Unit—1

Objectives:

e To familiarize with the operation, characteristics, types and applications of various p-n
junctions and metal-semiconductor junctions.

Syllabus:

Diffusion and recombination - the continuity equation, equilibrium conditions, forward and
reverse-biased junctions, reverse-bias breakdown, The ideal diode, terminal characteristics of
junction diodes, Metal-semiconductor junctions, ideal MOS capacitor, MOS capacitance-voltage
analysis, Special diodes.

Outcomes:

At the end of the unit, student will be able to

e analyze the carrier transport in junctions

e understand the formation, operation and characteristics of different types of junctions.

e analyze the behavior of MOS capacitor.

e distinguish the properties of  semiconductor junctions and metal-semiconductor

junctions. .



Learning Material

1.1 Diffusion and Recombination - the Continuity Equation

> Electrons and holes cannot mysteriously appear or disappear at a given point, but must be
transported to or created at the given point via some type of carrier action.

> Diffusion: When excess carriers are created non uniformly in a semiconductor, the
electron and hole concentrations vary with position in the sample. Any spatial variation
(gradient) in n and p calls for a net motion of the carriers from regions of high carrier
concentration to regions of low carrier concentration..This type of motion is called is called
Diffusion.

> Two basic processes of current conduction are diffusion and drift. Diffusion due to a
carrier gradient and drift due to an electric field.

> Recombination: Recombination is a process that occurs in semiconductor when an
electron in the conduction band makes a transition (direct or indirect) to an empty state (hole) in
the valance band. But recombination process is a temperature dependent.

> The description of conduction process in semiconductors includes the recombination
effect because recombination can cause a variation in the carrier distribution.

> Continuity Equation: The continuity equation describes a basic concept, namely that a
change in carrier density over time is due to the difference between the incoming and outgoing
flux of carriers plus the generation and minus the recombination.

> Consider a 1D case, a semiconductor sample differential length - Ax with area A in the
yz plane shown in Fig 1.1

> The hole current density leaving the volume Jp(x+AXx), can be larger or smaller than the
current density entering Jo(X), depending on the generation and recombination of carriers taking

place within the volume.
> The net increase in hole concentration per unit time,g—’z , I the difference between the hole

flux per unit volume entering and leaving, minus the recombination rate.

> We can convert hole current density to hole particle flux density by dividing Jp, by g.
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Fig 1.1 Current entering and leaving a volume AxA
>

The current densities are already expressed per unit area. Thus dividing J p(x)/q by Ax

gives the number of carriers per unit volume entering AXA per unit time, and (1/q)Jp(x+ Ax)/Ax
is the number leaving per unit volume and time:
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As Ax approaches to zero, we can write current change in derivative form :
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The expression 1.2 is called the continuity equation for holes.

The continuity equation for electrons we can write (same as equation 1.2 except sign due
to negative charge of electron)

adn 1 df, on

at gqox T, T (1.3)
>

When current is carried strictly by diffusion (neglect drift), we can replace the currents in
Egs.(1-2) by the expression for diffusion current. electron diffusion current. we have,
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>

Substitute Eqgs 1-4 in Egs 1-3 we obtain the diffusion equation for electrons ,
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And similarly for holes,
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These equations are useful in solving transient problems of diffusion with recombination

1.2 Equilibrium Conditions

1.2.1 The Contact Potential

>

Let us consider separate regions of p- and n-type semiconductor material, and brought
together to form a junction. Before they are joined, the n material has a large
concentration of electrons and few holes, whereas, in the p material holes are in large
density and electrons are few.

Upon joining the two regions, diffusion of carriers take place because of the large
carrier concentration gradients at the junction. Thus holes diffuse from the p side into
the n side, and electrons diffuse from n to p. The resulting diffusion current cannot build
up indefinitely, however, because an opposing electric field is created at the junction as
shown in Fig. 1.2.

The electrons diffusing from n to p leave behind uncompensated donor ions (Ng*) in the
n material and holes leaving the p region leave behind uncompensated acceptor ions
(N2).

Hence a region of positive space charge is developed near the n side of the junction and
negative charge near the p side as shown in Fig.1.2.

The resulting electric field is directed from the positive charge toward the negative
charge. Thus the electric field, ~“is in the direction opposite to that of diffusion current
for each type of carrier (recall electron current is opposite to the direction of electron
flow).

Therefore the field creates a drift component of current from n to p, opposing the

diffusion current. Since there is no net current flow across the junction at equilibrium,



the current due to the drift of carriers in the electric field must exactly cancel the
diffusion current.
» The drift and diffusion components of electrons and holes are:
Jo(drift) + J(diff) =0 (1.5)
J(drift) + J(diff) =0 v (1.6)
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Fig. 1.2: Properties of an equilibrium p-n junction: (a) isolated, neutral regions of p-type
and n-type material and energy bands for the isolated regions; (b) junction, showing space
charge in the transition region W, the resulting electric field £, contact potential Vo, and
the separation of the energy bands; (c) directions of the four components of particle flow

within the transition region and the resulting current directions.



Thus, the electric field,  builds up to the point where the net current is zero at
equilibrium. The electric field appears in space charge region W near the junction, and
there is an equilibrium potential difference Vo across W.

In the electrostatic potential diagram of Fig. 1.2 b, there is a gradient in potential in the

direction opposite to “ in accordance with the fundamental relation:
F0) =-d Z(x) ldx

If the electric field is zero in the neutral regions outside W, there is a constant potential
Vh in the neutral n material, a constant potential V, in the neutral p material, and a
potential difference Vo = V- V) between the two. The region W is called the transition
region and the potential difference Vo is called the contact potential or built-in
potential.

The contact potential separates the bands as shown in Fig. 1.2 b; the valence and
conduction energy bands are higher on the p side of the junction than on the n side by
the amount gqVo. The separation of the bands at equilibrium is required to make the
Fermi level constant throughout the device.

To obtain a quantitative relationship between Vo and the doping concentrations on each
side of the junction, equilibrium condition should be maintained in the drift and
diffusion current components. The drift and diffusion components of the hole current

just cancel at equilibrium:
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Where, the x-direction is arbitrarily taken from p to n. The electric field can be written
in terms of the gradient in the potential,
FAx)=-d Z77(x) ldx

so that, Eq. (1.8) becomes

g d¥V(x) 1 dp(x)
kT dx pix) dx

With the use of the Einstein relation for /Dy and integration of Eq. (1.9) gives
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» As the potential difference (Vn—Vp) is the contact potential Vo, in terms of the

equilibrium hole concentrations on either side of the junction Vo can be written as:

Vy=—h—  — (1.11)

> If we consider the step junction to be made up of material with Na acceptors/cm? on the
p side and a concentration of Ng donors/cm?® on the n side, we can write Eq. (1.11) as
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by considering the majority carrier concentration as the doping concentration on each
side, EqQ. (1.11) can be modified as:
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> By using the equilibrium condition py.n, = ni?= pn.ns the electron concentrations on
either side of the junction are:
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1.2.2 Equilibrium Fermi Levels

» The Fermi level must be constant throughout the device at equilibrium (Ern — Erp= 0)
and in terms of Fermi energy levels, the concentration of pn and pp are given by their
equilibrium values
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From Fig. 1.2b the energy bands on either side of the junction are separated by the
contact potential Vo times the electronic charge g; thus the energy difference Evp - Evn is
just equal to qVo.

When bias is applied to the junction, the potential barrier is raised or lowered from the
value of the contact potential, and the Fermi levels on either side of the junction are

shifted with respect to each other by an amount of applied voltage.

1.2.3 Space Charge at a Junction

>

Within the transition region, electrons and holes are in transit from one side of the
junction to the other. Some electrons diffuse from n to p, and some are swept by the
electric field from p to n (and conversely for holes).

There are however, very few carriers within the transition region at any given time and
the space charge is developed within the transition region due to the uncompensated
donor and acceptor ions.

The charge density on the n side is just q times the concentration of donor ions Ng, and
the negative charge density on the p side is -q times the concentration of acceptors Na.
The charge density within W is plotted in Fig. 1.3b.

The transition region may extend into the p and n regions unequally, depending on the
relative doping on the two sides. If the p side is more lightly doped than the n side
(Na<Nqg), the space charge region must extend farther into the p material than into the n,
to "uncover" an equivalent amount of charge.

For a sample of cross-sectional area A, the total uncompensated charge on either side of

the junction is

q.":xmﬁ"ﬂ = qﬂ.‘c,,.nf\";; """""" I:]-IE:]



Where, Xpo is the penetration of the space charge region into the p material, and xno is the
penetration into n. The total width of the transition region (W) is the sum of xp0 and xn0.

» The electric field distribution within the transition region is calculated by using
Poisson's equation, which relates the gradient of the electric field to the local space

charge at any point x:
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Since, the contribution of the carriers (p - n) are neglected.
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Fig. 1.3: Space charge and electric field distribution within the transition region of a p-n

junction with Ng>Na: (a) the transition region, with x = 0 defined at the metallurgical



junction; (b) charge density within the transition region, neglecting the free carriers; (c) the
electric field distribution, where the reference direction for “ is arbitrarily taken as the +x-

direction.

» We can see from these two equations Eg. (1.20 &1.21) that a plot of ~(x) vs. x within
the transition region has two slopes, positive (" increasing with x) on the n side and
negative on the p side. There is some maximum value of the field o at x= 0 (the
metallurgical junction between the p and n materials), and “(x) is everywhere negative

within the transition region as shown in Fig. 1.3 c.

> The electric field “(x) to be negative throughout W, since the electric field actually
points in the —x direction, from n to p. The electric field is assumed to go to zero at the

edges of the transition region andit must be a maximum value ( -o) at the junction, since
this point is betweenthe charges Q+ and Q-on either side of the transition region.
» The value of % can be found by integrating either part of Eq. (1.20) with appropriate

limits (see Fig. 1.3c in choosing the limits of integration).

i ‘ 5 Y .
/ dé ".x'_,./ dx, 0<x<xg - (1.22a)
" €

 J |
f:u; AN dx. —xpe<x<0 e (1.226)

Therefore, the maximum value of the electric field is
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> It is simple to relate the electric field  to the contact potential Vo, since thefield ¢ at

any x is the negative of the potential gradient at that point.
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» Thus the negative of the contact potential is simply the area under the -/~ (x)vs. X

triangle. This relates the contact potential to the width of the depletion region:
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»  Since the balance of charge requirement is X no.Na = Xpo.Na, and W =Xpo+Xno.
we can write xno = WNa /(Na + Ng)and substituted in Eq. (1.25).
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> By solving for W, in terms of the contact potential, the doping concentrations, and

known constants g and €
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» The penetration of the transition region into the n and p materials is :
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1.3 Forward & Reverse Biased Junctions

1.3.1 Steady State Conditions

» The feature of a p-n junction is that the current flows in the p to n direction when the p
region has a positive external voltage bias with respect to n (forward bias and forward
current), whereas no current flows when p is made negative with respect to n (reverse
bias and reverse current).

» This asymmetry of the current flow makes the p-n junction diode very useful as a
rectifier. Biased p-n junctions can be used as voltage-variable capacitors, photocells,
light emitters, and many more devices which are basic to modern electronics.

Qualitative Description of Current Flow at a Junction

> If an applied bias voltage V appears across the transition region of the junction rather
than in the neutral n and p regions, there will be some voltage drop in the neutral

material, if a current flows through it.



» The electrostatic potential barrier at the junction is lowered by the forward bias(V = Vs)
from the equilibrium contact potential Vo, i.e. to (Vo-Vs). This lowering of the potential
barrier occurs because a forward bias raises the electrostatic potential on the p-side with
respect to the n-side. For a reverse bias (V = —Vr) the opposite occurs; the electrostatic
potential of the p side drops with respect to the n side, and the potential barrier at the
junction becomes larger (Vo + Vr) as shown in fig. 1.4.

» The electric field within the transition region can be decreased with forward bias, since
the applied electric field opposes the built-in field. With reverse bias the field at the
junction is increased by the applied field, which is in the same direction as the
equilibrium field.

» The change in electric field at the junction changes the transition region width W.
Hence the width W will decrease under forward bias (smaller , fewer uncompensated
charges) and will increase under reverse bias.

(a) (b) (c)
Equilibrium Forward bias Reverse bias
(V=0) V=V (V=-V))
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Fig. 1.4: Effect of bias at a p-n junction; transition region width and electric field,
electrostatic potential and energy band diagram within W for (a) equilibrium, (b) forward

bias, and (c) reverse bias.



The separation of the energy bands is a direct function of the electrostatic potential
barrier at the junction. The height of the electron energy barrier is simply the electronic
charge g times the height of the electrostatic potential barrier. Thus the bands are
separated less [q(Vo—Vs)] under forward bias than at equilibrium, and more [q(Vo + V)]
under reverse bias.

The shifting of the energy bands under bias implies a separation of the Fermi levels on
either side of the junction. Under forward bias, the Fermi level on the n side Ern is
above Erp by the energy qVs, for reverse bias, Erp is qVrjoules higher than Er,

The diffusion current is composed of majority carriers, electrons on the n-side
overcomes the potential energy barrier to diffuse to the p-side, and holes overcomes
their barrier from p to n due to concentration gradient (rate of change of charge
carriers w.r. to distance). With forward bias, the barrier is lowered to (Vo - Vs), and
many more electrons in the n-side conduction band have sufficient energy to diffuse
from n to p. Therefore, the electron diffusion current can be quite large with forward
bias. Similarly, more holes can diffuse from p to n under forward bias because of the
lowered barrier.

For reverse bias the barrier becomes so large (Vo + Vi) that virtually no electrons in the
n-side conduction band or holes in the p-side valence band have enough energy to
overcome it. Therefore, the diffusion current is usually negligible for reverse bias.

The drift current is relatively insensitive to the height of the potential barrier and drift
current is simply proportional to the applied field.

The supply of minority carriers on each side of the junction required to participate in the
drift component of current is generated by thermal excitation of electron-hole pairs and
independent of applied voltage.

The total current crossing the junction is the sum of the diffusion and drift current
components. The net current crossing the junction is zero at equilibrium, since the drift

and diffusion components cancel for each type of carriers.
I = I(diff) — |l(gen.)| =0 forV=0 . (1.30)

Under reverse bias, both diffusion components are negligible because of the large

barrier at the junction, and relatively small (and essentially voltage-independent)



generation current from n to p. This generation current is shown in Fig. 1.5, in a sketch

of a typical I- V plot for a p-n junction.
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Fig. 1.5: I-V characteristics of a p-n junction.

» An applied forward bias V = Vr increases the probability that a carrier can diffuse across
the junction, by the factor exp(qV/kT). Thus the diffusion current under forward bias is
given byits equilibrium value multiplied by exp(qV/KT); similarly, for reverse bias (with
V = -Vr) the diffusion current is the equilibrium value reduced by the same factor.

» The total current | is then the diffusion current minus the absolute value of the

generation current, lo. From Eq. (1.30),

[=I(eV™ T —1)| e (131)

» In Eqg. (1.31) the applied voltage V is positive (forward bias) and greater than a few
kT/q, the exponential term is much greater than unity. The current thus increases
exponentially with forward bias. When V is negative (reverse bias), the exponential
term approaches zero and the current is -lo, which is in the n to p (negative) direction.

This negative generation current is also called the reverse saturation current.



Carrier Injection

>

The minority carrier concentration on each side of a p-n junction varies with the applied
bias because of variations in the diffusion of carriers across the junction. The

equilibrium ratio of hole concentrations on each side are;
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This equation uses the altered barrier (Vo-V) to relate the steady state hole
concentrations on the two sides of the transition region with either forward or reverse

bias.With this simplification we can write the ratio of above two equations as:
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- taking p(—x,) = p, - (1.34)
The excess hole concentration Apn at the edge of the transition region Xxno is obtained by

subtracting the equilibrium hole concentration from Eq. (1.34),
Apn = p(X0) — Pa = pale®™™ —1) | - (1.35)

and similarly for excess electrons on the p side,
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For convenience, let us define two new coordinates: Distances measured in the Xx-

direction in the n material from Xxno will be designated xn; distances in the p material

measured in the -x-direction with -xpo will be designated as .

Consider the diffusion equation for each side of the junction and solve for the

distributions of excess carriers (éoh and dp) assuming long p and n regions:

o J / J J 1 3
[ dn(x,) = Ane "Wl = p (VAT — 1)eWln | - (1.36a)

| 8p(x,) = Ape ™ = p (VKT — 1)e ] 2 — (1.36b)

The hole diffusion current at any point Az in the n material is
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Fig. 1.6: Forward-biased junction: (a) minority carrier distributions on the two sides of the
transition region and definitions of distances Xn and Xxp measured from the transition
region edges; (b) variation of the quasi-Fermi levels with position.

» The total hole current injected into the n material at the junction can be obtained simply

by evaluating above equation at x»,=0

Tp(xy = 0) = qf_ffa&m - qf“p,,{e‘?""’” 4 (1.38)
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> Eq. (1.41) is the diode equation, describes the total current through the diode for either

forward or reverse bias.



» The current for reverse bias is calculated by letting V = -V,:
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» If Vi is larger than a few kT/q, the total current is just the reverse saturation current
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Reverse Bias
> The distributions of carriers for reverse bias is,

App = pule®VIMT — 1) = —p, forV, > kT/q = —— (1:44)

» Thus for a reverse bias of more than a few tenths of a volt, the minority carrier
concentrations at each edge of the transition region becomes essentially zero as the

excess concentration approaches the negative of the equilibrium concentration.

Eyp

» Fig. 1.7: Reverse biased P-N junction (a) minority carrier distributions near the

reverse-biased junction; (b) variation of the quasi-Fermi levels.



» This reverse-bias depletion of minority carriers can be thought of as minority carrier

extraction, analogous to the injection of forward bias.

» For example, when holes at xno are swept across the junction to the p side by thefield - a
gradient in the hole distribution in the n material exists, and holes in the n region diffuse
toward the junction.

