + Vy 1
9 ; 2]
8 £ —/,
7 il Forward-bias region
6 (V,>0 V., I,> 0 mA)
: i,
2 i 1/
1 | /
5
—40 |-30 [-20 [-10 | Jo™ 3|05 |07 ] v, (V)
B ABATT T 2
! l I _02ua+ No-bias region '
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Fig. 4.15, The typical voltage-amperage dependence of Si diode

A plot of Eqg. (4.1) is provided in Fig. 4.15. If we expand Eq. (4.1) into the
following form,

-"D i .'ISEI‘VHFT. _.'ls {4.2}
the contributing component for each region of Fig. 4.15 can easily be
described.

45



For positive values of Vp, the first term of the equation above will grow
very quickly and overpower the effect of the second term. The result is that for
positive values of Vp, Ip will be positive and grow as the function y=g".

AtVp=0V, Eq. (4.1) becomes

I, =15(e° ~1)=0mA (4.3)

as appearing in Fig. 4.15.

For negative values of Vp the first term will quickly drop off below Is,
resulting in /p=-Is, which is simply the horizontal line of Fig. 4.15. The break in
the characteristics at Vp=0 V is simply due to the change in scale from mA to

Plot scale. It is important to note the change in scale for the vertical and
horizontal axes. For positive values of Iy the scale is in mA and the current
scale below the axis is in pA (or possibly nanoamperes). For V} the scale for
positive values is in tenths of volts and for negative values the scale is in tens
of volts.

4.8. Zener region

Even though the scale of Fig. 4.15 is in tens of volts in the negative
region, there is a point where the application of negative voltage will result in a
sharp change in the characteristics. The current increases at a very rapid rate
in a direction opposite to that of the positive voltage region.

Definition. The reverse-bias potential that results in this dramatic change
in characteristics is called Zener potential and is given the symbol V5.

Physical interpretation. as the voltage across the diode increases in the
reverse-bias region, the velocity of the MinCCs responsible for the reverse
saturation current I will also increase. Eventually, their velocity and associated
kinetic energy (Wk=1/2mv®) will be sufficient to release additional carriers
through collisions with other stable atomic struclures. That is, an ionization
process will appear whereby valence electrons absorb sufficient energy to
leave the parent atom.

Definition. These additional carriers can then aid the ionization process
to the point where a high avalanche current is established and the avalanche
breakdown region determined. The avalanche region (Vz) can be brought
closer to the vertical axis by increasing the doping levels in the p- and n-type
materials.

Definition. However, as V, decreases to very low levels, such as -5 V.
another mechanism, called Zener breakdown, will contribute to the sharp
change in the characteristic. It occurs because there is a strong electric field in
the region of the junction that can disrupt the bonding forces within the atom
and “"generate” carriers.
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Although Zener breakdown mechanism is a significant contributor only at
lower levels of Vz, this sharp change in the characteristic at any level is called
Zener region.

Definition. Diodes employing this unique portion of the characteristic of a
p-n-unction are called Zener diodes or voltage-reference diodes. These
types of diodes have the following symbol on schemes:

Caution. Zener region of the semiconductor diode described must be
avoided if the response of a system is not to be completely altered by the sharp
change in characteristics in this reverse-voltage region.

Definition. The maximum reverse-bias potential that can be applied
before entering Zener region is called the peak inverse voltage (referred to
simply as the PIV rating) or the peak reverse voltage (denoted by PRV
rating).

If an application requires a PIV rating greater than that of a single unit, a
number of diodes of the same characteristics can be connected in series.
Diodes are also connected in parallel to increase the current-carrying capacity.

4.9. Si versus Ge

Si diodes have, in general, higher PIV and current raling and wider
temperature ranges than Ge diodes. PIV ratings for Si can be in the
neighborhood of 1000 V, whereas the maximum value for Ge is closer to
400 V. Silicon can be used for applications in which the temperature may rise
to about 200°C (400°F), whereas Ge has a much lower maximum rating
{100°C).

The disadvantage of Si, however, compared to Ge, as indicated in
Fig. 4.16, is the higher forward-bias voltage (threshold potential) required to
reach the region of upward swing. It is typically of the order of magnitude of
0.7 V for commercially available Si diodes and 0.3 V for Ge diodes.

Generally, the whole characteristics of Si as compared to Ge still make it
the choice in the majority of commercially available units.

Temperature effects. One more reason for choosing the Si material is
the temperature influence on the diode characteristics. The common saturation
current for a Ge diode is in the order of 1 or 2 pA at 25°C (see Fig. 4.16) and
about 100 pA at 100°C. The last value is high enough for considering open-
circuit state in the reverse-bias region.

47



:A_fg (mA)

25

Ge Si
20

15

10

I;(S)=001pa S
vV, (Si)y V, (Ge)

T

I ':Z-Ee}""2

Si Ge

Fig. 4.16. Comparison of Si and Ge semiconductor diodes

At the same time, typical values of reverse current for Sj diodes are much
lower than that of Ge for similar power and voltage levels (see Fig. 4.186).
Moreover, even at high temperatures the level of saturation current for Si
diodes do not reach the same levels obtained for Ge (compare 1-2 pA for Si
and 100pA for Ge diodes).

The breakdown voltage is also increasing with temperature (Fig. 4.17). it
has been found experimentally that the reverse saturation current will just about
double in magnitude for every 10°C increase in temperature.

As to the forward-bias region, the forward characteristics are actually
becoming more “ideal,” but generally the ftemperatures beyond the normal
operating range can have a very detrimental effect on the diode's maximum
power and current levels.
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Fig. 4.17. Variation in S/ diode characteristics with temperature change
4.10. Main diode characteristics. Resistance types

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. The type of applied voltage or signal defines the
resistance level of interest.

There are three different resistance levels. Consider the first one — 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 finding the corresponding levels of V;p and I (Fig. 4.18):

R, = 5’— (4.4)
"r:r

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.
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Since ohmmeters typically employ a relatively constant-current source,
the resistance determined will be at a preset current level (typically, a few
milliamperes). In general, the Jower the current through a diode is, the higher
the DC resistance level.

It is obvious from Eq. (4.4) that the DC resistance of a diode is
independent of the shape of the characteristic in the region surrounding the
point of interest. If a sinusoidal rather than DC input is applied, the situation will
change completely.

The varying input will move the instantaneous operating point up and
down a region of the characteristics and thus defines a specific change in
current and voltage as shown in Fig. 4.19.

Definition. With no applied varying signal, the point of operation would be
the Q-point appearing on Fig. 4.19 determined by the applied DC levels. The
designation Q-point is derived from the word “quiescent”, which means “still or
unvarying”.

Definition. A straight line drawn tangent to the curve through the Q-point
as shown in Fig. 4.20 will define a particular change in voltage and current that
can be used to determine the AC or dynamic resistance for this region of the
diode characteristics. An effort should be made to keep the change in voltage
as small as possible and equidistant to either side of the Q-point.

Diode characteristic

Tangent line
to Q-point

: Q-point Q-point, Al
--#:1 (dc operation)

<
AV,
e
Fig. 4.18 Fig. 4.19 Fig. 4.20
In equation form:
AV

r,=—=%, 4.5
Al (45)



In general, the lower the Q-point of operation (smaller current or lower
voltage) the higher the AC resistance.

Definition. If the input signal is sufficiently large to produce a broad swing
such as indicated in Fig. 4.21, the resistance associated with the device for this
region is called the average AC resistance.

The average AC resistance is, by definition, the resistance determined by
a sftraight line drawn between the two intersections established by the
maximum and minimum values of input voltage. In equation form:

AV
fnm d 4.6
ST | (85

201

Fig. 4.21. Determining the average AC resistance
between indicated limits

For situation indicated in Fig. 4.21:
Al, =15 mA AV, =0.075V
r,, =0075V/15mA=50"
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Equation (4.6) defines a value that is considered the average of the AC
values from 2 to 17 mA.

The fact that one resistance level can be used for such a wide range of
the characteristics is quite useful in the implementation of diode equivalent
circuits. Thus, the lower the level of currents used to determine the average
resistance the higher the resistance level (see also Table 4.1).