» The rate of carrier drift across the junction (reverse saturation current) depends on the
rate at which holes arrive at xno (and electrons at Xxpo) by diffusion from the neutral

material. These minority carriers are supplied by thermal generation.
» The F, moves farther away from Ec(close to Ey) and Fp moves farther away from Ey. In

reverse bias, in the depletion region, we have

ph = n?e“"n a )L | ER— (1.45)

1.4Reverse Bias Breakdown
» When the P-N junction diode operates in reverse bias, a very small amount of saturation
current flows .This current flows until a critical reverse bias is reached (Vbr). At this
value of critical voltage (Vbr) the reverse saturation current through the diode increases

sharply.

Reverse saturation
current

e

Reverse breakdown
current

Fig. 1.9: Reverse breakdown in a p-n junction
» Relatively large currents can flow with further increase in voltage. If the current in
reverse bias is limited to a reasonable value by the external circuit, the P-N junction can

be operated in safe-mode (not in break-down).



The maximum reverse current that can flow in the device is (E — Vi) / R, where, E =
applied reverse voltage, Vir = break down voltage, and R = series resistance (to limit the
current).
R can be chosen to limit the current to a safe level. If the current is not limited externally,
the P-N junction can be damaged by excessive reverse current.
Reverse break down can occur by two mechanisms

e Zener breakdown

e Auvalanche breakdown
Both the break down mechanisms requires a critical electric field.
If the break-down occur at low voltages ( up to a few volts reverse bias ), the mechanism
is zener breakdown.
If the break-down occur at higher voltages (from a few volts to thousands of volts ), the

mechanism is avalanche breakdown.

1.4.1 Zener Breakdown

>

It is due to field ionization. This break down mechanism follows the tunneling
phenomenon. Zener effect is due to field ionization of the atoms at the junction.

Zener effect: When a heavily doped junction is reversebiased, the energy bands become
crossed at relatively low voltages i.e, n- side conduction appears opposite the p — side
valance band.If the barrier separating these two bands is narrow, tunneling of electrons
from p-side valence band to n-side conduction band can occur.This tunneling of
electrons from p-side to n-side constitutes a reverse current from n to p, called the zener
effect.

Basic requirement for the tunneling current is narrow barrier of finite height.

Since the tunneling probability depends upon the width of the barrier, it is important that
the junction must be sharp and must be heavily doped, so that the transition region W
extends only a very short distance from each side of the junction.

Reverse bias of a heavily doped junction causes a large electric field with in space charge
region‘W’.As reverse bias increases, electric field within ‘W’ increases, tunneling

distance, ‘d’ becomes smaller.



>

At one value of field strength (critical field strength), electrons participating in covalent
bonds may come out from the bonds by the field and accelerated to the n-side of the

junction. Electric field of 10° VV/cm is required for this type of ionization.
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Fig. 1.9: The Zener effect: (a) heavily doped junction at equilibrium; (b) reverse bias with

electron tunneling from p to n; (c) I-V characteristic.

1.4.2 Avalanche Breakdown

>

If the electric field * in the transition region is large, an electron entering from the p-side
may be accelerated to high enough kinetic energy to cause an ionizing collision with
lattice.

A single such interaction results in carrier multiplication; the original electron and
generated electron are both swept to the n-side of the junction and the generated hole is
swept to the p-side.

The degree of multiplication can become very high if the carriers generated within the
transition region also have ionizing collisions with lattice. This is called avalanche
process.

For nin electrons entering from p-side, there will be Pnin ionizing collisions and EHP
(secondary carriers) for each collision.

After Pnin collisions by the primary electrons, we have the primary plus the secondary
electrons nin (1+P)

For ninP secondary pairs there will be (ninP ) P ionizing collisions and ni,P? tertiary pairs.

Summing up the total number of electrons out of the region at n after many collisions,
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» Electron multiplication is
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Fig. 1.10: Electron-hole pairs created by impact ionization: (a) band diagram of a p-n
junction in reverse bias; (b) A single ionizing collision by an incoming electron in the

depletion region of the junction; (c) Primary, secondary, and tertiary collisions.

1.5 The Ideal Diode

» An ideal diode is a diode that acts like a perfect conductor when voltage is applied
forward biased and like a perfect insulator when voltage is applied reverse biased.

» So when positive voltage is applied across the anode to the cathode, the diode conducts
forward current instantly. When voltage is applied in reverse, the diode conducts no
current at all.

» The Ideal Diode may be considered the most fundamental nonlinear circuit element.



1.5.1 Current-Voltage Characteristics

» The terminal characteristic of the ideal diode can be interpreted as follows:

> If a negative voltage is applied to the diode, no current flows and the diode behave like an
open circuit. Diodes operated in this mode are said to be reverse biased,. An ideal diode
has zero current when operated in reverse direction and is said to be cut off, or simply off.

> If a positive current is applied to the ideal diode, zero voltage drop appears across the
diode. The ideal diode behaves as a short circuit in the forward direction; it passes any
current with zero voltage drop. A forward biased diode is said to be turned on, or simply

on.

(a)

(c) (d)

Fig. 1.11: Ideal diode: (a) diode circuit symbol; (b) i-v characteristics; (c) equivalent

circuit in reverse direction; (d) equivalent circuit in forward direction
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Fig. 1.12: The two modes of operation of ideal diodes and the use of an external

circuit to limit (a) the forward current and (b) the reverse voltage



1.6 Terminal Characteristics of Junction Diodes

» The characteristic curve consists of three distinct regions:
o The forward-bias region, determined by v>0
 The reverse-bias region , determined by v>0

o The breakdown region, determined by v< -V
» These three regions of operation are described in the following sections.

(®)

Fig. 1.13: (a) The i-v characteristics of silicon diode (b) The diode i-v relationship with some

scales

1.6.1 The Forward-Bias Region
» The forward-bias of operation is entered when the terminal voltage V is positive.

> In the forward region the i-v relationship is closely approximated by
i=lIs(e¥"Vr-1)
> In this equation, Is is constant for a given diode at a given temperature and is usually
called as the saturation current. Another name which is occasionally used is scale current.
Is is directly proportional to the cross-sectional area of the diode.
» For small-signal diodes, Is is of the order of 10-15 A. It doubles in value for every 5°C
rise in temperature.
» The voltage VT is a constant called the thermal voltage and is given by
V1 =KkT/q



Where, k = Boltzmann's constant = 1.38 * 102 joules/kelvin
T = the absolute temperature in kelvins = 273 + temperature in °C
g = the magnitude of electronic charge = 1.60 * 10° coulomb
» At room temperature the value of V1 is 25.2mV. Approximately we shall use VT= 25mV
in circuit analysis.
» The constant n in diode equation has a value between 1 and 2, depending on the material
and physical structure of the diode.
» For appereciable current in the forward direction, specifically for i >>Is, the equation for i
can be approximated as
i=ls.eVVy
This relationship can be expressed alternatively in the logarithmic form as
V =nVrIn (i/ls)
Let us evaluate current i1 corresponding to a diode voltage V1:
i1=ls.eVimVr
Similarly, if the voltage is V2, the diode current I2 will be
i2=lseVanvr
These two equations can be combined to produce
iofir = VoV VT
which can be re written as
V2-Vi=nVrin (I2/11) or V2- V1 =2.3nVTlog (I2/11)
> This equation states that for a decade change in current, the diode voltage drop changes
by 2.3nVr.
» The i-v characteristics in the forward region reveal that the current is negligibly small for
V smaller than about 0.5V. This value is usually referred to as the cut-in voltage.
1.6.2 The Reverse - Bias Region
» The reverse-bias region of the operation is entered when the diode voltage v is made
negative.
» Equation predicts that if v is negative and a few times larger than V1(25mV) in
magnitude, the exponential term becomes negligibly small compared to unity, and the
diode current becomes

i=-ls



» That is, the current in the reverse direction is constant and equal to Is. This constancy is
the reason behind the term saturation current.

> Real diodes exhibit reverse currents that, though quite small, are much larger than Is.

» A large part of the reverse current is due to leakage effects. These leakage currents are
proportional to junction area. Temperature dependence of the reverse current doubles for
every 10°C rise in temperature.

1.6.3 The Breakdown Region

» The breakdown region is entered when magnitude of the reverse voltage exceeds a
threshold value of a particular diode, called the Breakdown Voltage.

» This is the voltage at the "knee" of the i-v curve and is denoted as Vzk, where, z stands
for zener and k stands for knee.

> In the breakdown region the reverse current increases rapidly, with the associated
increase in voltage drop being very small.

> It is necessary to limit the reverse current in the breakdown region t value consistent with
the permissible power dissipation.

» The diode i-v characteristics in breakdown are almost a vertical line which enables it to
be used in voltage regulation.

1.7 Metal-Semiconductor Junctions

» Metal-semiconductor junctionis a type of junction in which a metal comes in close

contact with a semiconductor material.

This is the junction we are talking about

A B

Metal semiconductor
Fig. 1.14 Metal-semiconductor junction

» Many of useful properties of a P-N junction can be achieved by forming metal-
semiconductor contact.

» Comparison of metal-semiconductor and p-n junctions are


https://en.wikipedia.org/wiki/Junction_(semiconductor)
https://en.wikipedia.org/wiki/Metal
https://en.wikipedia.org/wiki/Semiconductor

e There is no minority carrier injection, it is a majority carrier device, (modulation and
switching can be much faster)
e The metal-semiconductor junction current is higher at the same bias (metal-
semiconductor barrier is always lower)
» There are 2 kinds of metal-semiconductor contacts
1) Rectifying contacts (schottky barrier) - metal on lightly doped silicon
i) Ohmic contacts (low resistance non-rectifying) - metal on heavily doped silicon

Schottky Barrier

» Schottky barrier is formed by contacting a N-type or P-type semiconductor with a metal.
» The quantity ¢ (volts) is the characteristic of the particular metal or semiconductor.

» Work Function: The energy q¢ is called the work function, which represents the

minimum energy required for an electron to escape from (Fermi level) metal into

vacuum.
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(a) Metal band diagram (b) Semiconductor band diagram

Fig. 1.15: Difference between metal & semiconductor band diagrams
Where, ¢m - metal work function and ¢s— semiconductor work function
» Schottky Effect: When negative charges are brought near the metal surface, positive
(image) charges are induced in metal. When this image force is combined with an applied
electric field, the effective work function is somewhat reduced. Such barrier lowering is
called the Schottky effect.



1.7.1 Metal - Semiconductor Before Joining
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Fig. 1.16: Band diagrams for the metal - semiconductor before joining: (a)

p-type semiconductor with a metal, (b) n-type semiconductor with a metal

*  ¢m<ds- Metal Fermi level is higher than that of the P -type semiconductor

e ¢m> ¢s - Semiconductor fermi level is higher than that of the metal

e Electron affinity (qy ) : which is measured from the vacuum level to the conduction

band edge.

1.7.2 Metal - Semiconductor at Equilibrium (zero bias): When a metal with work function

gdm is brought in contact with a semiconductor having a work function qés charge transfer occurs

until the Fermi levels align at equilibrium

e ¢m>Ps condition :
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Fig. 1.17: Equilibrium Band diagram of a metal — N-type semiconductor contact

v To align the two Fermi levels, the electrostatic potential of the semiconductor must be

raised (i.e., the electron energies must be lowered) relative to that of the metal.



v" In the n-type semiconductor as shown in Fig 1.19 depletion region W is formed near
the junction. The positive charge due to uncompensated donor ions within W matches
the negative charge on the metal.

v' The equilibrium contact potential Vo, which prevents further net electron diffusion
from the semiconductor conduction band into the metal, is the difference in work
function potentials ¢m- s .

v The potential barrier height ¢s for electron injection from the metal into the

semiconductor conduction band is ¢m-y, .

1.7.3 pm<s condition:

Fig. 1.18: Equilibrium Band diagram of a metal — P-type semiconductor contact

v To align the Fermi levels at equilibrium requires a positive charge on the metal side
and a negative charge on the semiconductor side of the junction.

v The negative charge is accommodated by a depletion region W in which ionized
acceptors (Na’) are left uncompensated by holes.

v" The potential barrier Vo retarding hole diffusion from the semiconductor to the metal
1S ¢s- Pm.

1.7.4 Rectifying Contacts
» A rectifying contact only allows current to flow one way, with an 1-V curve that looks a

lot like a diode - in fact, it's usually referred to as a Schottky diode.

Case -1: Schottky barrier (Metal-N type semiconductor)

e Forward-bias voltage, V is applied to the Schottky barrier (metal-N-type
semiconductor): Due to forward bias contact potential is reduced from Vo to Vo - V.

As a result, electrons in the semiconductor conduction band can diffuse across the



depletionregion to the metal. This gives rise to a forward current

(metal to
semiconductor) through the junction.
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Forward bias

Fig. 1.19: Effects of forward bias on the junction

e Reverse-bias voltage, V is applied to the Schottky barrier (metal-N type
semiconductor): Reverse bias increases the barrier voltage Vo to Vo+ Vr, and electron
flow from semiconductor to metal (becomes negligible.)

Reverse bias

Fig. 1.20: Effects of Reverse bias on the junction
e | -V Characteristics

Current dominated by
electron
| flow from the
semiconductor
to the metal

I_.-
Current dominated by |

electron flow from the
metal to the semiconductor

Fig. 1.21: Typical Current-Voltage Characteristics

In either case flow of electrons from the metal to the semiconductor is retarded by
the barrier ¢ m—y.



The resulting diode current equation is similar in form to that of the p-n junction
I = 1o (ea/kT-1)

The saturation current should depend upon the size of the barrier ¢s for electron

injection from the metal into the semiconductor.

Barrier (which is ¢w- y for the ideal case) is unaffected by the bias voltage.

lo @ e /KT

Case-2: Schottky barrier (Metal- P type semiconductor)

The diode equation can also applied to the metal-p-type semiconductor junction. In
this case forward voltage (the semiconductor biased positively with respect to the
metal) increases the forward current as this voltage lowers the potential barrier Vo to
Vo - V and holes flow from the semiconductor to the metal. Of course, a reverse

voltage increases the barrier for hole flow and the current becomes negligible.

» Rectifying contact Conclusion

In both the cases the Schottky barrier is rectifying, with easy current flow in the
forward direction and little current in the reverse direction.

We can also note that the forward current in any case is due to injection of majority
carriers from the semiconductor into the metal or metal into the semiconductor.

The absence of minority carrier injection and the associated storage delay time is an
important feature of Schottky barrier diodes.

Rectifying contacts are less temperature dependent.

Although some minority carrier injection occurs at high current levels, these are
essentially majority carrier devices.

Their high-frequency properties and switching speed are generally better than typical
p-n junctions.Unlike a p-n diode, in forward bias no minority carrier injection occurs.
Thus there is no diffusion capacitance and the device response is very fast

Schottky barrier devices are particularly well suited for use in densely packed
integrated circuits, because fewer photolithographic masking steps are required
compared to P-N junction devices.

The cut-in voltage (Vo) is quite small for rectifying contacts.



1.7.5 Ohmic Contacts
» An ohmic contact is a metal-semiconductor junction that allows current to flow both
ways roughly equally within normal device operation range.
» A practical method for forming ohmic contacts is by doping the semiconductors heavily
in the contact region. Thus the depletion width is small enough to allow carriers to tunnel

through the barrier.

semiconductor causes a
very thin depletion width Electrons tunnel
and electrons can tunnel through narrow
across this barrier leading depletion region
to ohmic behavior e e
EC’
_ S
—
= ‘T’
E n
= REGION /
n-type
SEMICONDUCTOR

Fig. 1.22: Tunneling phenomenon in Metal - Semiconductors
» With a voltage-current relationship (linear I-V curve) that comes close to that of a
resistor, hence the name "ohmic".
» The surface of typical IC is made of P and N regions, which must be contacted &
interconnected, those contacts be ohmic.
» Ohmic contacts should have minimal resistance and no tendency to rectifying signal.

e ¢ m< s condition:

Meral Semiconductor

gD -,

4

Fig. 1.23: Ohmic metal-semiconductor contacts: (a) ¢m< ¢s for an n-type semiconductor,

and (b) the equilibrium band diagram for the junction



v Fermi levels are aligned at equilibrium by transferring electrons from the metal to
the semiconductor.

v' This raises the semiconductor electron energies relative to the metal at
equilibrium.

v In this case the barrier becomes small; hence a small amount of voltage is enough

to electron flow between metal and semiconductor.
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Fig. 1.24: Ohmic metal-semiconductor contacts: (a) ¢m>¢s for an P-type semiconductor,

and (b) the equilibrium band diagram for the junction

» Unlike the rectifying contacts no depletion region occurs in the semiconductor in the

ohmic contacts.

OHMIC CONTACT
Current is linear in an

ohmic contact —> A
Schottky
barrier
>

resistance is very small
VOLTAGE

CURRENT

OHMIC CONTACT

Fig. 1.25: 1 -V characteristics of Ohmic & Schottky barriers




1.8 The ideal MOS capacitor

» The work function characteristic of the metal can be defined in terms of the energy
required to move an electron from the Fermi level to outside the metal.

» In MOS transistors it is more convenient to use a modified work function q¢m for the
metal-oxide interface. The energy q¢m is measured from the metal Fermi level to the
conduction band of the oxide. Similarly, q¢s is the modified work function at the
semiconductor-oxide interface. In idealized case we assume that ¢m =¢s .

» Another quantity that will be useful in later discussions isqgr, which measures the
position of the Fermi level below the intrinsic level g for the semiconductor. This
quantity indicates how strongly p-type the semiconductor is.

» Band diagram for the ideal MOS structure at equilibrium

e The MOS structure of below Fig. 3.15 is essentially a capacitor in which one plate is a

semiconductor.
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Fig. 1.26 : Band diagram for the ideal MOS structure at: (a) equilibrium;

» Accumulation
o If we apply a negative voltage between the metal and the semiconductor, we
effectively deposit a negative charge on the metal. In response, we expect an equal net



positive charge to accumulate at the surface of the semiconductor. In the case of a p-

type substrate this occurs by hole accumulation at the semiconductor-oxide interface.
é.

V<0

Accumulation

Fig. 1.27: Negative voltage causes hole accumulation in the p-type semiconductor

Since the applied negative voltage depresses the electrostatic potential of the metal
relative to the semiconductor, the electron energies are raised in the metal relative to
the semiconductor.
As a result, the Fermi level for the metal Erm lies above its equilibrium position by qV,
where V is the applied voltage. Since ¢m and ¢s do not change with applied voltage,
moving Erm up in energy relative to EFs causes a tilt in the oxide conduction band.
We expect such a tilt since an electric field causes a gradient in Ei (and similarly in
Evand Ec)

St tedB

Elx) = E -
The energy bands of the semiconductor bend near the interface to accommodate the
accumulation of holes. Since

p = nelE ERIT

It is clear that an increase in hole concentration implies an increase in Ei — EF at the

semiconductor surface.



e Since no current passes through the MOS structure, there can be no variation in the
Fermi level within the semiconductor. Therefore, if E, - EF is to increase, it must occur
by Ei moving up in energy near the surface. The result is a bending of the
semiconductor bands near the interface. We notice in above Fig. 3.16 that the Fermi
level near the interface lies closer to the valence band, indicating a larger hole
concentration than that arising from the doping of the p-type semiconductor.

» Depletion

o If we apply a positive voltage from the metal to the semiconductor. This raises the
potential of the metal, lowering the metal Fermi level by qV relative to its equilibrium

position. As a result, the oxide conduction band is again tilted.

V>0 Depletion

Frr

Fig. 1.28: Positive voltage depletes holes from the semiconductor surface

e It is noticed that the slope of this band is obtained by simply moving the metal side
down relative to the semiconductor side, is in the proper direction for the applied
field. The positive voltage deposits positive charge on the metal and calls for a
corresponding net negative charge at the surface of the semiconductor. Such a negative
charge in p-type material arises from depletion of holes from the region near the
surface, leaving behind uncompensated ionized acceptors.

» Inversion

¢ |If we continue to increase the positive voltage, the bands at the semiconductor surface
bend down more strongly. In fact, a sufficiently large voltage can bend E; below Er as

shown in Fig. 1.29.



Inversion

Fig. 1.29: A larger positive voltage causes inversion - an "'n type" layer at the

semiconductor surface.

This is a particularly interesting case, since EF >Ei implies a large electron
concentration in the conduction band.
The region near the semiconductor surface in this case has conduction properties of n-
type material.
This n-type surface layer is formed not by doping, but instead by inversion of the
originally p-type semiconductor due to the applied voltage.
This inverted layer, separated from the underlying p-type material by a depletion
region, is the key to MOS transistor operation. The inversion region becomes the
conducting channel in the FET.
Overview: we define a potential ¢ at any point x, measured relative to the equilibrium
position of Er. The energy q¢ tells us the extent of band-bending at x, and qgs
represents the band-bending at the surface. We notice that
v ¢s= 0 is the flat band condition for this ideal MOS case (i.e., the bands look like
Fig. 1.26)
v" When ¢5<0, the bands bend up at the surface, and we have hole accumulation
((i.e., the bands look like Fig. 1.27)
v" When ¢s> 0, we have depletion (i.e., the bands look like Fig. 1.28)
v' When ¢s is positive and larger than ¢r, the bands at the surface are bent down
such that Ei(x = 0) lies below Ef, and inversion is obtained (i.e., the bands look
like Fig. 1.29)



e The best criterion for strong inversion is that the surface should be as strongly n-type
as the substrate is p-type. That is, Ei should lie as far below Erat the surface as it is
above EF far from the surface.

e This condition occurs when

N
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Fig. 1.30 : Bending of the semiconductor bands at the onset of strong inversion: the surface
potential ¢s is twice the value of ¢r in the neutral p material

e A surface potential of <$>F is required to bend the bands down to the intrinsic
condition at the surface E; = Ef), and Ei must then be depressed another q¢r at the
surface to obtain the condition we call strong inversion.

e The electron and hole concentrations are related to the potential ¢(x). Since the
equilibrium electron concentration is

np = ”‘E[Er—F.l-‘tT _ ”Jc—qd.r_r_."h_
e we can easily relate the electron concentration at any x to this value:

n = He qlbe = @VaT _ -fi'r;||E"‘N"'lk*r

and similarly for holes:



Po= nr_e!i‘llu'-"k-f
P = pe T
e At any x, we could combine these equations with Poisson's equation and the usual

charge density expression to solve for ¢(x).Poisson’s equations are

&b plx)

axt €,
p(x) =qg(N; — N; + p—n)

e Let us solve this equation to determine the total integrated charge per unit area, Qs ,as a

function of the surface potential, ¢s. By Substituting the Equations, we get

i afda 49 i
52202 -) ol )
dx dxh dx E,

e It should be kept in mind that
—ad

ax

is the electric field, E, at a depth x. Integrating above Equation from the bulk
(where the bands are flat, the electric fields are zero, and the carrier concentrations

are determined solely by the doping), towards the surface, we get

o
®(ad) (06 _ _4q[* (* )_ (ﬂ_ )]
L ('ax" (ﬂx)_ J [F il ¥ o it e

0

e After integration, we then get

. 2kT Fﬂ)r( 40 g ) ﬂu( @ g )J
-'2= KT + — — + — kKT — — =1 |
: ( - { . 7 Al Rl S 7
e A particularly important case is at the surface (x = 0) where the surface perpendicular
electric field, Es, becomes

r ) aid, £ g, T+
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alp | i et T

Where, we have introduced a new term, the Debye screening length,



[ekT

Lp=4[=
n \I o

e The Debye length is a very important concept in semiconductors. It gives us an idea of
the distance scale in which charge imbalances are screened or smeared out

e By using Gauss's law at the surface, we can relate the integrated space charge per unit
area to the electric displacement, keeping in mind that the electric field or

displacement deep in the substrate is zero.
G.i - _E.-.-t'g.i

e The space charge density per unit area is plotted as a function of the surface potential
¢sin Fig. 1.31

e When the surface potential is zero (flat band conditions), the net space charge is zero.

This is because the fixed dopant charges are cancelled by the mobile carrier charges at
flat band.
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Fig. 1.31: Variation of space-charge density in the semiconductor as a function of the surface
potential (J>5 for p-type silicon with Na = 4 X 1015 cm-3 at room temperature. p5and ns are the
hole and electron concentrations at the surface, $F is the potential difference between the Fermi
level and the intrinsic level of the bulk.
e When the surface potential is negative, it attracts and forms an accumulation layer of
the majority carrier holes at the surface. Hence, the space charge for small positive
surface potentials increases as ~ ¢s



The depletion width typically extends over several hundred nm. At some point, the
band-bending is twice the Fermi potential ¢F , which is enough for the onset of strong
inversion.
The charge distribution, electric field, and electrostatic potential for the inverted
surface are sketched in Fig. 1.32.
In this approximation the charge per unit area due to uncompensated acceptors in the
depletion region is -qNaW. The positive charge Qm on the metal is balanced by the
negative charge Qs in the semiconductor, which is the depletion layer charge plus the
charge due to the inversion region Qn :

Qm =-Qs=gNaw - Qn
Actually, the width of this region is generally less than 100 Ao. Thus we have
neglected it in sketching the electric field and potential distribution. In the potential
distribution diagram we see that an applied voltage V appears partially across the
insulator {Vt) and partially across the depletion region of the semiconductor ¢s :

V=Vi +¢s
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Fig. 1.3.2: Approximate distributions of charge, electric field, and electrostatic potential in

the ideal MOS capacitor in inversion. The relative width of the inverted region is

exaggerated for illustrative purposes, but is neglected in the field and potential diagrams.

The voltage across the insulator is obviously related to the charge on either side,
divided by the capacitance:

Vi=-Qsd/ei= -Qs /Ci
Where, €i is permittivity of the insulator and C, is the insulator capacitance per unit
area. The charge Qs will be negative for the n channel, giving a positive Vt.

For an n+-p junction the depletion region extends almost entirely into the p region:

This depletion region grows with increased voltage across the capacitor until strong
inversion is reached. After that, further increases in voltage result in stronger inversion
rather than in more depletion. Thus the maximum value of the depletion width is

|'_2e_¢¢'_:[im,}]:;1 ’J[E‘—klr In(N /n,) 1172

L gN,

W, = :
qN,

m

We know the quantities in this expression, so Wm can be calculated. The charge per
unit area in the depletion region Qdat strong inversion is
Q= —gN,W, = —2(egN, 5"

The applied voltage must be large enough to create this depletion charge plus the
surface potential ¢s(inv.).The threshold voltage required for strong inversion, is

Q,
ol

V= t 24y (ideal case)

This assumes the negative charge at the semiconductor surface Qs at inversion is
mostly due to the depletion charge Qq. The threshold voltage represents the minimum

voltage required to achieve strong inversion.

1.9 The Capacitance-Voltage characteristics of this ideal MOS structure :

The capacitance-voltage characteristics of this ideal MOS structure Fig. 3.22 vary
depending on whether the semiconductor surface is in accumulation, depletion, or

inversion.



e Since the capacitance for MOSFETSs is voltage dependent, we must use the more

general expression for the voltage-dependent semiconductor capacitance
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Fig. 1.33: The dashed curve for V>Vr is observed at high measurement frequencies. The
flat band voltage Vrg,when the semiconductor is in depletion, the semiconductor
capacitance Cs is denoted as Cj.

e Actually, if one looks at the electrical equivalent circuit of a MOS capacitor or
MOSFET, it is the series combination of a fixed, voltage-independent gate oxide
(insulator) capacitance, and a voltage-dependent semiconductor capacitance, such that
the overall MOS capacitance becomes voltage dependent. The semiconductor
capacitance itself can be determined from the slope of the Qs versus ¢s plot (above
Fig).Change of each stage of characteristics arerepresented as a points in the figure
1.33.

e Point 1: It is clear that the semiconductor capacitance in accumulation is very high
(the slope is so steep;) i.e., the accumulation charge changes a lot with surface
potential. Hence, the series capacitance in accumulation is basically the insulator
capacitance, Ci. Since, for negative voltage, holes are accumulated at the surface, the
MOS structure appears almost like a parallel-plate capacitor, dominated by the

insulator properties Ci = ei/d (point 1 in Fig. 1.33).



Point 2: As the voltage becomes less negative, the semiconductor surface is depleted.
Thus a depletion-layer capacitance Cd is added in series with Ci .
Cizes/W
Where, €s is the semiconductor permittivity and
W is the width of the depletion layer.

The total capacitance is

The capacitance decreases as W grows from flat band (point 2)

Point 3 & 4:Past weak inversion (point 3), until finally strong inversion is reached at
VT (point 4). In the depletion region, the small signal semiconductor capacitance
depends on the variation of the (depletion) space charge with surface potential. Since
the charge increases as ~( $s)1/2 the depletion capacitance will obviously decrease as
1/($s)1/2, exactly as for the depletion capacitance of a p-n junction.

Point 5:After inversion is reached, the small signal capacitance depends on whether
the measurements are made at high (typically ~1 MHz) or low (typically -1-100 Hz)
frequency, where "high" and "low" are with respect to the generation-recombination
rate of the minority carriers in the inversion layer.

If the gate bias is changed slowly, there is time for minority carriers to be generated in
the bulk, drift across the depletion region to the inversion layer, or go back to the
substrate and recombine. We can observe that the inversion charge increases
exponentially with ¢s. Hence, the low frequency MOS series capacitance in strong

inversion is basically Cj once again (point 5).

1.9.1 The frequency dependence of the capacitance in accumulation

We get a very high capacitance both at low and high frequencies because the majority
carriers in the accumulation layer can respond much faster than minority carriers.
While minority carriers respond on the time scale of generation-recombination times
(typically hundreds of microseconds in Si), majority carriers respond on the time scale
of the dielectric relaxation time, to=pe, where, p is the resistivity and € is the

permittivity.



e As an interesting aside, it may be pointed out that in inversion, although the high-
frequency capacitance for MOS capacitors is low, it is high (= Ci) for MOSFETs
because now the inversion charge can flow in readily and very fast (tp) from the
source/drain regions rather than having to be created by generation-recombination in
the bulk.

1.10 Special diodes

1.10.1 The Schottky-barrier diode
» These diodes are designed to have a very fast switching time which makes them a great
diode for digital circuit applications. They are very common in computers because of

their ability to be switched on and off so quickly.

Anode M Cathode

Fig. 1.34 Circuit symbol of photodiode

» Operation: The forward voltage drop (V), reverse-recovery time (t), and junction
capacitance (C) of Schottky diodes are closer to ideal than the average “rectifying” diode.
This makes them well suited for high frequency applications. Unfortunately, though,
Schottky diodes typically have lower forward current (1) and reverse voltage (V and V)
ratings than rectifying diodes and are thus unsuitable for applications involving
substantial amounts of power. Though they are used in low voltage switching regulator
power supplies. Schottky diode technology finds broad application in high-speed
computer circuits, where the fast switching time equates to high speed capability, and the
low forward voltage drop equates to less power dissipation when conducting.

» Advantages
e Schottky diodes have a shorter reverse recovery time.

e High frequency
e Low forward voltage drop
e Low heat dissipation

e Low loss



e Low turn on voltage

e Fast recovery time

e Low junction capacitance

» Disadvantages

e Cost and size.

» Applications

e The Schottky barrier diodes are widely used in the electronics industry finding many
uses as diode rectifier. Its unique properties enable it to be used in a number of
applications where other diodes would not be able to provide the same level of
performance. In particular it is used in areas:

e RF mixer and detector diode: The Schottky diode has come into its own for radio
frequency applications because of its high switching speed and high frequency
capability. In view of this Schottky barrier diodes are used in many high performance
diode ring mixers. In addition to this their low turn-on voltage and high frequency
capability and low capacitance make them ideal as RF detectors.

e Power rectifier: Schottky barrier diodes are also used in high power applications, as
rectifiers. Their high current density and low forward voltage drop mean that less
power is wasted than if ordinary PN junction diodes were used. This increase in
efficiency means that less heat has to be dissipated, and smaller heat sinks may be able
to be incorporated in the design.

1.10.2 Varactors

» Varactor diode is basically a reverse biased PN junction, which utilizes the capacitance of
depletion layer. It is also known as varicap, voltcap or tuning diode. It is used as voltage
variable capacitor.

» When the reverse bias voltage increases, the depletion region widens. This increases the
dielectric thickness, which in turn reduces the capacitance.

Cr=Ag/w =>Cral/w => as ‘W’ increases, Ct decreases

» When the reverse bias voltage decreases, the depletion layer narrows down. This
decreases the dielectric thickness, which in turn increases the capacitance. The depletion
layer acts as insulator preventing conduction between the N and P regions of the diode,

just like a dielectric, which separates the two plates of the capacitor.



Fig. 1.35 Varactor diode construction and its symbol
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Fig. 1.36 Varactor diode characteristics
» Applications
e used in FM radio receivers

e used in TV Receivers

1.10.3 Photodiodes
» Photodiode is a light sensitive device, also called photo detector, which converts light

signals into electrical signals.

v
Anode M‘/ Cathode

Fig. 1.37 Circuit symbol of photodiode

» The diode is made of a semiconductor PN junction kept in a sealed plastic or glass casing.
The cover is so designed that the light rays are fall on one surface across the junction.
» When light falls on reverse biased PN photodiode junction, electron-hole pairs are

created.
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Fig. 1.38 Basic biasing arrangement and construction of photodiode

» The movement of these electron-hole pairs in a properly connected circuit results in
current flow.
» The magnitude of photocurrent depends on the number of charge carriers generated. This
current is also affected by the frequency of the light falling on the junction of photodiode.
» The magnitude of the current under large reverse bias is given by
I = lo[exp(V /nV7) - 1]

Where, |, is reverse saturation current or dark current, n =1 for Ge and 2 for Si.

Reverse voltage Vr (V)
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200 LUX
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800 LUX
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Fig. 1.39 Photo Diode characteristics
» Advantages
e Low resistance
e Very good spectral response
e Fastest photo detector
» Disadvantages
e Light sensitive device

e Dark current increased with temperature



¢ Should not exceed the working temperature limit specified by the manufactures.
» Applications:
e Light detector
e Demodulators
e Encoders
e Optical Communication System
¢ High speed counting and switching circuits
1.10.4 Light-Emitting Diodes (LEDS)
» A PN junction diode, which emits light when forward biased, is known as Light Emitting
Diode (LED).The amount of light output is directly proportional to the forward current
» The circuit symbol of LED is shown in figure

Anode ‘;rr‘ Cathode

Fig. 1.40 Circuit symbol of Light Emitting Diode

> A P-type layer is grown on the N-type layer. When an external positive voltage is applied
to the P- type region with respect to N- type, both the depletion region width and the

resulting potential barrier are reduced and the diode is said to be forward biased.
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Fig. 1.41 Constructional diagram of LED
» When LED is forward biased, the electrons and holes moves towards the junction and
recombination takes place.
» After recombination, the electrons lye in the conduction band of N- region, holes lye in
the valence band of P-region.
» The difference of energy between the conduction band and valence band is radiated in the

form of light energy.