Table 4.1. Summary table on resistance parameters

) Special Graphical
Type Equation characteristics determination
fﬂ
v Defined as a Qpt.
DC or static Ry = !—D point on the
2 characteristic
Yo
A
' AV, 26mV Deﬁnedlby a Al
AC or dynamic | I = AL W tangent line at
¢ # the Q-point
Y
A
o Defined by a
e straight line Al
Averageac | =, 1. | between limits of ’
operation
4
AV,

Diode testing. Based on the described resistance properties of the
diode, there is a way for checking the diode condition with the ohmmeter.
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We found that the forward-bias resistance of a semiconductor diode is
quite low compared to the reverse-bias level. Therefore, if we measure the
resistance of a diode using the connections indicated in Fig. 4.22 3, we can
expect a relatively low level.

(Ohmmeter) (Ohmmeter)
Relatively low R Relatively high R
d | Black lead
R?w?fd Fégm? Black lead Red lead
(COM) (V)
==
a b

Fig. 4.22. Direct (a) and reverse (b) biases of a diode

The resulting chmmeter indication will be a function of the current
established through the diode by the internal battery (often 1.5 V) of the
ohmmeter circuit,

The higher the current is, the less the resistance level. For the reverse-
bias situation the value should be quite high, requiring a high measurement
limit (resistance scale) on the meter, as indicated in Fig. 4.22 b.

A high resistance values in both directions obviously indicate an open
(defective device) condition, while a very low resistance values in both
directions will probably indicate a shorted device.

4.11. Diode transition and diffusion capacitances

Electronic devices are inherently sensitive to very high frequencies. Most
shunt capacitive effects can be ignored at lower frequencies because the
reactance Xc=1/(21fC) is very large (open-circuit equivalent). This, however,
cannot be ignored at very high frequencies. Xc will become sufficiently small
due to the high value of f{o introduce a low-reactance “shorting” path.

In the p-n semiconductor diode, there are two capacitive effects to be
considered. Both types of capacitance are presented in the forward- and
reverse-bias regions, but one so outweighs the other in each region that we
consider the effects of only one in each regjon.

Definition. In the reverse-bias region there is a transition- or depletion-
region capacitance (Cy), while in the forward-bias region we have the
diffusion (Cp) or storage capacitance.

Recall that the basic equation for the capacitance of a parallel-plate
capacitor is defined by C=¢Ald. where ¢ is the permittivity of the dielectric
(insulator) between the plates of area A separated by a distance d.
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In the reverse-bias region there is a depletion region (free of carriers) that
behaves essentially like an insulator between the layers of opposite charge.
Since the depletion width (d) will increase with increased reverse-bias potential,
the resulting transition capacitance will decrease, as shown in Fig. 4.23.
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Fig. 4.23. Transition and diffusion capacitance versus
applied bias for a Si diode

The fact that the capacitance is dependent on the applied reverse-bias
potential has application in a number of electronic systems.
0

\ 4 *,
o
Fig. 4.24

Definition. A diode whose operation is
wholly dependent on this phenomenon is
called varicap (also called varactor, VVC -
voltage-variable capacitor or tuning) that
means semiconductor, voltage-dependent,
variable capacitors. This type of diodes is
depicted on the schemes as in Fig. 4.24,

Although the effect described above will
also be present in the forward-bias region, it
is overshadowed by a capacitance effect
directly dependent on the rate at which
charge is injected into the regions just outside

the depletion region. The result is that increased levels of current will result in
increased levels of diffusion capacitance.

Cror Cp
[|
H

od—Pp—o

Fig. 4.25

However, increased levels of current
result in reduced levels of associated
resistance, and the resulting time constant
(r=RC), which is very important in high-speed
applications, does not become excessive.

The capacitive effects described above
are represented by a capacitor in parallel with
the ideal diode, as shown in Fig. 4.25. For
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low- or mid-frequency applications (except in the power area), however, the
capacitor is normally not included in the diode symbol.

4.12. Rectifier diodes

Definition. Rectifier diode is used to transform AC to the unidirectional
pulsing current. The diode operating principle is based on the unidirectional
conduction feature. Fig. 4.26 shows the transformation of altemnating voltage
applied to the diode.

The transformed law of current variations has the constant component:

T2

P = b =% I I, sin(wt)dt = L:tl 4.7
0

w=2m/T.

Because of this the aforementioned transformation is known as
rectification.

Half-wave rectifier scheme. The scheme has a rectifier diode VD, load
resistor R and filtering capacitor C (Fig. 4.27).

jc
=

T = ° )
Fig. 4.26 Fig. 4.27

Diode transforms input alternating voltage to the impulse voitage Vg In
case of capacitor absence rectified voltage can be selected on the load
resistance. The main effect of capacitor application is the smoothing of output
voltage Vge. In other words, this means that capacitor filters or selects the
constant component V,. During the time interval t voltage applied to the
capacitor exceeds the instant value of input voltage (V>Wf)), therefore the
diode is closed.

Capacitor is slowly discharged through the resistor. As soon as input
voltage exceeds the capacitor voltage (V(f)>Vc), the diode is being opened and
capacitor charge process starts and lasts during the time {cy. In this case diode
lets through short impulses of charge current icy of duration fc,. Note that
charge impulse current oy is much greater than the average value of rectified
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current lay since gty = lay T according to the charge equality condition
(Fig. 4.28).

ult) In order to increase the effectiveness of
rectified voltage smoothing, the load resistor
should be short-circuited by capacitor in respect
to the variable component. That is the ratio
between capacitive and active resistances should
satisfy the following inequality:

X:—10-<<R. (4.8)

i}

Taking in mind w=2m/T and suppose that
the 10 times difference in resistance values is
enough, we get the equivalent parity:

1, =RC=10T/2x>T, (4.9)

Hence, the capacitor discharge time

. constant should enlarge the input voltage cycle.
ien(t)y ! 5; Pt e Definition. The main parameter for
i P defining the quality of rectifier scheme is known
ﬂ ﬂ as ripple factor or ripple ratio:
R Cp=AV/V,, (4.10)
Fig. 4.28

where AV denotes the voltage range of ripples.
Since the current flows through the diode during the small period of time,
output voltage ripples are approximated by saw-tooth law.
The change of capacity charge is Aqg =AV C=l,T where the averaged
current flown through the load is lo=Vy/R. Then AV = VoTARC) and hence
ripple factor is

C,=

R

1
- (4.11)

Sl e

4.13. Voltage-reference diodes

Definition. Voltage-reference diodes (VRD) - semiconductor devices
which use high slope sections of voltage-ampere characteristic (VAC), i. e.
ones with weak dependence of voltage on the current variations.

Diode purpose. VRD implements a voltage stabilization process, i. e.
maintaining substantially constant voltage value in a wide range of current
variations. The diode VAC has two sections with a high slope for both forward
and reverse bias (Fig. 4.29).

The diode operates in the stabilization area if:

1. The direct voltage V;, exceeds a certain threshold value Veyp>Viryp.
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2. The reverse voltage Vgey is smaller than the breakdown voltage
Vaev<Vaow.

There are two kinds of reference diodes:

1. Zener diode (or stabilitron) which is using a section with reverse-
biased voltages smaller than the electrical breakdown value (reverse bias
Vaev<Vaon; Veon equals -3 V, for instance).

2. Stabistors, working in the area of the forward branch diode.

The ranges of stabilized voltage are V=07 ... 2 V for stabistors and
Vsr<-3 V for Zener diodes. They are defined respectively by the voltage drop in
the forward-biased silicon p-n-junction and minimum voltage value of electrical
breakdown. Conditional graphical notations are shown in Fig. 4.30. Here are
the polarity of operating voltages as well as the direction of operating currents.

Selecting a diode. The initial diode choice is based on two main
classification parameters: dissipated power and stabilizing voltage.

The main parameters of the reference diode are characterized, in
particular, by the "geometric” VAC features (Fig. 4.31).

Fig. 4.30
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These parameters include:

1. Nominal (mean) value of the stabilization voltage or a range of its
changes {VST.MIN 2 VST.MM)A

2. The range of current variations in the stabilization area (/syun ...
J’ST_MAJ()-

3. Dynamic resistance Ry which determines the slope of characteristic.

4. The maximum allowable dissipated power Puux=/stuax Vsrmax which
protects the diode junction from the thermal breakdown.

The limiting operational parameters are: Puyax, lstuax, fstamn. Exceeding
the first two parameters leads to failure of the device. When Rlsrmn the
steepness of the VAC is being drastically reduced and the level of noise on pre-
breakdown section increases. Minimum values of the stabilization current Istaam
are within 0.5 ... 3 mA.

General-purpose diodes are used for:

1. Getting a fixed (reference) voltage.

2. DC stabilization in a certain range of current changes.

3. In AC circuits - to limit the instantaneous voltage values, i. e. to obtain
constant voltage in a small time interval.