Eg=hf =hc/A
=> )=1.24/Eq
Where, A= wave length of light
h=Plank’s constant =6.626*1073*Jsec
c= Velocity of light=3*108 m/sec
» Materials used: GaAs (Infrared light(invisible)), GaAsP (red or yellow visible light),
GaP ( red or green visible light)
» Advantages
« Very low voltage and current are enough to drive the LED.
« \oltage range — 1 to 2 volts.
o Current — 5 to 20mA.
« Total power output will be less than 150 mW
o The response time is very less — only about 10 nanoseconds.
o The device does not need any heating and warm up time.
« Miniature in size and hence light weight.
« Have a rugged construction and hence can withstand shock and vibrations.
e An LED has a life span of more than 20 years.
» Disadvantages
« Aslight excess in voltage or current can damage the device.
e The device is known to have a much wider bandwidth compared to the laser.
o The temperature depends on the radiant output power and wavelength.
> Applications
LEDs are used in a wide variety of applications. Some typical applications of LEDs
include:
« On-off indicator
o Traffic lights
o Visual displays
« Medical applications
« Signs and indicators
« in remote controls

 inoptical communications as Opto-couplers and opto-isolators



Assignment-Cum-Tutorial Questions

A. Questions testing the remembering / understanding level of students

I) Objective Questions

1.

NS o b

To double the hole current in P*- N junction............. [ ]

a) Double the P* doping

b) Double the N doping

c) Reduce the N doping by a factor of two.

d) Reduce the P doping by a factor of two.

What is meant by Zener breakdown?

What is meant by Avalanche breakdown? (or) What is the effect of
Impact lonization in lightly doped diodes?

What is Schottky effect?

List the applications of metal-semiconductor junctions.

Sketch the I-V characteristics of an ideal diode.

For a decade change in current, the diode voltage changes
by..covenenni. (from diode I-V equation)

Sketch the C-V characteristics of an ideal MOS capacitor

A diode for which you can change the reverse bias, and thus vary the

capacitance is called as........... [ ]

a) Tunnel diode b) Varactor diode

b) c) Zener diode d) Switching diode

10. What is the difference between LED and photo diode?

11. Find the correct match between Group 1 and Group 2 :

Group 1 Group 2
a) Varactor Diode | 1) Voltage reference
b) PIN diode 2)High frequency switch
c)Zener diode 3) Tuned circuits

d)Schottky diode | 4)Current controlled attenuator




12.

13.

14.

15.

16.

17.

Match items in Group 1 with items in Group 2, most suitably.

Group 1 Group 2

a. LED 1.heavy doping

b. Avalanche photo diode | 2. Coherent radiation

c. Tunnel diode 3.Spontaneousemission.
d. LASER 4.Current gain

Assuming the diodes to be ideal, find the values of I and V in the

circuits shown.

In a uniformly doped abrupt p-n junction the doping level of n-side is
four times the doping level of the p-side. What is the ratio of depletion
width of n-side vs. p-side?

A p*-n junction has built-in potential of 0.8V. The depletion layer
width at a reverse bias of 1.2V is 2um. For a reverse bias of 7.2V, the
depletion layer width will be.........................

Consider an abrupt p-n junction at T=300°K shown in fig. The
depletion region width X , of the N-side of the junction is 0.2um and
the permittivity of Si(esj) is 1.044x10 -12F/m, Ngl10!®/cm3. At the

junction the approximate value of the electric field (in kV/cm)

| P ~
Na>>Nd

The circuit shown can be used in a signaling system using one wire

plus a common ground return. At any moment, the input has one of



three values: +3V, 0V, -3V
input value?

What is the status of the lamps for each

Tdeal diodes
2V lamps
green

18. Assuming the diodes to be ideal, find the values of I and V in the

@—n—

circuits shown

2

+ 10V

—-10V

+5V

19. Compute the values of I and V in the figure (Diodes used are ideal)

20.For the logic gate shown in figure, assume ideal diodes and input

voltage levels of OV and +5V. Find a suitable value for R so that the



current required from each of the input signal sources does not

exceed 0.1mA.

21. The static characteristics of an adequately forward biased p-n
junction is a straight line, if the plot is [ |

a)loglvslogV b) loglvs V c)IvslogV dIvsV

22. In a P*-N junction under reverse bias, the magnitude of electric
field is maximum at [ ]
a) the edge of depletion region on P-side
b) the edge of depletion region on N-side
c) the P*-N junction
d) the centre of depletion region on N-side
23. In a p+-n junction, the n-doping Ng is doubled. How do the
following change if everything else remains unchanged? Indicate only
increase or decrease.

(a) Junction capacitance
(b) Built-in potential

(c) Breakdown voltage
(d) Ohmic losses

24. [Mlustrate the effects of forward bias and reverse bias at junction
for the following parameters:

a) depletion region width

b) electrostatic potential

c) energy band diagram

d) particle flow and current directions



25.

In the circuit shown below, the current voltage relationship when

D; and D» are identical Germanium diodes is given by [ ]

[ — t-:
— iy
1
L
(+) Vzﬁsinh(—[] (1) u:K_Tm(__‘_]
q 2 g by
(e W= BT sinh ‘E"—\j (0} W= ."ﬂ[aq_{—'l]—ﬂ
&1 2 a

II) Descriptive Questions

1.

Explain the properties of an equilibrium p-n junction with neat
sketches.
Sketch and explain the variation of charge density, electric field, and
electrostatic potential within the transition region of a p*-n junction.
or
Justify the qualitative argument that a deep penetration is necessary
in lightly doped material to "uncover" the same amount of space
charge as for a short penetration into heavily doped material.
With neat sketches give the qualitative description of current flow at
junction and derive the diode current equation which describes the
total current through the diode for either forward or reverse bias.
Explain the breakdown mechanisms of a p-n junction under reverse
bias condition.
Sketch and explain the terminal characteristics of a diode and how
temperature effects these characteristics.
or
Explain the operation of a diode in forward and reverse bias region

using V-I characteristics .



6. What is the effect of forward and reverse bias on rectifying
contacts(with neat sketches.) and explain how it is different with the
ohmic contacts?

7. Draw and explain the capacitance-voltage characteristics of a MOS
capacitor.

8. Brief out the following:

a. Varactor diode.

b. Schottky barrier diode.
c. Photo diode.

d. LED

II) Descriptive Questions
1. An abrupt Si p-n junction has N, = 1017 cm3 on the p side and Ng =
1016 cm-3 on the n side. At 300° K, (a) calculate the Fermi levels, draw
an equilibrium band diagram, and find Vp from the diagram; (b)
compare the result from (a) with V,calculated using expression.
2. A p*-n junction has Na=102°cm-3, Ng=107cm-3. What is it’s
a) built in potential b)Waep C) Xno d) Xpo
3. A Si p-n junction with cross-sectional area A = 0.001 cm? is formed
with Na =1015cm-3, Ng= 1017 cm-3. Calculate:
(a) Contact potential, Vo.
(b) Space-charge width at equilibrium (zero bias).
(c) Current with a forward bias of 0.5V. Assume that the current is
diffusion dominated. Assume un = 1500 cm?2/V-s, up = 450 cm?/V-
S, Tn = Tp = 2.5 ms. Which of the carries contributes most of the
current and why? If you want to double the electron current, what
should you do?
4. An abrupt p*-n junction is formed in Si with a donor doping of Ng=
1015 cm3. What is the minimum thickness of the n region that will

ensure avalanche breakdown rather than punch-through?



5. Listed below are the results of measurements taken on several
different junction diodes. For eaqch diode, the data provided are the
diode current I, the corresponding diode voltage V, and the diode
voltage at a current I/10. In each case, estimate Is, n, and the diode
voltage at 10L.

(@) 10mA, 700mV, 600mV (b) 1mA, 700mV, 600mV
6. For the circuit shown, both diodes are identical, conducting 10mA at

0.7 V and 100 mA at 0.8 V. Find the value of R for which V = 80 mV.
A

£
10D rrdy

r’&i_ _!'lﬁzic
t

b
I

7. A one-sided abrupt Si N* - P junction has an area of 10-4 cm?. If Nq is
very high, Na= 1023 m3, ¢ =11.8, reverse voltage =100V, T=300° K,
find the peak electric field at the junction.

8. In a one-sided abrupt Si n*-p junction (area = 0.0001 cm?2), we have

the following parameters at 300 K:

n-side p-side

Ng=very high N.=10!'7cm-3
p=10us W= lus
un=100cm?2/V-s Up=700 cm?2/V-s
Up=450 cm?2/V-s un=200cm?2/V-s

Calculate the peak electric field at the junction and the depletion
capacitance at a reverse bias of 100 V. (Hint: This is much higher
than the contact potential, and remember that this is a one-sided
junction!) For a certain forward bias, we have a current flow of 20 mA

in this device. Calculate the total excess stored electron charge on the



p side for this bias and the electric field far from the depletion region
on the p side.

9. Two identical silicon junction diodes, D1 and D2 are connected back to back as
shown. The reverse saturation current Is of each diode is 10® Amps and the
breakdown voltage is 50 volts. Evaluate the voltage Vp1 and Vp2 across the diode Dy

and D> by assuming KT/q to be 25mV.
D1 Dy

—K——

5V
ol [
| 1

10. Inauniformly doped abrupt P — N junction the doping level of the n — side is four

times the doping level of the p — side the ratio of the depletion layer width of n — side

verses p —side is

In an abrupt P — N junction, the doping concentrations on the P — side and N — side
are 9 x 10%/cm3 and 1 x 108 /cm? respectively. The P — N junction is reverse biased

and the total depletion width is 3 um. Determine depletion width on the P side ?

D. GATE previous questions
1. A small percentage of impurity is added to an intrinsic semiconductor at
300 K. Which one of the following statements is true for the energy band
diagram shown in the following figure?

(GATE 2016) [ ]

Comduction Band

pwm Emerp Lvel  WBleh

Vabence Baned




(A) Intrinsic semiconductor doped with pentavalent atoms to form n-type
semiconductor
(B) Intrinsic semiconductor doped with trivalent atoms to form n-type
semiconductor
(C) Intrinsic semiconductor doped with pentavalent atoms to form p-type
semiconductor
(D) Intrinsic semiconductor doped with trivalent atoms to form p-type
semiconductor
. Consider a silicon p-n junction with a uniform acceptor doping
concentration of 1017 cm™3 on the p- side and a uniform donor doping
concentration of 1016 cm=3on the n-side. No external voltage is applied to
the diode. Given: kT /q =26mV, ni;= 1.5* 1010 cm=3 | &= 12¢, ,e0= 8.85*
10-14 F/ m, and q=1.6*10-1°C .The charge per unit junction area (nC
cm™) in the depletion region on the p-side is ...
(GATE 2016)
Consider avalanche breakdown in a silicon p* n junction. The n-region is
uniformly doped with a donor density ND. Assume that breakdown
occurs when the magnitude of the electric field at any point in the device
becomes equal to the critical field E crit. Assume Ecrit to be independent
of Np. If the built-in voltage of the p* n junction is much smaller than
the breakdown voltage, Vgr, the relationship between VBR and Np is
given by (GATE 2016)
[ ]

(A)V srx VNp = constant

(B)VV srx Np = constant

(C)V Brx Np = constant

(D)ND/V Br = constant
. The ratio of the mobility to the diffusion coefficient in a semiconductor
has the units [ | (GATE 2009)
(A) V-1 (B) cm.V-! (C) V.cm! D)V .s



. Which of the following is NOT associated with a p n - junction ? [ ]
(GATE 2008)

(A) Junction Capacitance (B) Charge Storage
Capacitance

(C) Depletion Capacitance (D) Channel Length
Modulations

. Which of the following is true? [ ]
(GATE 2008)

(A) A silicon wafer heavily doped with boron is a p+ substrate

(B) A silicon wafer lightly doped with boron is a p+ substrate

(C) A silicon wafer heavily doped with arsenic is a p+ substrate

(D) A silicon wafer lightly doped with arsenic is a p+ substrate

. Consider the following assertions. (GATE 2008) [ ]
S1 : For Zener effect to occur, a very abrupt junction is required.

S2 : For quantum tunneling to occur, a very narrow energy barrier is
required.

Which of the following is correct ?

(A) Only S2 is true

(B) S1 and S2 are both true but S2 is not a reason for S1

(C) S1 and S2 and are both true but S2 is not a reason for S1

(D) Both S1 and S2 are false

. In a p n* junction diode under reverse biased condition the magnitude of
electric field is maximum at [ ] (GATE 2007)
(A) the edge of the depletion region on the p-side

(B) the edge of the depletion region on the n-side

(C) the p n+ junction

(D) the centre of the depletion region on the n-side

. A p n* junction has a built-in potential of 0.8 V. The depletion layer
width a reverse bias of 1.2 V is 2 mm. For a reverse bias of 7.2 V, the

depletion layer width will be [ ] (GATE 2007)



(A) 4 mm (B) 4.9 mm (C) 8 mm

(D) 12 mm
(D) no relationship among these band gaps exists
10. Assume that the diode in the figure has Von= 0.7V, on but is
otherwise ideal. The magnitude of the current i» (in mA) is equal to
(GATE 2016)
>
R,
YW .
2 kQ }e
Qv 3%
6 k2
11. In a forward biased pn junction diode, the sequence of events that
best describes the mechanism of current flow is

(GATE 2013) [ ]

(A) injection, and subsequent diffusion and recombination of minority
carriers

(B) injection, and subsequent drift and generation of minority carriers

(C) extraction, and subsequent diffusion and generation of minority
carriers

(D) extraction, and subsequent drift and recombination of minority

carriers

12. A silicon PN junction is forward biased with a constant current at
room temperature. When the temperature is increased by 10°C, the
forward bias voltage across the PN junction [ ] (GATE 2011)
(A) increases by 60 mV (B) decreases by 60 mV
(C) increases by 25 mV (D) decreases by 25 mV

13. In the figure, silicon diode is carrying a constant current of 1 mA.

When the temperature of the diode is 20cC V, D is found to be 700 mV. If



the temperature rises to 40cC V, D becomes approximately equal

10 JOTTUUUR RPN (GATE 2008)
V,
(A) 740 mV (B) 660 mV (C) 680 mV (D) 700 mV
14. In a MOS capacitor with an oxide layer thickness of 10 nm, the

maximum depletion layer thickness is 100 nm. The permittivities of the
semiconductor and the oxide layer are €s and €ox respectively. Assuming
€s / €ox = 3, find the ratio of the maximum capacitance to the minimum

capacitance of this MOS capacitor. (GATE 2015)



Unit - 11
Objectives:

e To introduce the Modelling concepts of pn junction diode, zener diode and their

applications

Syllabus: Modelling the diode forward characteristic, Zener diode model, use of the Zener as a
shunt regulator, temperature effects, design of Zener voltage regulator, the SPICE models for
junction and Zener diodes, Diode logic gates, diode as a rectifier, design of power supply using

bridge rectifier; limiting and clamping circuits.

Outcomes:
At the end of the unit, student will be able to

Understand the models for pn junction and Zener diodes

Understand the applications of Zener diode as regulator

Understand the applications of junction diode as rectifiers and logic gates

Understand the applications of junction diode as limiting and clamping circuits



DIODE MODELS AND APPLICATIONS

2.1Modeling the diode forward characteristics
» To model the diode forward characteristic, we need to analyse the circuit employing
forward conducting diodes as shown in Fig. 2.1. It consists of a dc source Vpp, a resistor
R and a diode.
1) The exponential model: The most accurate description of the diode operation in the
forward region is provided by the exponential model.

f{]
g —
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-l
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Fig. 2.1: A simple circuit used to illustrate the analysis of circuits in which the diode is

forward conducting
» Assume Vpp is greater than 0.5 V, so the diode current will be much greater than Is, we
can represent the diode i-v characteristic by the exponential relationship

Ib=1Is eVD"]VT ----------------------- (2.1.1)

» Other equation that governs circuit operation is obtained by writing KVL equation,
Ip = (Vop - VD)/R mmmmmmmmeeee- (21.2)

» Assuming that the two parameters Is and n are known, equations (2.1.1) and (2.1.2) are
two equations in the two unknown quantities Ip and Vp. Two alternate ways for obtaining
the solution are graphical and iterative analysis.

i) Graphical analysis using the Exponential model
» Graphical analysis is performed by plotting equations (2.1.1) and (2.1.2) on the i-v plane
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Fig. 2.2: Graphical analysis of the circuit in fig.2.1 using the exponential diode model.
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» The solution can then be obtained as the coordinates of the point of intersection of the
two graphs as shown in Fig. 2.2.
> The curve represents the exponential diode equation and the straight line represents the
equation (2.1.2). Such a straight line is called load line.
» The load line intersects the diode curve at point Q, which represents the operating point
of the circuit. Its coordinates gives the values of Ip and Vp.
i) Iterative analysis using the Exponential model
» Equations (2.1.1) and (2.1.2) can be solved using a simple iterative procedure as shown in
the example given below:
> Eg: Determine the current Ip and the diode voltage Vp for the circuit shown in Fig. 2.1
with Vpp =5 V and R = 1 KQ. Assume that the diode has a current of 1 mA at a voltage
of 0.7 V and that its voltage drop changes by 0.1 V for every decade change in current.
Solution:
To begin the iteration, we assume that Vp = 0.7 V and use Eqg. (2.1.2) to determine the
current, Ip = (Vop - Vp)/R = (5-0.7)/1 = 4.3 mA
Using the equation V2 — V1= 2.3nVr log (12/11)
For our case, 2.3nVr=0.1 V. Thus, V2 = V1 + (0.1)10g (l2/11)
Substituting V1 =0.7 V, 1 =1 mA, and I> = 4.3 mA results in V2 = 0.763 V.
Thus the results of the first iteration are Ip =4.3 mA and Vp = 0.763 V.
The second iteration proceeds in a similar manner:
Ip=(5-0.63)/1 KQ=4.237 mA
V2 =0.63 +0.1 log (4.237/4.3) =0.762 V



Thus the second iteration yields Ip = 4.237 mA and Vp = 0.762 V. Since these values are
not much different from the values obtained after the first iteration, no further iterations
are necessary, and the solution is Ip = 4.237 mA and Vp = 0.762 V.

iv) The need for rapid analysis

> The iterative analysis procedure is simple and yields accurate results after two or three
iterations. There are situations in which the effort and time required are greater to justify
the result. Hence rapid analysis is necessary.