4. In pulse circuits as high-speed cut-off items, as these diodes have no
injection accumulation processes.

5. Pulse reference diodes are used to limit (commit) the amplitude of the
pulse signal. In such diodes junction capacitance is minimized and this fact
allows receiving short duration of transient processes.

4.14. Parametric voltage stabilizer

The voltage stabilization principle is disclosed on the basis of the simple
circuit (Fig. 4.32). It has two main elements: a stabilitron VD and ballast resistor
Ra. Load resistor R, is a part of the circuit for stabilizing the voltage V.

EvAE A0 p URL Vi

+ ISTT T |L"‘L

Fig. 4.32

The main purpose of the scheme. Provides practical immutability of the

output voltage in case of input voltage variations AE with respect to the rated
voltage E. It should be noted that the diode is connected in parallel with the
load resistor, as in this case voltage values on the two elements coincide.
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The ballast resistance performs a dual role:

1. In the static mode it limits the current value running through the diode.

2. In the dynamic mode it provides the effect of stabilizing.

Static mode. Static mode of the circuit operation is analyzed at a
constant nominal input voltage E. Input source emf is distributed between the
load and ballast resistors:

E=V, +V, (4.12)
and the total current / is divided between the diode and load resistor:
=l +1,. (4.13)

Let's establish the relationship between the input and output voltages.
Then, based on (4.12) with (4.13) we have:

E=V, +(lsr+1)Rs. (4.14)
Expressing the currents through the output voltage, we get:
"/

Vv
E=V 4|2+ lR 4.15
“[RST“LRL} . e

or finally

R, R
£=u,[14Be +—a]. (4.16)
L[ Rsr RL
where Rsr is the diode’s static resistance.
Dynamic mode. let's replace the diode with dynamic resistance Rp. Then

the equivalent circuit with respect to the variations of input voltage is shown in
Fig. 4.33. ;

Fig. 4.33

The equivalent resistance of the parallel circuit is determined by the
formula
R.R,

Roe—th 4.17
E T R,+R, U
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and since Rp << Ry, the approximate equality is right:

RE=T?5&-:R°‘ (4.18)
—L 41

R,

L

In this scheme the principle of voltage divider with respect to the input
voltage changes is implemented, i. e., AE is distributed between Rg and Rp.
Since Rp<<Rg, the main voltage increment falls on the ballast resistor Ry and
the output voltage changes slightly:

R, R,
AV =AE D AF2 4.19
% R; +R, By el

i. e. AV <<AE.

Hence, the ballast resistor's purpose and name become obvious - it plays
the role of ballast on which the main voltage change is dropping, so only a
small part of changing voltage is released on the load resistor.

In this circuit the current increments divider is also implemented as the
auxiliary effect. Total current change, which arose because of the instability of
the input voltage, is divided between the parallel elements Rp and R,. Since
Rp<<R|, the main change in the current passes through the diode Alp>>Al, and
therefore AV, = | |R_ will be also small. It follows from the equivalent circuit
(Fig. 4.34) that

R.R,
AV, = Al ——L— 4.20
Ry +R ( )

Fig. 4.34
Then
R R, .
Al —::.IR—ER—@M R i.e. Al <Al (4.21)

In general, the following ratio according to the second Kirchhoff's law can
be written for the dynamic mode:

AE = AV, +(Alg; + AL )R, (4.22)
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or by analogy with (4.16)

AE - avL[1+g£+5i], (4.23)

L o

Definition. The stabilization quality of the whole circuit is determined by
the stabilization coefficient;
_ AEJE
AV,
which shows how many times the relative changes in the input voltage are
greater than the output variations.

Using the relationship between input and output voltages in static (4.16)
and dynamic (4.23) modes, we get

(4.24)

R . (4.25)

Thus, the realization of the circuit implemented the principle of voltage
stabilization on the basis of nonlinear voltage divider is made. The diode
connected in one arm of the divider, as a non-linear element, has considerable
differences in two parameters: static and dynamic resistances (Rst>>Rp).
Because of this, it keeps a relatively high static voltage at a small value of the
voltage drop with respect to its variations.

4.15. Impulse limiters

Circuit 1. Provides a pulse amplitude selection (Fig. 4.35). If the pulse
amplitude is less than the limit threshold, then the circuit is in open state. In this
case, the pulse amplitude value does not sufficient to provide electrical
breakdown of a diode operating in Zener mode. The pulses with amplitudes
exceeding the limit threshold, switch the diode to breakdown mode. Then the
"tops" of the pulses are picked out on the load resistor (excluding voltage drop
on the diode) (see plots on Fig. 4.35).

71 SR SR AL ST S 1 o o o

E(t} R u(t) u(t)

Fig. 4.35
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Circuit 2. Fixes the pulse amplitude (Fig. 4.36). If stabilitron’s limit
threshold is less than any of pulses' amplitude, the diode operates in the
breakdown mode. Then the reference pulse amplitude is supported on the
diode (see plots on Fig. 4.36).

e(t)

R

il

ett) vD ZE:{tJ putt)
o— | Lnnnnnt

Fig. 4.36

5. BIPOLAR JUNCTION TRANSISTOR

During the period 1904-1947, the vacuum tube was undoubtedly the
electronic device of interest and developm Fia. 4.36 w23, 1947,
BT : g. 4.
however, the electronics industry was to experi a completely
new direction of interest and development. It was on the afternoon of this day
that Walter H. Brattain and John Bardeen demonstrated the amplifying action

of the first transistor at the Bell Telephone Laboratories.

The advantages of this three-terminal solid-state device over the tube
were immediately obvious:

- it was smaller and lightweight;

- had no heater requirement or heater loss;

- had rugged construction;

- and was more efficient since less power was absorbed by the device
itself;

- it was instantly available for use, requiring no warm-up period:

- and lower operating voltages were possible.

5.1. Transistor main concepts

Definition. The transistor is a three-layer semiconductor device
consisting of either fwo n- and one p-type layers of material or two p- and one
n-type layers of material. The former is called an npn transistor, while the
latter is called a pnp transistor.

Both are shown in Fig. 5.1 with the proper DC biasing. We will find later
that the dc biasing is necessary to establish the proper region of operation for
ac amplification.
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Definition. The three layers of the transistor are known as the collector,
the base and the emitter.

Accordingly the terminals in Fig. 5.1 have been indicated by the capital
letters E for emitter, C for collector, and B for base. The emitter layer is heavily
doped, the base lightly doped, and the collector only lightly doped.

<— 0.150 in. — >} <€— 0.150 in.—»]
0.001 in. 0.001 in.
> [« > [«
El o [o| p I Elan-lel n IC
B B
II I ‘l II
il I’ [ '
Vsa VCB VEB vcn
a b

Fig. 5.1. Types of transistors: pnp (a); npn (b)

The outer layers have widths much greater than the sandwiched p- or n-
type material. For the transistors shown in Fig. 5.1 the ratio of the total width to
that of the center layer is 0.150/0.001=150:1.

Note. The doping of the sandwiched layer is also considerably less than
that of the outer layers (typically, 10:1 or less). This lower doping level
decreases the conductivity (increases the resistance) of this material by limiting
the number of “free” carriers.

The fact that conduction occurs through all three layers, which means that
it involves both electrons (negative) and holes (positive) as charge carmiers, is
why these are sometimes called bipolar transistors. Their full name is bipolar
junction transistors (BJT) because their action depends on the properties of a
p-n4unction, as will be explained in the next section.

5.2. Transistor operation

Let's describe the basic operation of the transistor using the pnp
transistor of Fig. 5.1,a. The operation of the npn transistor is exactly the same if
the roles played by the electron and hole are interchanged. In Fig. 5.2 the pnp
transistor is redrawn without the base-to-collector bias. Note the similarities
between this situation and that of the forward-biased diode. The depletion
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region has been reduced in width due to the applied bias, resulting in a heavy
flow of majority carriers from the p- to the n-type material,

Let us now remove the base-to-emitter bias of the pnp transistor of
Fig. 5.1,a as shown in Fig. 5.3. Consider the similarities between this situation
and that of the reverse-biased diode. Recall that the flow of majority carriers is
zero, resulting in only a minority-carrier flow, as indicated in Fig. 53. In
summary, therefore:

One p-n-junction of a transistor is reverse biased, while the other is
forward biased.

OMajority carriers

—._+
Po @ @0+ P
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e ©

o
o
o
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Fig. 5.2. Forward-biased junction of a pnp transistor
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Fig. 5.3. Reverse-biased junction of a pnp transistor
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In Fig. 5.4 both biasing potentials have been applied to a pnp transistor,
with the resulting majority- and minority-carrier flow indicated. Nofe in Fig. 5.4
the widths of the depletion regions, indicating clearly which junction is forward-
biased and which is reverse-biased.

18
Depletion regions /|

- —|i
VEB VBC
Fig. 5.4. Majority and minority carrier flow of a pnp fransistor

As indicated in Fig. 5.4, a large number of majority carriers will diffuse
across the forward-biased p-n-junction into the n-type material. The question
then is whether these carriers will contribute directly to the base current Iy or
pass directly into the p-type material?

Since the sandwiched n-type material is very thin and has a low
conductivity, a very small number of these carriers will take this path of high
resistance to the base terminal. »

The magnitude of the base current is typically on the order of
microamperes as compared to milliamperes for the emitter and collector
currents. The larger number of these majority carriers will diffuse across the
reverse-biased junction into the p-type material connected to the collector
terminal as indicated in Fig. 5.4.

The reason for the relative ease with which the majority carriers can cross
the reverse-biased junction is easily understood if we consider that for the
reverse-biased diode the injected majority carriers will appear as minority
camiers in the n-type material. In other words, there has been an injection of
minority carriers into the n-type base region material. Combining this with the
fact that all the minority carriers in the depletion region will cross the reverse-
biased junction of a diode accounts for the flow indicated in Fig. 54.

Applying Kirchhoff current law to the transistor of Fig. 5.4 as if it were a
single node, we obtain: !

le=l+1g 2 (5.1)
and find that the emitter current is the sum of the collector and base currents.
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Definition. The collector current, however, is comprised of tw
components - the majority and minority carriers as indicated in Fig. 5.4. The
minority-current component is called the leakage current and is given the
symbol Ico (lc current with emitter terminal Open). The collector current
therefore, is determined in total by the equation:

I = C majority +’comu.-ary- (5.2

For general-purpose transistors, Ic is measured in milliamperes, while
lco is measured in microamperes or nanoamperes. lco, like |, for a reverse
biased diode, is temperature sensitive and must be examined carefully wher
applications of wide temperature ranges are considered. It can severely affec
the stability of a system at high temperature if not considered properly.

Improvements in construction techniques have resulted in significantl
lower levels of I, to the point where its effect can often be ignored.

5.3. Static mode. Common-base configuration

The notation and symbols used in conjunction with the transistor in the
majority of texts and manuals published today are indicated in Fig. 5.5 for the
common-base configuration with pnp and npn transistors.

Definition. The common-base terminology is derived from the fact tha
the base is common to both the input and output sides of the configuration. In
addition, the base is usually the terminal closest to, or at, ground potential.
Remember that we refer to conventional (hole) flow rather than electron flow.

For the transistor the arrow in the graphic symbol defines the direction of
emitter current (conventional flow) through the device.

All the current directions appearing in Fig. 5.5 are the actual directions as
defined by the choice of conventional flow. Note in each case that le=le+lg.
Note also that the applied biasing (voltage sources) are such as to establish
current in the direction indicated for each branch.

To fully describe the behavior of a three-terminal device such as the
common-base amplifiers of Fig. 5.5 requires two sets of characteristics - one
for the driving point or input parameters and the other for the output side.

The input set for the common-base amplifier as shown in Fig. 5.6 will
relate an input current (lg) to input voltage (Vee) for various levels of output
voltage (Ves).

The output set will relate an output current (I¢) to an output voltage (Veg)
for various levels of input current (lg) as shown in Fig. 5.7. The output or
collector set of characteristics has three basic regions of interest, as indicated
in Fig. 5.7: the active, cutoff, and saturation regions.

Definition. The active region is the region normally employed for linear
(undistorted) amplifiers. In particular, in the active region the collector-base
Jjunction is reverse-biased, while the base-emitter Junction is forward-biased,
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Fig. 5.5. Notation and symbols used with the common-base configuration:
pnp transistor (a); npn transistor (b)
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V=20V
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Fig. 5.6. Input or driving point characteristics for a common-base silicon
transistor amplifier
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Active region (unshaded area)

7 mA

—SmA

SmA

4 mA

3mA

2mA

Fig. 5.7. Output or collector characteristics for a common-base transistor

amplifier

The active region is defined by the biasing arrangements of Fig. 5.5. At
the lower end of the active region the emitter current (lg) is zero, the collector
current is simply that due to the reverse saturation current Icg, as indicated in
Fig. 5.7. The current Ico is so small (microamperes) in magnitude compared to
the vertical scale of I (milliamperes) that it appears on virtually the same

horizontal line as Iz=0.

The notation most frequently used for Ico on data and specification sheets

is, as indicated in Fig. 5.8, lcao.

E C

o—a

lai=¥,

co

CBO
Emitter
open
Collector to Base
Fig. 5.8. Reverse saturation current
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Because of improved
construction technigues, the
level of Ipo for general-purpose
transistors (especially Si) in the
low- and mid-power ranges is
usually so low that its effect can
be ignored.

However, for higher power
units lgag will still appear in the
microampere range. In addition,
keep in mind that lcgo, like I, for
the diode (both reverse leakage
currents) is temperature




sensitive. Al higher temperatures the effect of Icso may become an important
factor since it increases so rapidly with temperature.

Note in Fig. 5.7 that as the emitter current increases above zero, the
collector current increases to a magnitude essentially equal to that of the
emitter current as determined by the basic transistor-current relations. Note
also the almost negligible effect of Vg on the collector current for the active
region. The curves clearly indicate that a first approximation to the relationship
between le and I; in the active region is given by I = I

Definition. As inferred by its name, the cutoff region is defined as that
region where the collector current is 0 A, as revealed on Fig. 5.7. In addition, in
the cutoff region the collector-base and base-emitter junctions of a transistor
are both reverse-biased.

Definition, The saturation region is defined as that region of the
characteristics to the left of Vce=0 V. The horizontal scale in this region was
expanded to clearly show the dramatic change in characteristics in this region.
Note the exponential increase in collector current as the voltage Ves increases
toward 0 V. In the saluration region the collector-base and base-emitter
Jjunctions are forward-biased.

Definition. In the DC mode the levels of I and I due to the majority
carriers are related by a quantity called alpha and defined by the following
equation:

ay =l /1, (5.3)

where Ic and I are the levels of current at'the point of operation.

Even though the characteristics of Fig. 5.7 would suggest that a=1, for
practical devices the level of alpha typically extends from 0.90 to 0.998, with
most approaching the high end of the range. ;

Since alpha is defined solely for the majority carriers, then:

L=l + leg minony = Wl +ego - (5.4)

© majariy

For the characteristics of Fig. 5.7 when Ig=0 mA, I¢ is therefore equal to

lcao, but as mentioned earlier, the level of lego is usually so small that it is

virtually undetectable on the graph of Fig. 5.7. In other words, when Ie=0 mA in
Fig. 5.7, I aiso appears to be 0 mA for the range of Vs values.

Definition. For AC situations where the point of operation moves on the

characteristic curve, an AC alpha is defined by
g . (5.5)

Al [

The a, is formally called the common-base, short-circuit, amplification
factor.

Note. For most situations the magnitudes of a,. and a4 are quite close,
permitting the use of the magnitude of one for the other.

69



Biasing. The proper biasing of the common-base configuration in the
active region can be determined quickly using the approximation Ie=lz and
assuming for the moment that 1g=0 A.

The result is the configuration of Fig. 5.9 for the pnp transistor. The arrow
of the symbol defines the direction of conventional flow for Ie=lc. The DC
supplies are then inserted with a polarity that will support the resulting current
direction. For the npn transistor the polarities will be reversed.

Transistor_amplifyi ction. Let us introduce the basic amplifying
action of the transistor on a surface level using the network of Fig. 5.10. The

DC biasing does not appear in the figure since our interest will be limited to the
AC response.

Fig. 5.10. Basic voltage amplification action of the common-base configuration

For the common-base configuration the AC input resistance determined
by the characteristics of Fig. 5.6 is quite small and typically varies from 10 to
100 Q.

The output resistance as determined by the curves of Fig. 5.7 is quite
high (the more horizontal the curves the higher the resistance) and typically
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varies from 50 kQ to 1 MQ (100 kQ for the transistor of Fig. 5.8). The difference
in resistance is due to the forward-biased junction at the input (base to emilter)
and the reverse-biased junction at the output (base to collector).