» Through quick analysis, the designer is able to evaluate various possibilities before
deciding on a suitable circuit design. To speed up the analysis process one must be
content with less precise results.

» Accurate analysis of almost final design can be obtained with the use of computer circuit-
analysis program such as SPICE. The results of such an analysis can then be used to fine-
tune the design.

v) The Piecewise-Linear model

> In this model, the exponential curve is approximated by two straight lines, line A with

zero slope and line B with a slope of 1/l .
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Fig. 2.3: Approximating the diode forward characteristic with two straight lines: the
piecewise-linear model

» Over the current range of 0.1 mA to 10 mA, the voltages predicted by the straight line



model shown differ from those predicted by the exponential model by less than 50 mV.

» The straight lines of piecewise-linear model shown in Fig. 2.3 can be described by
ip=0, Vb < Vpo
ip=(Vo—Vbo) /b, VD> Vpp --m-mmmmmmmmmmmmmmmmmmeae (2.1.3)

where, Vo is the intercept of line B on the voltage axis and rp is the inverse of the slope
of line B.

» The piecewise-linear model described by equation (2.1.3) can be represented by the
equivalent circuit shown in Fig. 2.4. An ideal diode included in this model is to constrain
Ip to flow in the forward direction only. This model is also known as the battery — plus —

resistance model.

(a) (k)

Fig. 2.4: Piecewise-linear model of the diode forward characteristic and its equivalent

circuit representation

vi) The Constant-Voltage-Drop model

> It can be obtained by if we use a vertical straight line to approximate the fast-rising part
of the exponential curve. The resulting model says that a forward-conducting diode
exhibits a constant-voltage-drop Vp which is 0.7 V.

» This model predicts the diode voltage to within £0.1 V over the current range of 0.1 mA
to 10 mA. The constant-voltage-drop model can be represented by the equivalent circuit
as shown in Fig. 2.5.

> If we assume this model while analyzing the diode circuits, we get

For i, = 0: Vo=07V,
Up = T v L=V 07K
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Fig. 2.5: Development of constant-voltage-drop model of the diode forward characteristics.

A vertical straight line B is used to approximate the fast-rising exponential.

vii) The Ideal-Diode model
> If we neglect the diode voltage drop while calculating the diode current, it results the

Ideal-diode model. i.e.,
For fp-'* i
o =

» This model can be used in determining which diodes are ON and which are OFF in a
multi diode circuit. The ideal diode model of diode forward characteristic and its

equivalent circuit representation are shown in Fig. 2.6.

iy A

SF Ideal

(a) Up (b)
Fig. 2.6: The ideal diode model of the diode forward characteristics and its equivalent
circuit representation.

viii) The small-signal model

» There are applications in which a diode is biased to operate at a point on the forward i-v



characteristic and a small ac signal is superimposed on the dc quantities. For this, we
need to determine the dc operating point (Vp and Ip) of the diode using any one of the
models. Most frequently, constant-voltage-drop model is utilized.
» For small-signal operation around the dc bias point,
e The diode is to be modeled by a resistance equal to inverse of the slope of tangent
to the i-v characteristic at the bias point.
e Concept of biasing a nonlinear device is to restrict signal excursion to almost
linear segment of its characteristic around the bias point.
» Consider the circuit shown in Fig. 2.7 (a) and the corresponding graphical representation
in Fig. 2.7 (b). A dc voltage Vp represented by a battery, is applied to the diode and a
time-varying signal vq(t), assumed to have triangular waveform, is superimposed on the

dc voltage Vp.
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Fig. 2.7: Development of the diode small-signal model (for the diode with n=2)

> In the absence of the signal vd(t), the diode voltage and the corresponding dc current are
given by
vp = Vp and
lb=IlseVo/™Vel (2.1.4)

» When the signal vq(t) is applied, the total instantaneous diode voltage vp(t) and the



corresponding total instantaneous current are be given by

Vo(t) = Vb + Va(t) — (2.1.5)
in(t) = Is elVp/nV4l e (2.1.6)
> Substituting for vp from equation (2.3.5) gives ip(t) = Is elVp* Vg / 1Vl
Which can be rewritten as  ip(t) = Is ep/™V4l elVy"Vel = Ip eVl - (2.1.7)

> If the amplitude of the signal vd(t) is kept sufficiently small such that
[va/"V7] <<1
» Then expansion of equation (2.1.7) in a series and truncate the series after the first two

terms to obtain the approximate expression

iplt) = f,-;/l + i’jx
( nVyes/ 218
» This is the small-signal approximation. This approximation is valid for signal whose
amplitudes are smaller than about 10 mV for the case n=2 and 5 mV for n=1.

» From equation (2.1.8) we have

i

- Uy )

Epdl) = f5 1+ —

r{ :|' n( n 'Lf’_,-,-|
» Thus, superimposed on the dc current Ip, signal current component is directly

proportional to the signal voltage va.
ip=Ip+iac e (2.1.10)

where,
Jrﬂ

ﬂlﬂ- = T ?"In-!'
nV;

» The quantity relating the signal current ig to the signal voltage vq is called diode small-
signal conductance (in mhos). The inverse of this parameter is the diode small-signal
resistance or incremental resistance (rq).

ra=nVt/lp e (2.1.11)

» The value of rq is inversely proportional to the bias current Ip.

From the Fig. 2.7 (b),



b=,y ro=1 ;[ dip]
d = ll|' =5

ry=nVp/I, I dipmty (2.1.12)

» The small-signal model of diode forward characteristics and its equivalent circuit
representation are shown in Fig. 2.8. After the dc analysis is performed, the small-signal
equivalent circuit is obtained by eliminating all dc sources (i.e., short circuiting dc
voltage sources and open-circuiting dc current sources) and replacing the diode by its

small-signal resistance.

@ ()
Fig. 2.8: The small-signal model of diode forward characteristics and its equivalent circuit
representation.
iX) Use of diode forward drop in voltage regulation
> A voltage regulator is a circuit whose purpose is to provide a constant dc voltage between
its output terminals.
» The output voltage is required to remain as constant as possible in spite of
(a) changes in the load current drawn from the regulator output terminal and
(b) changes in the dc power-supply voltage that feeds the regulator circuit.
» Since the forward voltage drop of the diode remains almost constant at approximately 0.7
V while the current through it varies by relatively large amounts, a forward-biased diode
can make a simple voltage regulator.
2.2 Zener Diode
» Zener diode which are fairly popular for the voltage regulation. VVoltage regulator is the
circuits that provide constant d.c output voltages in the face of changes in their load
current and in the system power voltage supplies.

> Zener diode sometimes referred as Breakdown diodes.



\ : Vi
. s ]
- Vf‘ -
S lope —
.“‘\. o
i LGRS
_’? e
v — Az

Y
A A7 r
Fig. 2.9: The diode i-v characteristics in Breakdown region
Where, I« - Knee current and ;71— Test current
V;— Voltage across the zener diode
V20— the point at which the straight line of slope 1/r; intersects the voltage axis

Vzk — Knee voltage

2.2.1 Specifying and modelling the Zener diode

2| |+ s
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Fig. 2.10: a) Symbol of Zener diode; b) Models for the zener diode

Vy=Vy+r,d,



ST V, >>V,

S
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AV,
> r,= AIZ

2.2.2  Use of the Zener as a shunt voltage regulator

» A voltage regulator circuit using a zener diode is shown in Fig. 2.11. This circuit is called

as a shunt regulator because the zener diode is connected in shunt to the load.

» Thw function of a regulator is to provide an output voltage Vo that is as constant as

possible in spite of the ripple in Vs and the variations in the load current I,

» Two parameters that can be used to measure regulation are line regulation and load

regulation.

> Line regulation: It is defined as change in Vo corresponding to a 1-V change in Vs

Line regulation = AVo/ AVs

» Load regulation: It is defined as change in VO corresponding to a 1-mA change in I

Load regulation = AVo / AIL

Series current

Unrcguincd limiting resistor NOtaEs
source = regulator Load
—- Rs Rs

—O0—WW—0 . o —0——WW—=0 o

5.:- izy i T 5_;- izy .
Vs (t) Vz Ry Vs (1—) = Vz
O © o- o o o-
Fig. 2.11: a) Practical voltage regulator b) Simplified voltage regulator

2.2.3 Temperature effects

» The dependence of zener voltage Vz on temperature is specified in terms of its

temperature coefficient TC, or temco and is usually expressed in mVv/°C

» The value of TC depends on the zener voltage, and for a given diode the TC varies with

the operating current.

» Zener diodes whose Vz are lower than about 5V exhibit a negative TC and zener diode

with higher voltages exhibits positive TC.



» The TC of a zener diode with a VVz of about 5 V can be made zero by operating the diode
at a specified current

» Another commonly used technique for obtaining a reference voltage with low
temperature coefficient is to connect a zener diode with a positive TC of about 2 mV/°C
in series with a forward conducting diode

» Since the forward conducting diode has a voltage drop of 0.7 V and a TC of about
-2 mV/°C, the series combination will provide a voltage of (Vz+0.7) with a TC of about
0.

2.3 SPICE models for p-n junction and Zener diodes
2.3.1 The diode model
» The more faithfully the model represents the various characteristics of the device, the
more accurately the simulation results will describe the operation of an actual fabricated
circuit.
» To see the effect of various imperfections in device operation on circuit performance,
these imperfections must be included in the device model used by circuit simulator.
» The large-signal SPICE model for the diode is shown on above figure. The static
behaviour is modeled by the exponential 1-V relationship.

Fig. 2.12: SPICE model of a pn junction diode

» The dynamic behaviour is represented by the non- linear capacitance Cp, which is the
sum of the diffusion Cq and the junction capacitance Cj. The series resistance Rs

represents the total resistance of the p and n regions. The value of this resistance (Rs) is



practically zero. But it is typically a range of few ohms for small-signal diodes.
Table 2.1: Parameters of pn-junction diode
SPICE Symbolic

Parameter | notation Description units
IS Is Saturation current A
N n Emission coefficient
RS Rs Ohmic resistance Q
VJ Vo Built-in potential \/

Zero bias depletion
CJO Cio ) ) ] F
(Junction) capacitance

M m Grading coefficient

1T TT Transit time S
BV Vzk Breakdown voltage \Y/
IBV Izx Reverse current at Vzx A

2.3.2 The Zener diode model

» The diode model shown in above figure does not adequately describe the operation of the
diode in the breakdown region. Hence, it does not provide a satisfactory model for zener
diode.

» However, the equivalent circuit model is shown below and it can be used to simulate a
zener diode in SPICE.

> Here, diode D1 is an ideal diode which can be approximated in SPICE by using a very
small value for n (say n=0.01). Diode D2 is a regular diode that models the forward bias

region of the zener diode

Fig. 2.13: SPICE diode model of zener diode



2.4 Applications of Diode
1. Diode logic gates
» Diodes together with resistors can be used to implement digital functions(logic
functions).
» Consider a positive logic system in which voltage values close to 0 V corresponds to
logic O (low level) and voltage values close to +5 V corresponds to logic 1 (high level).

» A three input OR gate and AND gate using diode logic is shown in fig. 2.14.

+S5V
v o—Dh
vy o——Df G .
'(v..-y =Ta +7’"B +'()C R g
v o—Ppb—94——
R Vy = Va-UB- Ve
— ve o—4G
(a) (b)

Fig. 2.14: Diode logic gates: (a) OR gate; (b) AND gate (in positive logic system)

» The circuit of OR gate has three inputs, va, vs and vc. The diodes connected to +5 V
input will conduct thus clamping the output vy to a value equal to+5 V.

» This positive voltage at the output will keep the diodes cutoff (whose inputs are low).
Thus the output will be high if one or more of the inputs are high. The circuit therefore
implements the logic OR function, which in Boolean notation is expressed as, Y =
A+B+C

» Similarly the same logic can be implemented for AND gate. In this circuit, if any input is
held at a voltage equal to 0 V, corresponding diodes are shorted and the output clamps to
0 V.If all the inputs are held at logic high state, diodes will be cut-off and the output
voltage is nearly equal to +5 V.

» The circuit therefore implements the logic AND function, which in Boolean notation is



expressed as, Y = A.B.C

2. Rectifier
» A fundamental application of the diode, one that makes use of its nonlinear i-v curve, is

the rectifier circuit.
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Fig. 2.15: (a) Rectifier circuit (b) Input waveform (c) Equivalent circuit when vi> 0

(d) Equivalent circuit when vi< 0 (d) Output waveform

» The circuit consists of the series connection of a diode D and a resistor R as shown in Fig.
2.15

» During the positive half-cycles of the input sinusoid, the positive Vi will cause current to
flow through the diode in its forward direction. It follows that the diode voltage Vg will
be very small (ideally zero). The output voltage Vo will be equal to the input voltage Vi.

» During the negative half-cycles of Vi, the diode will not conduct and Vo will be zero.

» While V; alternates in polarity and has a zero average value but Vo is unidirectional and

has a finite average value or a dc component.



» Thus the circuit rectifies the signal and hence is called a Rectifier. Rectifier is used to

generate dc from ac.

2.5 Rectifier circuits
» One of the applications of Diode is in the design of Rectifier circuit.
> A diode rectifier circuit is an essential building block of Power supplies required to

power electronic equipment.

Power
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rectuficr | regulator
60 Hz | .
| { © [ |
4
\ Y'Y \ —
L] ]» - Ll B A 4P . -
\/ 1

Fig. 2.16: Block diagram of a dc power supply

» To achieve its purpose a power supply must:
e Step down transformer is used to step down the magnitude of the voltages Ac
voltage
e Convert AC to Pulsating DC (non-zero average or DC component) using rectifiers
like Half-wave & Full-wave rectifiers.
e Use the filters to reduce the Ripples in rectifier output (time dependent component)
e Use Regulators to stabilize filter output voltage against the supply voltage and
change in load variations.
2.5.1 Half wave Rectifier
» Itis asimplest process used to convert ac to dc.
> A diode is used to clip the input signal excursions of one polarity to zero.
> In half-wave rectifier circuit mains voltage (220 to 240 V) is applied to the primary of a
step-down transformer. The secondary of transformer steps down the 240 V r.m.s. to 12
Vr.m.s.
» The Diode will be forward biased during each positive half-cycle of input hence current
flows from cathode to anode of the diode. In forward bias diode behaves like a closed



switch.

» The circuit current flows in the opposite direction, when the voltage bias across the diode
will be reversed, causing the diode to act like an open switch.

» The switching action of diode results in a pulsating output voltage which is developed

across the load resistor R.
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Fig. 2.17: a).Half wave rectifier; b) Equivalent circuit of half wave rectifier with diode replaced
with battery and resistor model; ¢) Transfer characteristics of rectifier circuit; d) Input and output

waveforms

» From the fig. 2.17(b) we can write

vy =0, wg<Vp

R

Yo = VDDR+f~ ’
D

Ve —
RS vV,

» Transfer characteristics represented equations is shown in fig
» In many applications rp << R .hence equation 2 simplified as
Uy = U5 — VDO

Vpo=0.7V or 0.8V

» Peak Inverse voltage (P1V): The diode must be able to withstand without damage under

applied reverse bias voltage. PIV is one of the important parameter of the rectifier circuit.



» When Vsis negative in figure(a) the diode will be cut-off and Vo =0
2.5.2 Full wave Rectifier
» A Full Wave Rectifier is a circuit, which converts an ac voltage into a pulsating dc
voltage using both half cycles of the applied ac voltage. It uses two diodes of which one
conducts during one half cycle while the other conducts during the other half cycle of the
applied. ac voltage.

» Center tapped transformer is used to provide 2 equal input voltages.
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Fig. 2.18: a) Full wave rectifier; b) Transfer characteristics of rectifier circuit; ¢) Input and

output waveforms

» To find the PIV of the diodes in the full-wave rectifier circuit, consider the situation
during the positive half-cycles. Diode D1 is conducting, and D2 is cut-off. The voltage at
the cathode of D> is vo, and that at anode is —vs. Thus the reverse voltage across D2 will
be (Vot+Vs), which will reach its maximum when vo is at its peak value of (Vs — Vp), and
Vs IS at its peak value of Vs; thus

PIV=2Vs -Vb
2.5.3 Bridge Rectifier

» Another type of circuit that produces the same output waveform as the full wave rectifier
circuit is the Full Wave Bridge Rectifier.

» This type of single phase rectifier uses four individual rectifying diodes connected in a
closed loop “bridge” configuration to produce the desired output.

» The main advantage of this bridge circuit is that it does not require a special centre
tapped transformer, thereby reducing its size and cost.

» The single secondary winding is connected to one side of the diode bridge network and

the load to the other side as shown below.
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Fig. 2.19: a) Bridge Rectifier circuit diagram; b) Input, Output forms

» To determine the peak inverse voltage of each diode, consider circuit during the positive
half cycle. Then the reverse voltage across the Ds is from the fig. 2.19(a)

ups (reverse) = v, + vy, (forward)

» The maximum value of Vps occurs at the peak of Vo and is given by

PIV = V,—2V,+V, = V.-V,

> PIV of bridge rectifier is about half the value of center taped rectifier.

25.4 Comparison of Rectifiers

Table 2.2: Comparison of various rectifiers
FWR FWR
(CT) (BR)

A A A

Voo s /s /s

\Y/ Vr/ Vy Vy
rms 2 \/E \/E

1.21 0.482 0.482

Parameters HWR

Ripple factor

n

40.6% 81% 81%
Rectification efficiency




PIV

Peak Inverse Voltage

2.5.5 Full wave rectifier with capacitor filter (peak rectifier)
» The property of capacitor is that it allows ac component and blocks the dc component.
The operation of capacitor filter is to short the ripple to ground but leave the dc to appear

at the output when it is connected across a pulsating dc voltage.
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Fig. 2.20: a) Circuit diagram of full wave rectifier with capacitor filter; b) Voltage and

current waveforms in waveforms in peak rectifier.