Using a common value of 20 Q for the input resistance, we can find that

=V,/R, =200mV/20Q =10 mA. (5.6)
If we assume for the moment that a,.=1 (I.=l,), |, =1;=10 mA, then
Vi=LR;=10mA-5kQ2=50V. (5.7)

Hence, the voltage amplification is A,=V/Vi=250.

Typical values of voltage amplification for the common-base configuration
vary from 50 to 300. The current amplification (Ic/le) is always less than 1 for
the common-base configuration. This latter inequality should be obvious since
a is always less than 1.

Note. The basic amplifying action was produced by transferring a current
[ from a low- to a high-resistance circuit. The combination of the two terms in
italics results in the label transistor; that is,

transfer + resistor — transistor.

Calculation examples (for data on Figs. 5.6 and 5.7).

(a) Using the depicted characteristics, determine the resulting collector
current if [e=3 mA and Veg=10 V.

(b) Using the characteristics, determine the resulting collector current if I
remains at 3 mA but Vg is reduced to 2 V.

(c) Using the characteristics, determine Vg if Ic=4 mA and Vg = 20 V.

Solutions.

(a) The characteristics clearly indicate that Ic = ¢ = 3mA.

(b) The effect of changing Vg is negligible and I. continues to be 3mA.

(c) From Fig. 5.7, I = Ic = 4 mA. In Fig. 5.6 the resulting level of Vg is
about 0.74 V.

5.4, Static mode. Common-emitter configuration

The most frequently encountered transistor configuration appears in
Fig. 5.11 for the pnp and npn transistors,

Definition. It is called the common-emitter configuration since the
emitter is common or reference to both the input and output terminals (in this
case common to both the base and collector terminals).

Two sets of characteristics are again necessary to describe fully the
behavior of the comman-emitter configuration: one for the input or base-emitter
circuit and one for the output or collector-emitter circuit. Both are shown in
Fig. 5.12, 5.13.

The emitter, collector, and base cuments are shown in their actual
conventional current direction. Even though the transistor configuration has

71




changed, the current relations developed earlier for the common-base
configuration are still applicable. That is, Iz = Ic + lg and I = alg.
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Fig. 5.11. Notation and symbols used with the common-emitter configuration:
npn transistor (left column); pnp transistor (right column)

Note. On the characteristics of Fig. 5.13 the magnitude of lg is in
microamperes, compared to milliamperes of I;. Consider also that the curves of
la are not as horizontal as those obtained for Iz in the common-base
configuration, indicating that the collector-to-emitter voltage will influence the
magnitude of the collector current.

In Fig. 5.13 the active region exists to the right of the vertical dashed line
at Vcesat and above the curve for I equal to zero. The region to the left of Vg
is called the saturation region.

Active region. in the active region of a common-emitter amplifier the
collector-base junction is reverse-biased, while the base-emitter junction is
forward-biased. These are the same conditions that existed in the active region
of the common-base configuration. The active region of the common-emitter
configuration can be employed for voltage, current, ar power amplification.
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Fig. 5.12. Input or driving point characteristics for
a common-emitter silicon transistor amplifier
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Fig. 5.13. Output or collector characteristics for a common-
emitter transistor amplifier
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Cutoff region. The cutoff region for the common-emitter configuration is
not as well defined as for the common-base configuration.

Note on the collector characteristics of Fig. 5.13 that Ic is not equal to
zero when |y is zero. The reason for this can be explained in such a way. From
the main expressions:

Jo=lo+1ly and I =al +lgs, (5.8)
we obtain:
I = oy, leso (5.9)
1-a 1-a

Consider the case, where |z=0 A, and substitute a typical value of a such
as 0.996. Then the resulting collector current is the following:

| =U-(0 A)+ "cao - 'rcsacl
€" 4-a 1-0.986 0.004

If Iceo were 1 pA, the resulting collector current with 1z=0 A would be
250(1pA)=0.25 mA, as reflected in the characteristics of Fig. 5.13. For future
reference, the collector current defined by the condition 15=0 A will be as:

:_{Gﬁ_ . (5.11)

1‘-_an.=0#

Definition. For linear (least distortion) amplification purposes, cutoff for
the comman-emitter configuration will be defined by Ic=lceo. In other words, the
region below lg=0 A is to be avoided if an undistorted output signal is required.

Note. When transistor employed as a switch in the logic circuitry of a
computer, it will have two points of operation of interest: one in the cutoff and
one in the saturation region. The cutoff condition should ideally be Ic=0 mA for
the chosen Ve voltage. Since lcgo is typically low in magnitude for silicon
materials, cutoff will exist for switching purposes when 15=0 A or lg=lgeo (for
silicon transistors only).

Definition. In the DC mode the levels of Ic and lg are related by a
quantity called beta and defined by the following equation:
_l
Bae l
where Ic and Il are determined at a particular operating point on the
characteristics.

For practical devices the level of B typically ranges from about 50 to over
400, with most in the midrange. As for a, B certainly reveals the relative
magnitude of one current to the other. For a device with B of 200, the collector
current is 200 times the magnitude of the base current.

= 26010 (5.10)

le.

(5.12)
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Note. On specification sheets Bec is usually included as hee with the h
derived from an AC hybrid equivalent circuit. The subscripts FE are derived
from Forward-current amplification and common-emitter configuration,
respectively,

Definition. For AC situations Bac is defined as follows:

Bac =%;31{VCE = const). (5.13)
]

The formal name for B, is common-emitter, forward-current,
amplification factor. Since the collector current is usually the output current
for a common-emitter configuration and the base current the input current, the
term amplification is included in the nomenclature above. On specification
sheets B, is normally referred to as hwe. Note, that the only difference between
the notation used for the Bpc is the type of lettering for each subscript quantity.

Definition. A relationship between a and B can be developed using the
basic relationships introduced thus far. Using B=Ic/ls we have |y = le/B, and
from a=Ix/l: we have le=I¢/a. Substituting into Iz=l.+ls we obtain

/ /

L= "E‘ el (5.14)
a p
and dividing both sides of the equation by lc will result in
1 1 1] o
—_—=14—, =— = —_— A5
" +|3 Then a B or p e (5.15)
In addition, recall that
loyp, =80 ' (5.16)
1-a
but using an equivalence of
1# =B+1 (derived from the (5.15)), (5.17)
— K
we find that
leeo = (B + Vg, oF loge & Plogo - (5.18)
Using the equation I.=Bl; we have
le = (B+1N,. (5.19)

Biasing. The proper biasing of a common-emitter amplifier can be
determined in a manner similar to that introduced for the common-base
configuration. Let us assume that we are presented with an npn transistor such
as shown in Fig. 5.14,a and asked to apply the proper biasing to place the
device in the active region.
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Fig. 5.14. Determining the proper biasing arrangement for a common-emitter
npn transistor configuration

The first step is to indicate the direction of Iz as established by the arrow
in the transistor symbol as shown in Fig. 5.14,b. Next, the other currents are
introduced as shown, keeping in mind the Kirchhoff's current law relationship:
Ic+lg=lg. Finally, the supplies are introduced with polarities that will support the
resulting directions of 1 and | as shown_in Fig. 5.14,c to complete the picture.

The same approach can be applied to pnp transistors. If the transistor of
Fig. 5.14 was a pnp transistor all the currents and polarities of Fig. 5.14,c would
be reversed.

5.5. Static mode. Common-collector configuration

The third and final transistor configuration is the common-collector
configuration, shown in Fig. 5.15 with the proper current directions and voltage
notation.

Note. The common-collector configuration is used primarily for
impedance-matching purposes since it has a high input impedance and low
output impedance, opposite to that of the common-base and common-emitter
configurations.

A common-collector circuit configuration is provided in Fig. 5.18 with the
load resistor connected from emitter to ground. Note that the collector is tied to
ground even though the transistor is connected in a manner similar to the
common-emitter configuration. From a design viewpoint, there is no need for a
set of common-collector characteristics to choose the paramelers of the circuit
of Fig. 5.16. It can be designed using the common-emitter characteristics of
Subsection 5.4.

For all practical purposes, the oufput characteristics of the common-
collector configuration are the same as for the common-emitter configuration.
For the common-collector configuration the output characteristics are a plot of
Ie versus Ve for a range of values of |Ig.

The input current, therefore, is the same for both the common-emitter and
common-collector characteristics.
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Fig. 5.15. Notation and symbols used with the common-collector
configuration: pnp transistor (a); npn transistor (b)

The horizontal voltage axis for
the comman-collector configuration is
obtained by simply changing the sign
of the collector-to-emitter voltage of
the common-emitter characteristics.