» To analyze the circuit in figure (a) take the assumption RC >> T and observe the steady
state input and output waveforms in fig. 2.20(c)
» The waveform of the load current
ip = vy/R
» Diode current when conducting
Ip = I+ if
duy

- Cdt+i’~

» The diode conducts for a brief interval, At near the peak of the input sinusoid and
supplies the capacitor with charge equal to that lost during the much longer discharge
interval. The latter is approximately equal to the period T

» Assuming an ideal diode, the diode conduction begins at time ti, at which the input v;



equals the exponentially decaying output vo. Conduction stops at t2 shortly after the peak
of vi; the exact value of t> can be determined by setting ip =0.

» During the diode-off interval, the capacitor, C discharges through R, and thus vo decays
exponentially with a time constant ‘RC’. The discharge interval begins just past the peak
of vi. At the end of the discharge interval, which lasts for almost the entire period T, vo =
Vp-Vi, where, V; is the peak to peak ripple voltage. When RC >> T, the value of Vr is
small.

» When V; is small, vo is almost constant and equal to the peak value of vi. Thus the dc
output voltage is approximately equal to Vp. Similarly, the current i_ is almost constant,
and its dc component I is given by

IL=Vp/R

» If desire, a more accurate expression for the output dc voltage can be obtained by taking
the average of the extreme values of v0,

Vo = Vp—(1/2). Vr

> With these observations, Vr will be derived and the average and peak values of the diode
current. During the diode off interval, VO can be expressed as

Vo= Vp.e 7RC
» At the end of the discharge interval,
Vp -V =V, eTRC
Now, since RC >> T , we can use the approximation e 7/R¢ = 1-T/RC to obtain

— T
Y=V

» The ripple voltage in terms of frequency

= —-—1—V’ Vr = ‘IA
" JCR JC

» We can determine the conduction interval, At from
V,cos (wAr) = V,—V,
Where, © = 2zf =2z/T is the angular frequency of vi. Since (o At) is a small angle, we
can employ the expression cos (o At) = 1-1/2 (o At)? to obtain
o At = (2 Vr/ Vp)*2
Note that Vr<< Vp, the conduction angle ® At will be small as assumed

To determine the average diode current during conduction, ipav, We relate the charge that



the diode supplies to the capacitor

qupplied = lcay At

iCaV = i’l)av 71L

» To discharge the capacitor loses during the discharge interval

Qlost = CVr

e = [, (1 + 72V, 7V))

» Observe that Vr << Vp the average diode current during conduction is much greater than

the dc load current.

» Assuming that I_ almost constant, we obtain

2.5.6

ipm = 1L (1422,/2V /7))

Waveform of ip is almost right angle triangle.

The accuracy of the results can be improved by taking the diode drop into consideration.
This can be easily done by replacing the peak voltage Vp to which the capacitor charges
with (V,-Vp) for half-wave circuit and full-wave circuit using a center-tapped
transformer and with (Vp-2Vp) for the bridge rectifier.

The peak rectifier circuits find application in signal processing systems where it is
required to detect the peak of an input signal. In such a case the circuit is referred to as a
peak detector.

A particularly popular application of the peak detector is in the design of a demodulator
for amplitude-modulated signals.

The precision half-wave rectifier — the super diode

The precision rectifier, also known as a super diode, is a configuration obtained with

an operational amplifier in order to have a circuit behave like an ideal diode and rectifier.

It is useful for high-precision signal processing.

The rectifier circuits suffer from one or two diode drops in the signal paths. Thus these
circuits work well only when the signal to be rectified is much larger than the voltage
drop of conducting diode (0.7 V or so).

» Where the signal to be rectified is small (e.g., on order of 100 mv or so) and thus clearly

insufficient to turn on a diode. Also, in instrumentation applications, the need arises for

rectifier circuits with very precise and predictable transfer characteristics. The basic
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circuit implementing such a feature is shown in below figure. Where, RL can be any load..

“Superdiode™

Fig. 2.21: a) Precision half wave rectifier circuit; b) Transfer characteristics of zener
diode

» When the input voltage is negative, there is a negative voltage on the diode, so it works
like an open circuit, no current flows through the load, and the output voltage is zero

» When the input is positive, it is amplified by the operational amplifier which switches the
diode on. Current flows through the load and, because of the feedback, the output voltage
is equal to the input voltage.

» The actual threshold of the super diode is very close to zero, but is not zero. It equals the
actual threshold of the diode, divided by the gain of the operational amplifier.

» The transfer characteristics of this circuit are almost identical to the ideal characteristics

of a half wave rectifier.

2.6 Limiting (or) Clippers And Clamping Circuits
» Use of diodes along with resistor and capacitors to shape wave forms
> If we want to clip portion of the waveform we use clippers for this purpose and if we
want to shift or clamp the dc voltage level we use clampers.
Clippers (Limiting) : clippers are networks that use diodes to clip a portion of input signal
without distorting the remaining part of the wave form.
Clampers : A clamper is a network constructed of diodes, a resistor and capacitor that shift
the waveform to a different dc level without changing the appearance of the applied signal.

2.6.1 Limiting Circuits (or) Clipper circuit
» Clippers are further divided into series and parallel clippers.

» Within series and parallel there is biased and un biased clippers.
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Fig. 2.22 General transfer characteristic for a limiter circuit
Fig 2.22 shows the general transfer characteristics of a limiter circuit.
As indicated for inputs in a certainrange L./ K <V, <L+ / K,
The limiter act as a linear circuit providing an output proportional to the input, Vo =K
V). In general K >1.
If K<I and are known as passive limiters
If V) exceeds the upper threshold (L+/ K), the output voltage is limited or clamped to
the upper limiting level L+
on the other hand , If V, reduced below the lower limiting threshold (L-/ K), the
output voltage is limited or clamped to the upper limiting level L.
The above fig describes a double limiter i.e. a limiter that works on both the positive
and negative peaks of an input wave form as shown in below fig 2.23

Y

Fig. 2.23 Applying a sine wave to a limiter cn result in clipping off its two peaks

» Limiters find applications in a variety of signal processing systems, and op-

amps.



2.6.2 The Clamped Capacitor or DC Restorer
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Fig. 2.24 The clamped capacitor or dc restore with a square-wave input and no load

» If in the basic rectifier circuit the output is taken across the diode rather than
across the capacitor , an interesting circuit with important application results.

» The circuit called a dc restorer as shown in fig. 2.24 fed with a square wave.

» The polarity in which the diode is connected , the capacitor will charge to a
voltage V¢ with the polarities indicated in fig. and equal to magnitude of the most
negative peak of the input voltage.

> subsequently the diode turns off and the capacitor retains its voltage indefinitely.

» if, for instance the inpur square wave has the arbitrary level -6 V, then V¢ will
equal to 6 V. The output voltage Vo is given by Vo= Vf+ Vc

> In above example the output will be a square wave with levels of 0 VV and +10 V.

2.6.3 The Voltage Doubler
> Below fig.2.25 shows a circuit composed of two section in cascade.
> aclamp formed by C;and Dy and a peak rectifier formed by D, and C»
» When excited by a sinusoid of amplitude V, the clamping section provide the
voltage waveform shown in below fig. Assuming ideal diodes.
» The positive peaks are clamped to 0 V , the negative peak reaches to -2V,.

> In response to this waveform the peak detector section provides across capacitor



C2 anegative dc voltage magnitude 2V,
» The output voltage is double the input peak, the circuit is known as voltage

doubler.
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Fig2.25 : Voltage doubler (a) Circuit (b) Waveform of the voltage across D1



Assignment-Cum-Tutorial Questions

A. Questions testing the remembering / understanding level of students
I) Objective Questions
1. Sketch the I-V characteristics of an ideal diode.
2. Draw the three-input AND gate using diodes.
3. Write the applications of the diode.
4. Give the diode forward I-V relation.
5. For a decade change in current, the diode voltage changes by............. (from diode I-V
equation)
. Explain how zener diode acts as voltage regulator.
. What is the PIV of diode in full-wave rectifier?
. What is the PIV of diode in half-wave rectifier?
. What is the PIV of diode in bridge rectifier?

10. What is the use of voltage regulators in Power supplies?

© 00 N O

11. What is the suitable situation to use the small signal model ?

12. A diode for which you can change the reverse bias, and thus vary the capacitance is
called as.......cccoeneee. [ ]
a) Tunnel diode b) Varactor diode c) Zener diode d) Switching diode

13. Which type of transformer is required to create a 180 degree input to a rectifier?

14. What is the basic principle behind the LED?

15. What is the difference between LED and photo diode?

16. The Schottky diode isused................ccoeennen. [ ]
a) in high power circuits b) in circuit requiring negative resistance
c) in very fast switching circuits  d) in power supply rectifiers

17. What is the effect of temperature on Zener breakdown voltage

18. Precision rectifier is also called as ....................

19. Draw the SPICE diode model.

20. Define clippers

21. define clampers



I1) Descriptive Questions

7.
8.
9.

1. Sketch and explain the terminal characteristics of a diode.

2. Explain the operation of diode in forward and reverse bias region
3.
4

. With the help of circuit diagram and waveforms, explain the operation of a diode half

Draw and explain various diode models in forward bias.

wave peak rectifier.
With the help of circuit diagram and waveforms, explain the operation of a center-tapped

full-wave rectifier with shunt capacitive filter.

. With the help of circuit diagram and waveforms, explain the operation of a Bridge

rectifier.
Explain the operation of Zener diode and it’s application.
Briefly discuss about varactor diode.

Explain the principle of operation of Schottky barrier diode

10.Explain the principle of operation of photo diode

11. Explain the principle of operation of Light Emitting Diode (LED)
12. Sketch & explain the SPICE diode & zener diode models.
13. Explain the voltage doubler

B. Question testing the ability of students in applying the concepts.

I) Objective Questions

1.

2.

Compute the values of | and V in the figure 2.1 (Diodes used are ideal).

+5V

Fig. 2.1
A silicon diode said to be a 1rnA device displays a forward voltage of 0.7 V at a current

of 1 mA. Evaluate the junction scaling constant Is in the event that n is either 1 or 2. What



scaling constants would apply for 1 A diode of the same manufacture that conducts 1 A at
0.7 V?

3. A junction diode is operated in a circuit in which it is supplied with a constant current I.
What is the effect on the forward voltage of the diode if an identical diode is connected in
parallel? Assume n = 1.

4. Assuming the diodes to be ideal, find the values of 1 and V in the circuits shown in fig.2.2

+10 'V

-0V

Fig. 2.2
5. The circuit shown in fig.2.3 can be used in a signaling system using one wire plus a
common ground return. At any moment, the input has one of three values: +3V, 0V, -3
V. What is the status of the lamps for each input value?

[
V- {u = - ’
3V
Dy Dy Tdeal diodes

@ 3V lamps

2

Fig. 2.3
6. If the output voltage of a bridge rectifier is 100 V. What will be the PIV of the diode?
7. A shunt regulator utilizing a zener diode with an incremental resistance of 5 Q is fed
through an 82 Q resistor. If the raw supply changes by 1.3 V, what is the corresponding
change in the regulated output voltage?

8. Assuming the diodes to be ideal, find the values of | and V in the circuits shown in fig 2.4



9. Find the correct match between Group 1 and Group 2 :

Group 1 Group 2

(E) Varactor diode | (1) Voltage reference

(F) PIN diode (2) High frequency switch

(G) Zener diode (3) Tuned circuits

(H) Schottky diode | (4) Current controlled attenuator

10. Match items in Group 1 with items in Group 2, most suitably.

Group 1 Group 2
P LED 1 Heavy doping
Q  Avalanche photodiode 2 Coherent radiation
R Tunnel diode 3 Spontanesus emission
5 LASER 4 Current galn

I1) Descriptive Questions

1. A single-phase full-wave rectifier use semiconductor diodes. The transformer voltage is
6Vrms to center tap. The load consists of a 40 pF capacitor in parallel with a 250Q
resistor. The diode and the transformer resistances and leakage reactance may be
neglected. Assume that the power-line frequency is 50 Hz. Calculate
1) The dc current lgc in the circuit.
ii) Peak-to-peak amplitude of the ripple voltage, Vr
iii) Ripple factor of a rectifier-filter output, r.
iv) Percentage regulation

2. Use the iterative-analysis procedure to determine the diode current and voltage in the

circuit shown below fig 2.5 for Vop =1 V, R = 1 kQ, and a diode having Is= 10™°A and 5
=1
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Fig. 2.5
3. For the logic gate shown in fig.2.6, assume ideal diodes and input voltage levels of 0 V
and +5 V. Find a suitable value for R so that the current required from each of the input

signal sources does not exceed 0.1mA.

Fig. 2.6
4. For the rectifier circuit shown in fig 2.7, let the input sine wave have 120V rms value and
assume the diode to be ideal. Select a suitable value for R so that the peak diode current
does not exceed 50mA. What is the greatest reverse voltage that will appear across the

diode?

Fig. 2.7
5. (a) Solve the problems in Fig.2.8 using the constant voltage-drop (Vo= 0.7 V) diode

model.
(b) For the circuits shown in Fig. 2.8, using the constant voltage-drop (Vo= 0.7 V) diode,

find the voltages and currents indicated.
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Fig. 2.8

Listed below are the results of measurements taken on several different junction diodes.
For eaqch diode, the data provided are the diode current I, the corresponding diode
voltage V, and the diode voltage at a current 1/10. In each case, estimate Is, n, and the
diode voltage at 10 I.

(@) 10 mA, 700 mV, 600 mV (b) 1 mA, 700 mV, 600 mV

. Consider a peak rectifier fed by a 50 Hz sinusoid having a peak value Vp= 100 V. Let the
load resistance R = 10 KQ. Find the value of the capacitance C that will result in a peak-
to-peak ripple of 2 V. Also, calculate the fraction of the cycle during which the diode is
conducting and the average and peak values of the diode current.

For the half-wave rectifier circuit, let the input sine wave have 220 V rms value and
assume the diode to be ideal. Select a suitable value for R so that the peak diode current
does not exceed 50 mA. What is the greatest reverse voltage that will appear across the
diode?

For the circuit shown in fig.2.9, both diodes are identical, conducting 10 mA at 0.7 V and
100 mA at 0.8 V. Find the value of R for which V =80 mV.



Fig. 2.9

10. A designer requires a shunt regulator of approximately 20 V. Two kinds of zener diodes
are available: 6.8 V devices with r; of 10 Q and 5.1 V devices with r; of 30 Q. For the
two major choices possible, find the load regulation. In this calculation neglect the effect
of the regulator resistance R.

I11) Creative Questions

1. Assuming the availability of diodes for which vp =0.7 V atip = 1 rnA and n = 1, design
a circuit that utilizes four diodes connected in series, in series with a resistor R connected
to a 10 V power supply. The voltage across the string of diodes is to be 3.0 V.

2. Design a diode voltage regulator to supply 1.5 V to a 150 Q load. Use two diodes
specified to have a 0.7 V drop at a current of 10 rnA and n = 1. The diodes are to be
connected to a +5 V supply through a resistor R. Specify the value for R.

a. What is the diode current with the load connected?
b. What is the increase resulting in the output voltage when the load is disconnected?
c. What change results if the load resistance is reduced to 100 Q, 75 Q and 50 Q?

3. A designer requires a shunt regulator of approximately 20 V. Two kinds of zener diodes
are available: 6.8 V devices with r; of 10 Q and 5.1V devices with r; of 30 Q. For the two
major choices possible, find the load regulation. In this calculation neglect the effect of

the regulator resistance R.

4. Design a diode voltage regulator to supply 1.5 V to a 150 Q load. Use two diodes
specified to have a 0.7 V drop at a current of 10 mA and n=1. The diodes are to be
connected to a +5 V supply through a resistor R. Specify the value for R. What is the
diode current with the load connected? What is the increase resulting in the output

voltage when the load is disconnected?



GATE previous questions

1. The I-V characteristics of three types of diodes at the room temperature, made of
semiconductors X, Y and Z, are shown in the figure. Assume that the diodes are
uniformly doped and identical in all respects except their materials. If EgX, EgY and EgZ

are the band gaps of X, Y and Z, respectively, then [ 1 (GATE 2015)
I
X [y A
v
(A) EgX > EgY > EgZ (B) EgX = EgY = EgZ
(C) EgX <EgY <EgZ (D) no relationship among these band gaps exists

2. Assume that the diode in the figure has Von= 0.7 V, on but is otherwise ideal. The
magnitude of the current i2 (in mA) is equal to

(GATE 2016)
-
R,
YWWA .
2 kO th
(I) 2V R,
6 kO

3. In a forward biased p-n junction diode, the sequence of events that best describes the
mechanism of current flow is [ 1 (GATE2013)
(A) injection, and subsequent diffusion and recombination of minority carriers
(B) injection, and subsequent drift and generation of minority carriers
(C) extraction, and subsequent diffusion and generation of minority carriers
(D) extraction, and subsequent drift and recombination of minority carriers

4. A silicon PN junction is forward biased with a constant current at room temperature.
When the temperature is increased by 10°C, the forward bias voltage across the PN
junction [ ] (GATE 2011)
(A) increases by 60 mV (B) decreases by 60 mV



(C) increases by 25 mV (D) decreases by 25 mV

5. In the figure, silicon diode is carrying a constant current of 1 mA. When the temperature

of the diode is 20°C V, D is found to be 700 mV. If the temperature rises to 40°C V, D

becomes approximately equal to........................... [ ] (GATE 2008)

Va
==

(A) 740 mV (B) 660 mV (C) 680 mV (D) 700 mV



3.MOS FIELD-EFFECT TRANSISTORS (MOSFETS)

Objective:
To analyze with the operation and characteristics of MOSFET

Syllabus:

MOSFETS: Device structure and physical operation - Operation with no gate voltage, Creating a
channel for current flow, Applying a small vgs, Operation as vasis increased, Derivation of the ig-
Vgs relationship, The p-channel MOSFET, Current-voltage characteristics - Circuit symbol, I4-Vads
characteristics, Finite output resistance in saturation, Characteristics of the p-Channel MOSFET,
The role of the substrate-the body effect, MOSFET operation as a switch, MOSFET operation as
a linear amplifier, The depletion type MOSFET.

Outcomes:
At the end of the unit, student will be able to
e characterize the current flow in MOSFETSs

e illustrate the effect of channel length modulation

e analyze the effect of substrate on device performance



Introduction

Compared to BJTs,

3.1

MOSFETSs can be made quite small (i.e., requiring a small area on the silicon IC chip)
Their manufacturing process is relatively simple.

Their operation requires comparatively little power.

It is possible to pack large numbers of MOSFETSs (>200 million) on a single IC chip, very-
large-scale-integrated (\VVLSI) circuits such as those for memory and microprocessors.
Analog circuits such as amplifiers and filters are also implemented in MOS technology, in
smaller less-dense chips.

Both analog and digital functions are increasingly being implemented on the same IC chip,

in what is known as mixed-signal design.

Device structure and physical operation

3.1.1 Device Structure

The transistor is fabricated on a p-type substrate, which is a single-crystal silicon wafer that
provides physical support for the device.

Two heavily doped n-type regions, indicated in the figure 3.1 as the n*sourceand the
n*drainregions, are created in the substrate.

A thin layer of silicon dioxide (Sio2) of thickness tox(typically 2 - 50 nm), which is an
excellent electrical insulator, is grown on the surface of the substrate, covering the area
between the source and drain regions.

Metal is deposited on top of the oxide layer to form the gate electrode of the device. Metal
contacts are also made to the source region, the drain region, and the substrate, also known
as thebody.

Thus four terminals are brought out: the gate terminal (G), the source terminal (S),the drain
terminal (D), and the substrate or body terminal (B).Figure 3.1, shows the physical
structure of the n-channel enhancement-type MOSFET.

The name Metal Oxide Semiconductor FET is so because metal is not used for gate
electrode. Most of modern MOSFETs are fabricated using silicon-gate technology, in



which a certain type of silicon, called poly-silicon, is used to form the gate electrode of
MOSFET operation and characteristics applies irrespective of the type of gate electrode.

e Another name for the MOSFET is the insulated-gate FET or IGFET. This name also arises
from the physical structure of the device, emphasizing the fact that the gate electrode is
electrically insulated from the device body (by the oxide layer). It is this insulation
thatcauses the current in the gate terminal to be extremely small (of the order of (of the
order of 10° A).

Py subsirate
{Bady)

Channel

Yegion

Drruin rgion
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Source (50 Cae (G Digain ()

Crade (SiC)
{thickness == 1)

Body
(B)

(b
Fig. 3.1: Physical structure of the enhancement-type NMOS transistor: (a) perspective view

(b) cross-section. Typically L = 0.1 to 3 um, W= 0.2 to 100 um, and the thickness of the

oxide layer (toxis in the range of 2 nm to 50 nm).



Observe that the substrate forms p-n junctions with the source and drain regions. In normal
operation these p-n junctions are kept reverse-biased at all times.

Since the drain will beat a positive voltage relative to the source, the two p-n junctions can
be effectively cut off by simply connecting the substrate terminal to the source terminal.
Thus, here, the substrate will be considered as having no effect on device operation, and the
MOSFET will be treated as a three-terminal device, with the terminals being the gate (G),
the source (S), and the drain (D).

It will be shown that a voltage applied to the gate controls current flow between source and
drain. This current will flow in the longitudinal direction from drain to source in the region
labeled "channel region.”

This channel region has a length L and a width W, two important parameters of the
MOSFET. Typically, L is in the range of 0.1 pum to 3 um, and W is in the range of 0.2 um
to 100 pm.

Finally, the MOSFET is a symmetrical device so that its source and drain can be

interchanged with no change in device characteristics.

3.1.2 Operation with No Gate Voltage

With no bias voltage applied to the gate, two back-to-back diodes exist in series between
drain and source.

One diode is formed by the p-n junction between the n* drain region and the p-type
substrate, and the other diode is formed by the p-n junction between the p-type substrate
and the n*source region.

These back-to-back diodes prevent current conduction from drain to source when a voltage
Vsis applied. In fact, the path between drain and source has a very high resistance (of the

order of 102 Q).

3.1.3 Creating a Channel for Current Flow

Assume when the source is grounded and thedrain and applied a positive voltage to the

gate.

Since the source is grounded, the gate voltageappears in effect between gate and source and

thus is denoted Vgs. The positive voltage on the gate causes, the free holes (which are



positively charged) to be repelled from the region of the substrate under the gate (the
channel region). These holes are pushed downward into the substrate, leaving behind a
carrier-depletion region.

The depletion region is populated by the bound negative charge associated with the
acceptor atoms. These charges are "uncovered" because the neutralizing holes have been

pushed downward into the substrate.

As well, the positive gate voltage attracts electrons from the n + source and drain regions
(where they are in abundance) into the channel region. When a sufficient number of
electrons accumulate near the surface of the substrate under the gate, an n region is in effect

created, connecting the source and drain regions, as indicated in Fig. 3.2.

Now if a voltage isapplied between drain and source, current flows through this induced n
region, carried bythe mobile electrons. The induced n region thus forms a channel for
current flow from drainto source and is aptly called so. Correspondingly, the MOSFET of

Fig. 3.2 is called an n-channel MOSFET or, alternatively, an NMOS transistor.

An n-channelMOSFET is formed in a p-type substrate: The channel is created by inverting
the substratesurface from p type to n type. Hence the induced channel is also called an

inversion layer.

U + Gate clectrode —‘]_
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Fig.3.2:The enhancement-type NMOS transistor with a positive voltage applied to the gate.

An n channel is induced at the top of the substrate beneath the gate.

3.14

The value of Vgsat which a sufficient number of mobile electrons accumulate in the
channel region to form a conducting channel is called the threshold voltage and is
denoted Vi. Vifor an n-channel FET is positive. The value of Viis controlled during device

fabrication and typically lies in the range of 0.5V to 1.0 V.

The gate and the channel region of the MOSFET form a parallel-plate capacitor, with the
oxide layer acting as the capacitor dielectric.

The positive gate voltage causes positive charge to accumulate on the top plate of the
capacitor (the gate electrode).

The corresponding negative charge on the bottom plate is formed by the electrons in the
induced channel. An electric field thus develops in the vertical direction.

It is this field that controls the amount of charge in the channel, and thus it determines the

channel conductivity and, in turn, the current that will flow through the channel when a

voltage Vpsis applied.

Applying a Small Vps

Having induced a channel, if we apply a positive voltage Vps between drain and source,
as shown in Fig.3.3. Consider the case where Vpsis small (i.e., 50 mV or so).

The voltage Vpscauses a current Ip to flow through the induced n channel. Current is

carried by free electrons traveling from source to drain (hence the names source and

drain). By convention, the direction of current flow is opposite to that of the flow of
negative charge. Thus the current in the channel, Io, will be from drain to source, as
indicated in Fig. 3.3.

The magnitude of Ip depends on the density of electrons in the channel, which in turn

depends on the magnitude of Vgs. Specifically, for Vs = Vi, the channel is just induced

and the current conducted is still negligibly small.



e As Vgs exceeds Vt more electrons are attracted into the channel. We may visualize the

increase in charge carriers in the channel as an increase in the channel depth. The result is

a channel of increased conductance or, equivalently, reduced resistance.

e In fact, the conductance of the channel is proportional to the excess gate voltage (Ves -
Vi), also known as the effective voltage or the overdrive voltage. It follows that the

current ipwill be proportional to (Ves - Vt)and, to the voltage Vpsthat causes ipto flow.
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Fig.3.3: An NMOS transistor with Ves>Vt, and with a small Vps applied. The device acts as

a resistance whose value is determined by Ves. Specifically, the channel conductance is

proportional to (Ves- Vt)and thus ipis proportional to (Ves - Vt)Vps.
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Fig.3.4: The ip - Vpscharacteristics of MOSFET in Fig.4.3 when the voltage applied

between drain and source, Vpsis kept small. The device operates as a linear resistor whose

value is controlled by Ves.

o Figure 3.4 shows a sketch of ipversus Vpsfor various values of Ves. We observe that
theMOSFET is operating as a linear resistance whose value is controlled by Vgs. The

resistanceis infinite for Ves<Vi, and its value decreases as Vesexceeds Vi,

e Conclusion: For the MOSFET to conduct, a channel has to beinduced. Then, increasing
Vgsabove the threshold voltage Vt, enhances the channel, hencethe names enhancement-
mode operation and enhancement-type MOSFET. Finally,we note that the current that
leaves the source terminal (is) is equal to the current that enter the drain terminal (iD),

and the gate current I = 0.

3.1.5 Operation as Vpsis increased
« If Vps is increased, Vgsis to be held constant at a value greater than Vt. Referring to Fig. 3.5,

and Vpsappears as a voltage drop across the length of the channel. That is, as we travel along



the channel from source to drain, the voltage (measured relative to the source) increases from

0 to Vps.
. Thus the voltage between the gate and points along the channel decreases from Vgsat the

source end to (Ves - Vbs)at the drain end.

« Since the channel depth depends on this voltage, we find that the channel is no longer of
uniform depth; rather, the channel will take the tapered form shown in Fig. 3.5, being deepest

at the source end and shallowest at the drain end.
« As Vpsis increased, the channel becomes more tapered and its resistance increases
correspondingly.

. Thus the Ip-Vpscurve does not continue as a straight line but bends as shown in Fig. 3.6.
« Eventually, when Vpsis increased to the value that reduces the voltage between gate and
channel at the drain end to Vi - that is,

Vep = Vi or (Ves—Vbs) = Vi or Vps = Vs - Vit

the channeldepth at the drain end decreases to almost zero, and the channel is said to be

pinched off.

e Increasing Vps beyond this value has little effect on the channel shape, and the current

through the channel remains constant at the value reached for Vps = (Vs - Vt).
e The drain current thus saturates at this value, and the MOSFET is said to have entered the

saturation region of operation. The voltage Vps at which saturation occurs is denoted
Vbs(sat).
Vps(sat) = (Vas - Vit) (3.1)
e Obviously, for every value of Vgs>Vt,there is a corresponding value of Vps(sat).The device
operates in the saturation region if Vps>Vps(sat).

e The region of the Io-Vbscharacteristic obtained for Vps<Vps(sat)is called the triode region.
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Fig.3.5: Operation of the enhancement NMOS transistor as Vpsis increased. The induced

channelacquires a tapered shape, and its resistance increases as Vpsis increased. Here, Vgsis

kept constant at avalue > Vt.
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Fig.3.6:The drain current ipversus the drain-to-source voltage Vpsfor an enhancement-type
NMOStransistor operated with Vgs>Vit.

e To visualize the effect of Vps, consider Fig. 3.7 in which channel is modified as Vpsis

increased while Vgsis kept constant.
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Fig.3.7: Increasing Vpscauses the channel to acquire a tapered shape. Eventually, as Vps

tps =0

reaches (Ves - Vit), the channel is pinched off at the drain end. Increasing Vpsabove (Ves -

Vt), has little effect on the channel's shape.

e Theoretically, any increase in VpsaboveVps(sat) which is equal to (Ves - Vt),has no effect on

the channel shape and simply appears across the depletion region surrounding the channel
and the n* drain region.

3.1.6 Derivation of the Ip- Vpsrelationship
e Assume that a voltage Vgsis applied between gate and source with Vgs>Vtto induce a

channel. Also, assume that a voltage Vpsis applied between drain and source.
e Consider operation in the triode region, for which the channel must be continuous and thus
Veomust be greater than Vior, equivalently, Vos<(Ves - Vt). In this case the channel will have

the tapered shape shown in Fig.3.8.



e We know that in the MOSFET, the gate and the channel region form a parallel platecapacitor

for which the oxide layer serves as a dielectric. If the capacitance per unitgate area is denoted

Cox and the thickness of the oxide layer is {ox, then

£

N 3
Coe = 32 (3.2)

Where, Eoxis the permittivity of the silicon oxide,
£, = 398, ~3.9% 885410 ¥ =3.45x 107" F/m

The oxide thickness toxis determined by the process technology used to fabricate

theMOSFET.
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Fig.3.8: Derivation of the Ip — Voscharacteristic of the NMOS transistor.
e Consider the infinitesimal strip of the gate at distance x from the source.
e The capacitance of this strip is C.gox, W.dx.

e To find the charge stored on this infinitesimal strip of the gate capacitance, we multiply the

capacitance by the effective voltage between the gate and the channel at point x



e Where the effective voltage is the voltage that is responsible for inducing the channel at point
x and is thus [Ves- v(X) - Vt] where v(x) is the voltage in the channel at point x. It follows that
the electron charge dgin the infinitesimalportion of the channel at point x is

dg=- Cox (Wdx) [ Ves — v(x) - Vi] (3.3)
where, the leading negative sign accounts for the fact that dqgis a negative charge.

e The voltage Vps produces an electric field along the channel in the negative x direction.At

point Xthis field can be expressed as

Ef.r} = _M

dx
The electric field E(x) causes the electron charge dqto drift toward the drain with a velocity,
dx/dt
dx ;
_— = " —_ i.-' .
a T HEC) = g, 8 (34)

£
Where, unis the mobility of electrons in the channel (called surface mobility).It is a
physicalparameter whose value depends on the fabrication process technology.

e The resulting drift current i can be obtained as follows:

j:@
dt

- dqdx
i di

e Substituting for the charge-per-unit-length dg/dx from Eqg. (3.3), and for the electron drift

Velocity, dx/dtfrom Eq. (3.4), results in

e =~ C, Wlogs— w(x) = V;]d_;ﬂ
x

At a particular point in the channel, the current i must be constant at all points along the

channel. Thus,i must be equal to the source-to-drain current.

o = = oW~ i) - v,19202)
X



which can be rearranged in the form

ipdx = ﬂ,.f:,,_ria'-"lum -V, —uixn doix)
Integrating both sides of this equation from x = 0 to x = L and, correspondingly, for v(0) = Oto

v(L) = Vps,

L. M
Jy s = [ I C WLty -V, = i et
gives

. W
_ w L , | 2z
I = (U,C -;.J( 7 )[{ Ues = Vg — ET-’:}:;] (3.3)

This is the expression for the Ip-Vpscharacteristic in the triode region.
¢ The value of the current at the edge of the triode region or, equivalently, at the beginning of

the saturation region can be obtained bysubstituting Vps = (Ves - Vt) resulting in
f:, = :1.1#,(,];% :[ g — er]: (36)

This is the expression for the Ip-Vbscharacteristic in the saturation region.

e It givesthe saturation value of Ipcorresponding to the given Ves(we know that in saturation
Ioremains constant for a given Vesas Vosis varied).

e In the expressions in Egs. (3.5) and (3.6), unCoxis a constant determined bythe process
technology used to fabricate the n-channel MOSFET. It is known as the process
transconductance parameter.

e It determines the value of the MOSFET transconductance, is denoted kn', and has the
dimensions of A/V2:

Kn” = UnCox (3.7)

e The Ip-Vpsexpressions in Egs. (3.5) and (3.6) can be written in terms of kn' asfollows:



ip= -t,_'—[- Vs = V )Ups — = Ups (Triode region

ip==k,=(ugs=V,) (Saluration region)

Where (UnCox) and kn 'can be interchangeable.

e From Egs. (3.5) and (3.6) we can see that the drain current is proportional to the ratio of the
channel width W to the channel length L, known as the aspect ratio of the MOSFET.
Thevalues of W and L can be selected by the circuit designer to obtain the desired i-v

characteristics.

3.1.7 The p-Channel MOSFET
e A p-channel enhancement-type MOSFET (PMOS transistor), fabricated on an n-type
substratewith p*regions for the drain and source, has holes as charge carriers.

e The device operates in the same manner as the n-channel device except that Vesand Vps are

negative and thethreshold voltage Viis negative. Also, the current Ipenters the source terminal

and leavesthrough the drain terminal.

e PMOS technology originally dominated MOS manufacturing. Because NMOSdevices can be
made smaller and thus operate faster, and because NMOS historically requiredlower supply
voltages than PMOS, NMOS technology has virtually replaced PMOS.

e PMOS transistor is most familiar for two reasons: a) PMOS devicesare still available for
discrete-circuit design, and b) both PMOS and NMOStransistors are utilized in
complementary MOS or CMOScircuits, which is currently thedominant MOS technology.

3.2  Current — Voltage characteristics
These characteristics can be measured at dc or at low frequencies and thus are called static

characteristics.

3.2.1 Circuit Symbol
¢ Figure 3.10(a) shows the circuit symbol for the n-channel enhancement-type MOSFET. The
spacing between the two vertical lines that represent the gate and the channel indicates the
fact that the gate electrode is insulated from the body of the device.The polarity of the p -

type substrate (body) and the n channel is indicated by the arrowhead on the line representing



the body (B). This arrowhead also indicates the polarity of the transistor, namely, that it is an

n-channel device.

e In Fig. 3.10(b), an arrowhead is placed on the source terminal, thus distinguishing it from
the drain terminal. The arrowhead points in the normal direction of current flow and thus
indicates the polarity of the device (i.e., n channel). Observe that in the modified symbol,
there is no need to show the arrowhead on the body line.

e The circuit symbol ofFig. 3.10(b) clearly distinguishes the source from the drain, in practice
it is the polarity ofthe voltage impressed across the device that determines source and drain;
the drain is alwayspositive relative to the source in an n-channel FET.

e In applications where the source is connected to the body of the device, a further
simplificationof the circuit symbol is possible, as indicated in Fig. 3.10(c).
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Fig.3.10: (a) Circuit symbol for the w-channel enhancement-type MOSFET. (b) Modified
circuit symbol with an arrowhead on the source terminal to distinguish it from the drain
and to indicate device polarity (i.e., n channel), (c) Simplified circuit symbol to be used
when the source is connected to the body or when the effect of the body on device operation

is unimportant.