Finally, there is an almost
unnoticeable change in the vertical
scale of I of the common-emitter
characteristics if I is replaced by Ig
for the common-collector
characteristics (since a=1).

For the input circuit of the
common-collector configuration the
common-emitter base characteristics
are sufficient for obtaining the
required information.

Fig. 5.16. Common-collector
configuration used for impedance-
matching purposes
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6. FIELD-EFFECT TRANSISTOR

Definition. The field-effect transistor (FET) is a three-terminal device
used for a variety of applications that match, to a large extent, those of the BJT
transistor described earlier.

Although there are important differences between the two types of
devices, there are also many similarities that will be pointed out later.

Note. The primary difference between the two types of transistors is the
fact that the BJT is a current-controlled device as depicted in Fig. 6.1,a, while
the FET is a voltage-controlled device as shown in Fig. 6.1,b.

In other words, the current I¢ in Fig. 6.1,a is a direct function of the level
of Is. For the FET the current / will be a function of the voltage Vs applied to
the input circuit as shown in Fig. 6.1,b. In each case the current of the output
circuit is being controlled by a parameter of the input circuit — in one case a
current level and in the other an applied voltage.

‘| \
:

£ .
o——-I=—ie BJT m—g g FET
Control I 1
current Control
voltage, V.
a b

Fig. 6.1. Current-controlied (a) and voltage-controlled (b) amplifiers

FET types. Just as there are npn and pnp bipolar transistors, there are n-
channel and p-channel FET.

Note. It is important to keep in mind that the BJT transistor is a bipolar
device - the prefix bi- revealing that the conduction level is a function of two
charge carriers, electrons and holes. The FET is a unipolar device depending
solely on either electron (n-channel) or hole (p-channel) conduction.

Definition. In the FET an electric field is established by the charges
present that will control the conduction path of the output circuit without the
need for direct contact between the controlling and controlled quantities.
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Comparison of FET and BJT:
1.0ne of the most important features of the FET is its high input

impedance. At a level of 1 to several hundred MQ) it far exceeds the

typical input resistance levels of the BJT transistor configurations - a very

important characteristic in the design of linear ac amplifier systems.

2. The BJT transistor has a much higher sensitivity to changes in the applied
signal. In other words, the variation in output current is typically a great
deal more for BJTs than FETs for the same change in applied voltage.
For this reasaon, typical ac voltage gains for BJT amplifiers are a great
deal more than for FETs.

3.FETs are more temperature sfable than BJTs, and FETs are usually
smaller in construction than BJTs, making them particularly useful in
integrated-circuit chips.

4. The construction characteristics of some FETs, however, can make them
more sensitive to handling than BJTs.

Two types of FETs will be introduced soon: the junction field-effect
transistor (JFET) and the metal-oxide-semiconductor field-effect transistor
(MOSFET). The MOSFET category is further broken down into depletion and
enhancement types, which are both described.

6.1. FET construction

As indicated earlier, the JFET is a three-terminal device with one terminal
capable of controlling the current between the other two. In our discussion of
the BJT transistor the npn transistor was employed through the major part of
the analysis and design sections, with a section devoted to the impact of using
a pnp transistor. For the JFET transistor the n-channel device will appear as
the prominent device, with paragraphs and sections devoted to the impact of
using a p-channel JFET.

The basic construction of the n-channel JFET is shown in Fig. 6.2. Note
that the major part of the structure is the n-type material that forms the channel
between the embedded layers of p-type material.

Definition. The top of the n-type channel is connected through an ahmic
contact to a terminal referred to as the drain (D), while the lower end of the
same material is connected through an ohmic contact to a terminal referred to
as the source (S). The two p-type materials are connected together and to the
gate (G) terminal. In essence, therefore, the drain and source are connected to
the ends of the n-type channel and the gate to the two layers of p-type material.

In the absence of any dpplied potentials the JFET has two p-n-junctions
under no-bias conditions. The result is a depletion region at each junction as
shown in Fig. 6.2 that resembles the same region of a diode under no-bias
conditions.

Recall also that a depletion region is that region void of free carriers and
therefore unable to support conduction through the region.
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The water analogy of Fig. 6.3 does provide a sense for the JFET contral
at the gate terminal and the appropriateness of the terminology applied to the
terminals of the device. The source of water pressure can be likened to the
applied voltage from drain to source that will establish a flow of water
(electrons) from the spigot (source). The “gate,” through an applied signal
(potential), controls the flow of water (charge) to the “drain." The drain and
source terminals are at opposite ends of the n-channel as introduced in Fig. 6.2
because the terminology is defined for electron flow.

o Drain (D)
n-channel

Source

Depletion Depletion
region region y
Seuts () Loy Diain
Fig. 6.2. FET construction Fig. 6.3. Water analogy for the

JFET control mechanism
6.2. Vgs=0 V, Vs Some Positive Value

In Fig. 6.4 a positive voltage Vps has been applied across the channel
and the gate has been connected directly to the source to establish the
condition Vgs = 0 V. The result is a gate and source terminal at the same
potential and a depletion region in the low end of each p-material similar to the
distribution of the no-bias conditions of Fig. 6.2.

The instant voltage Vps is applied, the electrons will be drawn to the drain
terminal, establishing the conventional current /o with the defined direction of
Fig. 6.4. The path of charge flow clearly reveals that the drain and source
currents are equivalent (/5=/s). Under the conditions appearing in Fig. 6.4, the
flow of charges is relatively uninhibited and limited solely by the resistance of
the n-channel between drain and source.

As the voltage Vps is increased from 0 to a few volts, the current will
increase as determined by Ohm's law and the plot of Ip versus Vps will appear
as shown in Fig. 8.5. The relative straightness of the. plot reveals that for the
region of low values of Vps, the resistance is essentially constant.
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Flg 6.4. JFET in the Ves=0V and Vps >0V

As Vps increases and approaches a level referred to as Ve in Fig. 8.5, the
depletion regions of Fig. 6.4 will widen, causing a noticeable reduction in the
channel width. The reduced path of conduction causes the resistance to
increase and the curve in the graph of Fig. 6.5 to occur. The more horizontal
the curve, the higher the resistance, suggesting that the resistance is
approaching “infinite” ohms in the horizontal region.

Definition. If Vps is increased to a level where it appears that the two
depletion regions would “touch” as shown in Fig. 6.6, a condition referred to as
pinch-off will result. The level of Vps that establishes this condition is referred
to as the pinch-off voltage and is denoted by Vs as shown in Fig. 6.5.

In actuality, the term pinch-off is a misnomer in that it suggests the
current Ip is pinched off and drops to 0 A. As shown in Fig. 6.5, however, this is
hardly the case — I, maintains a saturation level defined as Ipss in Fig. 6.5. In
reality a very small channel still exists, with a current of very high density.

As Vs is increased beyond Vg, the region of close encounter between
the two depletion regions will increase in length along the channel, but the level
of Ip remains essentially the same. In essence, therefore, once Vps>Ve the
JFET has the characteristics of a current source. The choice of notation Ipss is
derived from the fact that it is the Drain-to-Source current with a Short-circuit
connection from gate to source. el
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Fig. 6.5. I versus Vps for Vgs =0 Y
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Fig. 6.6. Pinch-off (Vgs = 0 V, Vos = Vi)

As we continue to investigate the characteristics of the device we will find
that Ipss is the maximum drain current for a JFET and is defined by the
conditions Vss=0 V and Vps > |Ve|. Note in Fig. 6.5 that Ves = 0V for the entire
length of the curve. Next we will describe how the characteristics of Fig. 6.5 are
affected by changes in the level of Vgs.
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6.3. Vgs < 0 V, Vs Some Positive Value

Note. The voltage from gate to source, denoted as Vs, is the controlling
voltage of the JFET. Just as various curves for /z versus Vce were established
for different levels of i; for the BJT transistor, curves of I versus Vs for various
levels of Vs can be developed for the JFET.

For the n-channel device the controlling voltage Vgs is made more and
more negative from its Ves=0 V level. In other words, the gate terminal will be
set at lower and lower potential levels as compared to the source,

In Fig. 6.7 a negative voltage of -1 V has been applied between the gate
and source terminals for a low level of Vps. The effect of the applied negative-
bias Vs is to establish depletion regions similar to those obtained with Ves=0 V
but at lower levels of Vps. Therefore, the result of applying a negative bias to
the gate is to reach the saturation level at a lower level of Vbs as shown in
Fig. 6.8 for Vgs=-1 V.

I;=0A =
Dé——lb—lp n P "‘VDS

V.

Fig. 6.7. Application of a negative voltage to the gate of a JFET

The resulting saturation level for I, has been reduced and in fact will
continue to decrease as Vis is made more and more negative. Note also on
Fig. 6.8 how the pinch-off voltage continues to drop in a parabolic manner as
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Vss becomes more and more negative. Eventually, Ves when Ves=-Ve will be
sufficiently negative to establish a saturation level that is essentially 0 mA, and
for all practical purposes the device has been “turned off.”

Aip (mA)  Locus of pinch-off values
aff
o < >
Region |
Inge 8 Vos=0V —
7 I,
s+
5 Fm=—lv
4 T
377 4
2 /" Vog=—2V
1- > as=—3V
Vos=-4V="F
0 5 10 15 20 25 psV)
¥y (for Vg =0V)

Fig. 6.8. n-Channel JFET characteristics with /pss=8 mA and V=4 V

Summary. The level of Vs that results in Ip=0 mA is defined by Vgs=Vp,
with V- being a negative voltage for n-channel devices and a positive voltage
for p-channel JFETs.

~ Note. On most specification sheets the pinch-off voltage is specified as
Vesiom rather than Ve.

The region to the right of the pinch-off locus of Fig. 6.8 is the region
typically employed in linear amplifiers (amplifiers with minimum distortion of the
applied signal) and is commonly referred to as the constant-current, saturation,
or linear amplification region.

6.4. FET as a voltage-controlled resistor. FET Transfer characteristic

Definition. The region to the left of the pinch-off locus of Fig. 6.8 is
referred to as the ohmic or voltage-controlled resistance region. In this
region the JFET can actually be employed as a variable resistor (possibly for
an automatic gain control system) whose resistance is controlled by the applied
gate-to-source voltage.
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Note in Fig. 6.8 that the slope of each curve and therefore the resistance
of the device between drain and source for Vos=Vp is a function of the applied
voltage Vss. As Vs becomes more and more negative, the slope of each curve
becomes more and more horizontal, corresponding with an increasing
resistance level.

The following equation will provide a good first approximation to the
resistance level in terms of the applied voltage Vg

I,

A L - (6.1)
’ (1 ~Vas "‘VP)2

where r, is the resistance with Vzs=0 V and rs the resistance at a particular
level of Vgs.

For an n-channel JFET with r, equal to 10 kQ (Ves =0V, V=56 V),
Eq. (6.1) will result in 40 kQ at Vgs=-3 V.

Definition. The relationship between /5 and Ves is defined by Shockley's
equation:

2
V,
Iy =lyes| 1—52| 2
D DSS[ Vp] {5 )
The squared term of the equation will result in a nonlinear relationship

between I, and Vs, producing a curve that grows exponentially with
decreasing magnitudes of Vs (see Fig. 6.9).

;,cm\)r A T (ma)
—10 10—
__[m__ Vm-ﬂ?
Fag=-1V
Vas=-2V
Vos=-3V
" . . I/Vm=-4h"f
10 15 20 25 g

Fig. 6.9. Obtaining FET transfer characteristic

Note. The transfer characteristics defined by Shockley’s equation are
unaffected by the network in which the device is employed.
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6.5. FET Symbols

The graphic symbols for the n-channel and p-channel JFETs are provided
in Fig.6.10. Note that the arrow is pointing in for the n-channel device of
Fig. 6.10,a to represent the direction in which /s would flow if the p-n-junction
were forward-biased. For the p-channel device (Fig. 6.10,b) the only difference
in the symbol is the direction of the arrow.

Fig. 6.10. JFET symbols: n-channel (a); p-channel (b)

Summary. A number of important parameters and relationships were
introduced in this section. A few that will surface frequently in the analysis to
follow in this chapter and the next for n-channel JFETs include the following:

1. The maximum current is defined as lpss and occurs when Vgs = 0 V and

Vps 2|Ve| as shown in Fig. 6.11,a;

2. For gate-to-source voltages Vgs less than (more negative than) the pinch-

off level, the drain current is 0 A (Ip = 0 A) as appearing in Fig. 6.11,b;

3. For all levels of Vas between 0 V and the pinch-off level, the current Ip will

range between lpss and 0 A, respectively, as reviewed by Fig. 6.12.

4. For p-channel JFETs a similar list can be developed.

Ves| 2 [Vel

Fig. 6.11. Vgs =0V, Ip =lpss (8); cutoff (I =0 A) Vis less than
the pinch-off level (b)
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Fig. 6.12. I exists between=0 A and Ipss for Vgs less than or
equal to 0 V and greater than the pinch-off level

T HETAL-OXIDE-SEMICONDUCTDR-FIELD-EFFECT TRANSISTORS

As noted earlier, there are two types of FETs: JFETs and MOSFETs.
MOSFETs are further broken down into depletion type and enhancement type.

Definition. The terms depletion and enhancement define their basic
mode of operation, while the label MOSFET stands for metal-oxide-
semiconductor-field-effect transistor.

Since there are differences in the characteristics and operation of each
type of MOSFET, they are covered in separate sections.

7.1. Depletion-type MOSFET

The basic construction of the n-channel depletion-type MOSFET is
provided in Fig. 7.1.

Definition. A slab of p-type material is formed from a silicon base and is
referred to as the substrate. It is the foundation upon which the device will be
constructed. In some cases the substrate is internally connected to the source
terminal. However, many discrete devices provide an additional terminal
labeled SS, resulting in a four-terminal device, such as that appearing in
Fg. 7.1,

Note. The source and drain terminals are connected through metallic
contacts to n-doped regions linked by an n-channel as shown in the Figure.
The gate is also connected to a metal contact surface but remains insulated
from the n-channel by a very thin silicon dioxide (SiO,) layer. SiO, is a
particular type of insulator referred to as a dielectric that sets up oppasing (as
revealed by the prefix di-) electric fields within the dielectric when exposed to
an externally applied field.

The fact that the SiO, layer is an insulating layer reveals the following
fact: there is no direct electrical connection between the gate terminal and the
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channel of a MOSFET. In addition, it is the insulating layer of SiO; in the
MOSFET construction that accounts for the very desirable high input
impedance of the device.

(Drain)
D n-channel

Substrate

P SS

N | Substrate

S . A n-doped
(Source) region

Fig. 7.1. n-type depletion type MOSFET

In fact, the input resistance of a MOSFET is often that of the typical JFET,
even though the input impedance of most JFETs is sufficiently high for most
applications. The very high input impedance continues to fully support the fact
that the gate current (/g) is essentially zero amperes for dc-biased
configurations,

Note. The reason for the label metal-oxide-semiconductor FET is now
fairly obvious: metal for the drain, source, and gate connections to the proper
surface - in particular, the gate terminal and the control to be offered by the
surface area of the contact, the oxide for the silicon dioxide insulating layer,
and the semiconductor for the basic structure on which the n- and p-type
regions are diffused. The insulating layer between the gate and channel has
resulted in another name for the device: insulated gate FET or IGFET, although
this label is used less and less in current literature.

In Fig. 7.2 the gate-to-source voltage is set to zero volts by the direct
connection from one terminal to the other, and a voltage Vps is applied across
the drain-to-source terminals. The result is an attraction for the positive
potential at the drain by the free electrons of the n-channel and a current similar
to that established through the channel of the JFET. In fact, the resulting
current with Vs = 0 V continues to be labeled /pgs, as shown in Fig. 7.2.

In Fig. 7.3 Vs has been set at a negative voltage such as -1 V. The
negative potential at the gate will tend to pressure electrons toward the p-type
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substrate (like charges repel) and attract holes from the p-type substrate
(opposite charges attract) as shown in Fig. 7.3.

Do
S el
f
1
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Fig. 7.2. n-Channel depletion-type MOSFET with Ves=0V
and an applied voltage Vy;

SiO, layer n-channel
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contact
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Fig. 7.3. Reduction in free carriers in channel due to

a negative potential at the gate terminal
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Depending on the magnitude of the negative bias established by Vg5 a
level of recombination between electrons and holes will occur that will reduce
the number of free electrons in the n-channel available for conduction. The
more negative the bias, the higher the rate of recombination.

The resulting level of drain current is therefore reduced with increasing
negative bias for Vgs as shown in Fig. 7.4 for Vzs =-1V, -2 V, and so on, to the
pinch-off level of -8 V. The resuiting levels of drain current and the plotting of
the transfer curve proceeds exaclly as described for the JFET,

Ip=+1V

Vgg=0V

Vp=-3v

L1 fyd 1 =

-6 -5 —4 -3 ~2\4 of 1 W 0

% ﬂf 0 Vgs=Vp=-6V
£ 0

Vs

Fig. 7.4. Drain and transfer characteristics for an n-channel
depletion-type MOSFET

For positive values of Vg5, the positive gate will draw additional electrons
(free carriers) from the p-type substrate due to the reverse leakage current and
establish new carriers through the collisions resulting between accelerating
particles. As the gate-to-source voltage continues to increase in the positive
direction, Fig. 7.4 reveals that the drain current will increase at a rapid rate for
the reasons listed above.

The vertical spacing between the Vss = 0 V and Vgs =-1 V curves of
Fig. 7.4 is a clear indication of how much the current has increased for the 1 V
change in Vgs.

Note. Due to the rapid rise, the user must be aware of the maximum drain
current rating since it could be exceeded with a positive gate voltage. That is,
for the device of Fig. 7.4, the application of a voltage Vzs=4 V would result in a
drain current of 22.2 mA, which could possibly exceed the maximum rating
(current or power) for the device.
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As revealed above, the application of a positive gate-to-source voltage
has “enhanced” the level of free carriers in the channel compared to that
encountered with Vgs=0V.

Definition. For this reason the region of positive gate voltages on the
drain or transfer characteristics is often referred to as the enhancement
region, with the region between cutoff and the saturation level of Ipss referred
to as the depletion region.

Transfer characteristic and transistor structure for p-type device are
depicted on Fig. 7.5.

b Ip (mA)

Py
é
///
7
Z
7
%

R
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Fig. 7.5. p-Channel depletion-type MOSFET with Ipss = 6 mA and V=6V

The graphic symbols for an n- and p-channel depletion-type MOSFET are
provided in Fig. 7.6.

Note how the symbols chosen try to reflect the actual construction of the
device. The lack of a direct connection (due to the gale insulation) between the
gate and channel is represented by a space between the gate and the other
terminals of the symbal. The vertical line representing the channel is connected
between the drain and source and is “supported” by the substrate.

Two symbols are provided for each type of channel to reflect the fact that
in some cases the substrate is externally available while in others it is not.
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Fig. 7.6. Graphic symbols for n-channel depletion-type MOSFETSs (left column)
and p-channel depletion-type MOSFETs (right column)
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For most of the schemes, the substrate and source are connected and
the lower symbols are usually employed.

Note. The specification sheet for a depletion-type MOSFET is similar to
that of a JFET. The levels of Ve and /pss are provided along with a list of
maximum values and typical “on” and “off* characteristics.

7.2. Enhancement-type MOSFET

Although there are some similarities in construction and mode of
operation between depletion-type and enhancement-type MOSFETs, the
characteristics of the enhancement-type MOSFET are quite different from
anything obtained thus far.

The transfer curve is not defined by Shockley’s equation, and the drain
current is now cut off until the gate-to-source voltage reaches a specific
magnitude. In particular, current control in an n-channel device is now affected
by a positive gate-to-source voltage rather than the range of negative voltages
encountered for n-channel JFETs and n-channel depletion-type MOSFETs.

The basic construction of the n-channel enhancement-type MOSFET is
provided in Fig. 7.7. A slab of p-type material is formed from a silicon base and
is again referred to as the substrate. As with the depletion-type MOSFET, the
substrate is sometimes internally connected to the source terminal, while in
other cases a fourth lead is made available for external contral of its potential
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level. The source and drain terminals are again connected through metallic
contacts to n-doped regions, but note in Fig. 7.7 the absence of a channel
between the two n-doped regions.

Important. The absence of a channel as a constructed component of the
device is the primary differance between the construction of depletion-type and
enhancement-type MOSFETs.

Sio no channel

Substrate
SS

p
Substrate

A\ n-doped
region
Fig. 7.7. n-Channel enhancement-type MOSFET

S

The SiO; layer is still present to isolate the gate metallic platform from the
region between the drain and source, but now it is simply separated from a
section of the p-type material. In summary, therefore, the construction of an
enhancement-type MOSFET is quite similar to that of the depletion-type
MOSFET, except for the absence of a channel between the drain and source
terminals.

If Vss is set at 0 V and a voltage applied between the drain and source of
the device of Fig. 7.7, the absence of an n-channel (with its generous number
of free carriers) will result in a current of effectively zero amperes - quite
different from the depletion-type MOSFET and JFET where Ip = Ipgs.

It is not sufficient to have a large accumulation of carriers (electrons) at
the drain and source (due to the n-doped regions) if a path fails to exist
between the two. With Vs some positive voltage, Vgs at 0 V, and terminal SS
directly connected to the source, there are in fact two reverse-biased p-n-
junctions between the n-doped regions and the p-substrate to oppose any
significant flow between drain and source.

In Fig. 7.8 both Vjs and Vgs have been set at some positive voltage
greater than 0 V, establishing the drain and gate at a positive potential with
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respect to the source. The positive potential at the gate will pressure the holes
(since like charges repel) in the p-substrate along the edge of the SiO; layer to
leave the area and enter deeper regions of the p-substrate, as shown in the
figure.

Electrons attracted to positive
gate (induced n-channel)

Region depleted of
p-type carriers _(_hal_es)

/

%
Insulating Holes repelled by
= layer positive gate

Fig. 7.8. Channel formation in the n-channel enhancement-type MOSFET

The result is a depletion region near the SiO; insulating layer void of
holes. However, the electrons in the p-substrate (the minority carriers of the
material) will be attracted to the positive gate and accumulate in the region near
the surface of the SiO, layer. The SiO; layer and its insulating qualities will
prevent the negative carriers from being absorbed at the gate terminal.

As Vgs increases in magnitude, the concentration of electrons near the
Si0; surface increases until eventually the induced n-type region can support a
measurable flow between drain and source.

Definition. The level of Vs that results in the significant increase in drain
current is called the threshold voltage and is given the symbol Vi On
specification sheets it is referred to as Vg, although V; is less unwieldy and
will be used in the analysis to follow.
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Definition. Since the channel is nonexistent with Vges = 0 V and
‘enhanced” by the application of a positive gate-to-source voltage, this type of
MOSFET is called an enhancement-type MOSFET. Both depletion- and
enhancement-type MOSFETs have enhancement-type regions, but the label
was applied to the latter since it is its only mode of operation.

As Vgs is increased beyond the threshoid level, the density of free
carriers in the induced channel will increase, resulting in an increased level of
drain current. However, if we hold Vs constant and increase the level of Ves,
the drain current will eventually reach a saturation level as occurred for the
JFET and depletion-type MOSFET.

For the characteristics of Fig. 7.9 the level of Vris 2V, as revealed by the
fact that the drain current has dropped to 0 mA. In general, therefore: For
values of Vgs less than the threshold level, the drain current of an
enhancement-type MOSFET is 0 mA.
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2 |
1 i Vw=+4v
I

Vgs=+3V

5VI 10V 15V 20v 7
2 Vos=Vy=2V B8

Fig. 7.9. Drain characteristics of an n-channel
enhancement-type MOSFET with Vy =2 v

In Fig. 7.10 the drain and transfer characteristics have been set side by
side to describe the transfer process from one to the other. Essentially, it
proceeds as introduced earlier for the JFET and depletion-type MOSFETs. In
this case, however, it must be remembered that the drain current is 0 mA for
Vs < V7. At this point a measurable current will result for /» and will increase.
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Fig. 7.10. Sketching the transfer characteristics for an n-channel
enhancement-type MOSFET from the drain characteristics

Note. In defining the points on the transfer characteristics from the drain
characteristics, only the ‘saluration levels are employed, thereby limiting the
region of operation to levels of Vps greater than the saturation levels.

Characteristics and structure of p-channel enhancement-type MOSFET
are depicted on Fig. 7.11. The graphic symbols for the n- and p-channel
enhancement-type MOSFETSs are provided as Fig. 7.12. Again note how the
symbols try to reflect the actual construction of the device. The dashed line
between drain and source was chosen to reflect the fact that a channel does
not exist between the two under no-bias conditions. It is, in fact, the only

difference between the symbols for the depletion-type and enhancement-type
MOSFETs.
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Fig. 7.11. p-channel enhancement-type MOSFET
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Fig. 7.12. Symbols for n-channel enhancement-type MOSFETSs (jeft column)
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