3.2.2 The ip-Vpscharacteristics

Figure 3.11(a) shows an n-channel enhancement-type MOSFET with voltages Vesand Vpsapplied
and with the normal directions of current flow indicated. This circuit canbe used to measure the

Io- Vpscharacteristics, which are a family of curves, each measuredat a constant Vas.We



expecteach of the Ip- Vpscurves to have the shape shown in Fig. 3.6. From Fig. 3.11(b), which

shows a typical set of ip- Vpscharacteristics.

The characteristic curves in Fig. 3.11(b) indicate that there are three distinct regions ofoperation:
a) the cutoff region — FET can be used as an OFF switch
b) the triode region - FET can be used as an ON switch

c) the saturation region - FET can be used as an amplifier
e The device is cut off when Vgs<Vi.To operate the MOSFETiIn the triode region we must first
induce a channel,

Ves>Vt (Induced channel) (3.8)

and then keep Vps small enough so that the channel remains continuous. This is achieved

byensuring that the gate-to-drain voltage is

Vep>Vit (Continuous channel) (3.9
This condition can be stated explicitly in terms of Vps by writing
Veo= Ves+ Vsp = Ves- Vs

thus, (Ves- Vps) >Vt
which can be rearranged to obtain
Vps< (Vas- Vi) (continuous channel) (3.10)
e Either Eq. (3.9) or Eq. (3.10) can be used to obtain triode-region operation. In words, then-

channel enhancement-type MOSFET operates in the triode region when Vs is greater than V¢
and the drain voltage is lower than the gate voltage by at least Vt volts.

« In the triode region, the Ip- Vpscharacteristics can be described by the relationship of Eq. (3.5),

which we repeat here,

i

o = F— 3 i I 2 7
in =Ky A (Zgs ~ V Jugg — i?”k (3.11)

-



Where, HnCox=kn" is called the process transconductance parameter; its value is determined

bythe fabrication technology.

o If Vpsis sufficiently small so that we can neglect the Vps?term in Eq. (3.11), we obtain for the

Io- Vpscharacteristics near the origin the relationship

iy = k;%'[v“— V. )1, (3.12)

This linear relationship represents the operation of the MOS transistor as a linear
resistance, oswhose value is controlled by Ves. Specifically, for Vgsset to a value Ves, I'psis
given by

-1

Thg W
Fos= _.D_j]um small = [k.l‘r 'EE Vis— Vpﬂ (3.13)
i L i

“as= Vs

The I'pscan be expressed in terms of the gate-to-source overdrive voltage,

Vov = Ves - Vt (3.14)

TLAYR
e = 1/ (v, 615

Eqg. (3.12)is based on the assumption that Vps< 2Vov.
To operate the MOSFET in the saturation region, a channel must be induced,

ves =V, (Induced channel) (3.16)
and pinched off at the drain end by raising Vpsto a value that results in the gate-to-drainvoltage
falling below V4,

v-p =V, (Pinched-off channel) (3.17)
This condition can be expressed explicitly in terms of Vpsas

vpy = tUgs — ¥V, (Pinched-off channel) (3.18)

In words, the n-channel enhancement-type MOSFET operates in the saturation region when



Vs is greater than Vi, and the drain voltage does not fall below the gate voltage by more

thanVt volts.
e The boundary between the triode region and the saturation region is characterized by

Uns = Uas— ¥, (Boundary) (3.19)

Substituting this value of Vpsinto Eq. (3.11) gives the saturation value of the current Ipas

K (05 = V.Y (3.20)

Il |

ip=

e Thus in saturation the MOSFET provides a drain current whose value is independent of
thedrain voltage Vpsand is determined by the gate voltage Vgsaccording to the square-law
relationshipin Eq. (3.20), a sketch of which is shown in Fig. 3.12.

e Since the drain currentis independent of the drain voltage, the saturated MOSFET behaves as
an ideal currentsource whose value is controlled by Vgsaccording to the nonlinear

relationship in Eq. (3.20).
e Figure 3.13 shows a circuit representation of this view of MOSFET operation in the saturation

region. This is a large-signal equivalent-circuit model.

e Since Vs = Vs - Vit , either in triode region or in saturation region drain current is given by

[—

|.I'L=P'I :
—_ Ty 7
ki T Vs (3.21)

Tk |
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Fig.3.11: The Io- Vbs characteristic for an enhancement type NMOS transistor in
saturation.
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Fig. 3.12: Large-signal equivalent-circuit model of an n-channel MOSFET operating in the
saturation region.

Voltage § T
Ii
Overdrive “
voltage Saturation
+—3—D

Throshold T Triode

v i
T

Fig. 3.13: The relative levels of theterminal voltages of the enhancement NMOStransistor
for operation in the triode region andin the saturation region.



3.2.3 Finite Output Resistance in Saturation

e Equation (3.12) and the corresponding large-signal equivalent circuit in Fig. 3.13 indicatethat

in saturation, Ipis independent of Vps.

e Thus a change AVpsin the drain-to-source voltagecauses a zero change in Ip, which implies
that the incremental resistance looking intothe drain o f a saturated MOSFET is infinite.

¢ Once the channel is pinched off at the drain end, further increases in Vpshave noeffect on the
channel's shape.

e But in practice as Vpsis increased, the channel pinch-off point is moved slightlyaway from
the drain, toward the source. This is illustrated in Fig. 3.15, from which we can observe that
the voltage across the channel remains constant at Vs -Vi= Vps(sat)and the additionalvoltage

applied to the drain appears as a voltage drop across the narrow depletion regionbetween the
end of the channel and the drain region.

e This voltage accelerates the electronsthat reach the drain end of the channel and sweeps them
across the depletion region into thedrain. That (with depletion—Ilayer widening) the channel
length is in effectreduced, from L to L — AL,a phenomenon known as channel-length

modulation.

e Since Ipis inversely proportional to the channel length (Eq. 3.20), Ipincreases with Vs,

Source ':'; 5»@ SR i

=t T = Tiria
Ay [

i
[

o
i

Fig.3.14:Increasing Vpsbeyond Vps (sat) causes the channel pinch-off point to move slightly

away from the drain, thus reducing the effective channel length (by AL).

e To account for the dependence of Ioon Vosin saturation, we replace L in Eq. (3.20) with



L - AL to obtain

. 1 W
:p=i-|{. 1AL {TGS' V}
L, W l ?
—op¥ L vy
-2 Ll_{_ﬁLKL}{tﬁ:’ Vr]
21 W AL
= ik I( +T)[”GS‘V£}2

Assuming that (AL/L) << 1 and ALis proportional to Vps, AL = A Vs

where, ) is a process-technology parameter with the dimensions of um/V, we get
; 1,.W AL 2
In = Ek (l + E*‘m](”ﬂa vy
lf
A==
L

It follows that A is a process-technology parameter with the dimensions of V " and that, fora

given process;A is inversely proportional to the length selected for the channel. In termsof A,

the expression for Ip becomes

: |
ip= EIC }-I:' -V ]1J+,H o} (3.22)

A typical set of Ip-Vpscharacteristics showing the effect of channel-length modulation

isdisplayed in Fig. 3.16.

e The observed linear dependence of Ipon Vpsin the saturation region is represented in Eq.
(3.22) by the factor (1 + 1 Vps).

e From Fig. 3.16 we observe that when the straight-line Ip-Vps characteristics are

extrapolated they intercept the Vps -axis at the point Vps = -Va, Where Vais a positive
voltage.

e Equation (3.22), however, indicates that Ip = 0 at Vps = - 1/ A. It follows that Va= 1/ 4

Where, Va is a process-technology parameter with the dimensions of V/pm.
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Fig. 3.15: Effect of Vps on Ip in the saturation region. The MOSFET parameter Va depends

on the process technology and, for a given process, is proportional to the channel length L.

Equation (3.22) indicates that when channel-length modulation is taken into account,

the saturation values of ipdepend on Vps.

Thus, for a given Vs, a change AVpsyields a corresponding change Alpin the drain

current ip.

It follows that the output resistance of the current source representing Ipin saturation is no

longer infinite.Defining the output resistance I'c as

Tdip 7!

0 — I =
Lf-"T'_.';i_;:l,ru':l;:'llI

-

And using Eq. (3.22) results in

which can be written as

(3.23)

(3.24)



l
fo = il (3.25)

F, = = 3.26
e (326)

-

or equivalently

where, Ip is the drain current with-out channel-length modulation taken into account.

1,. W 2
‘rD:ikuI[v{r‘b-Vr}

Thus the output resistance is inversely proportional to the drain current.

e Fig. 3.16 shows the large-signal equivalent circuit model incorporating lo.

’"_""-.*’"‘* —0
Fig. 3.16: Large-signal equivalent circuit model of the n-channel MOSFET in

saturation, incorporating the output resistance Fo. The output resistance models the

linear dependence of Io on Vs and is given by Eq.(3.22)
3.2.4 Characteristics of the p-Channel MOSFET

e The circuit symbol for the p-channel enhancement-type MOSFET is shown in Fig. 3.17(a).
e Figure 3.17(b) shows a modified circuit symbol in which an arrowhead pointing in the

normaldirection of current flow is included on the source terminal.

e For the case where thesource is connected to the substrate, the simplified symbol of Fig.

3.17(c) is usually used.

e The voltage and current polarities for normal operation are indicated in Fig. 3.17(d).

Recallthat for the p-channel device the threshold voltage Vt is negative.
e To induce a channel weapply a gate voltage that is more negative than Vi,

Vs <Vi(Induced channel)  (or) equivalently Vs> IVl (3.27)



and apply a drain voltage that is more negative than the source voltage (i.e., Vbs is

negativeor, equivalently, Vsp is positive). The current ip flows out of the drain terminal, as

indicatedin the figure.

Go—l—»oB GO‘I—_—OB G i

()
Fig.3.17: (a) Circuit symbol for the p-channel enhancement-type MOSFET. (b) Modified

symbol with an arrowhead on the source lead, (c) Simplified circuit symbol for the case
where the source is connected to the body, (d) The MOSFET with voltages applied and the
directions of current flow indicated. Note that ves and vps are negative and ip flows out of

the drain terminal.

e To operate in the triode region Vps must satisfy
Vbs> (Ves -Vit)  (Continuous channel) (3.28)

i.e., the drain voltage must be higher than the gate voltage by at least | Vit |.

e The current Ip is given by the same equation as for NMOS, Eq. (3.11), except for replacing
K'n with K'p,
W . | =
= kio| (25— V.)vps = ivm} (3.29)

Where, Vps, Vs and Vare negative and the transconductance parameter K'pis given by



k,=u,C,, (3.30)

Where, [p is the mobility of holes in the induced p-channel. Typically, {p = 0.25 t0 0.5 Jn

andis process-technology dependent.

e To operate in saturation, Vps must satisfy the relationship
Vbs < (Ves- W) (Pinched-off channel) (3.31)
e The current ipis given by the same equation used for NMOS, Eq. (4.22), again with k'n
replaced with K'p,

iy = lj g;%{:-ﬁ_ VH(L + Avps) (3.32)

Where, Vs, Ves, A and Viare negative
e To turn a PMOS transistor on, the gate voltage has to be made lower than thatof the source

by at least | Vi| to operate in the triode region, the drain voltage has to exceed that of the

gate by at least | Vi|,otherwise, the PMOS operates in saturation.

e The chart in Fig. 3.18 provides a pictorial representation of these operatingconditions.
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Fig.3.18: The relative levels of the terminal voltages of the enhancement-type PMOS

transistor for operation in the triode region and in the saturation region.

3.2.5 The Role of the Substrate-The Body Effect



In many applications the source terminal is connected to the substrate (or body) terminal B,
which results in the p-n junction between the substrate and the induced channel (see Fig.
3.5)having a constant zero (cutoff) bias.

In such a case the substrate does not play any role in the circuit operation and its existence
can be ignored altogether.

In integrated circuits, however, the substrate is usually common to many MOS transistors.
In order to maintain the cutoff condition for all the substrate-to-channel junctions, the
substrate is usually connected to the most negative power supply in an NMOS circuit (the

mostpositive in a PMOS circuit).
The resulting reverse-bias voltage between source and body(Vsg in an n-channel device)

will have an effect on device operation.

To appreciate this fact, consider an NMOS transistor and let its substrate be made negative
relative to the source. The reverse bias voltage will widen the depletion region (refer to Fig.
3.2).

This in turnreduces the channel depth. To return the channel to its former state, Vgs has to
be increased.

The effect of Vsg on the channel can be most conveniently represented as a change in the
threshold voltage Vi Specifically, it has been shown that increasing the reverse

substratebias voltage Vsg results in an increase in Vt, according to the relationship

1"‘. = L'...:.-I- ;}'l__“_!'ljl’;-:l.._ - 1: "\llll.g_mf] (3_33}

Where,Viois the threshold voltage for Vsg= 0 and ®fis a physical parameter with (2f) =

0.6V, vis a fabrication-process parameter and is given by

v = 2N, E 3.34
y = (3.34)

Vb



Where, q is the electron charge and Na is doping concentration of p-type substrate and €ris
the relative permittivity of silicon (11.7 €0= 11.7 x 8.857x10** = 1.04 x 10*2F/cm). The
parameter Yhas the dimensions of VV = 0.4 V2,

For p-channel devices with Vsg replaced by the reverse bias of the substrate, Vss (or,
alternatively, replace Vsg by |Vsg| ) and note that is negative. Inevaluatingy, Na must be

replaced with Np, the doping concentration of the n well inwhich the PMOS is formed.

Forp-channel devices, 2@f= 0.75 V, and y is typically- 0.5V*2,
Equation (3.33) indicates that an incremental change in Vsg gives rise to an incremental

change in Vi, which in turn results in an incremental change in Ip even though Vs
mighthave been kept constant.
It follows that the body voltage controls ip; thus the body acts as another gate for the

MOSFET, a phenomenon known as the body effect. Here we note that the parameter v is

known as the body-effect parameter.

3.4 MOSFET as an amplifier and as a switch

The MOSFET is used in the design of amplifier circuits. When it is operated in the
saturation region, acts as a voltage-controlled current source: Changes in the gate-to-
source voltage, vesgives rise to changes in the drain currentip. Thus the saturated
MOSFET can be used as a transconductance amplifier.

Since for linear amplification ( in amplifiers whose output signal is linearly related to
their input signal) it is necessary to obtain linear amplification from a fundamentally
nonlinear device is dc biasing the MOSFET to operate at a certain appropriate Vgs and a
corresponding Ip and then superimposing the voltage signal to be amplified, vgs on the dc
bias voltage Ves. By keeping vgs a small value, the resulting change in drain current id can
be made proportional to vgs.

Large signal operation: From the voltage transfer characteristics it is observed the

region over which the transistor can be biased to operate as a small-signal amplifier as



well as the region where it can be operated as a switch. MOS switches find application in

both analog and digital circuits.
3.4.1 Large-signal operation- The transfer characteristics
e The basic structure of the most commonly used MOSFET amplifier, the common-source

(CS) circuit or grounded-source circuit is shown in fig. 3.24 (a).
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Fig. 3.24: (a) Basic structure of common-source amplifier, (b) Graphical construction to

determine the transfer characteristics of CS amplifier, (¢) Transfer characteristics showing

operation as an amplifier biased at point Q

The circuit is viewd as a two-port network, since the grounded source terminal is
common to both the input port, between gate and source, and the output port between
drain and source. The basic control action of MOSFET is that changes in vgsgive rise to
changes in ip, we are using a resistor Rp to obtain an output voltage vo,

Vo = Vbs =Vbp - Rpip (3.35)
In this way transconductance amplifier is converted into voltage amplifier.
Voltage transfer characteristics: These are the plots between the output voltage for
various values of input voltage. The transfer characteristics are obtained in two ways:

graphically and analytically.

3.4.2. Graphical derivation of the Transfer Characteristics

The operation of the common-source circuit is governed by the MOSFET’s ip-Vps
characteristics and by the relation between ip and vps imposed by connecting the drain to

the power supply Vpp via resistor Rp

vps = Vpp—Rpip (3.36)

or, equivalently,

} fole]

Ro

(3.37)

ip =

Lo
Figure 3.24 (b) shows the ip-vpscharacteristic curves superimposed on which is a straight
line representing the ip-vpsrelationship of Eqg. (3.37).

It is observed that the straight line intersects the vps-axis at Vpp and has a slope of -1/Rp.
Since Rp is load resistor of the amplifier. The straight line in the Fig. 3.24(b) is known as
the load line.

The graphical construction of Fig. 3.24(b) is used to determine vo (equal to vps) for each
given value of vi (ves = vl). For a given value of v;, we locate the corresponding ip-Vps

curve and find vO from the point of intersection of this curve with the load line.

1!;._.'- = .il_l_r. ".u



For vi> Vg, the transistor is driven deeper into the triode region. Because of the
characteristics curves in the triode region are bunched together, the output voltage
decreases slowly towards zero.

At a particular operating point C obtained for vi — Vpp, the corresponding output voltage
Voc will be very small. This point by point determination of the transfer characteristic
results in the transfer curve shown in Fig. 3.24(c).

It is observed three distinct segments, each corresponding to one of the three regions of
operation of MOSFET Q1

3.4.3 Operation as a switch

When the MOSFET is used as a switch, it is operated at the extreme points of the transfer
curve.

The device is turned off by keeping vi<Viresulting in operation some where on the
segment XA with vo —Vpp.

The switch is turned on by applying a voltage close to Vpp, resulting in operation close to
point C with vovery small (at C, vo=Voc)

The common source MOS circuit can be used as a logic inverter with the “low” voltage

level close to OV and the “hign” level close to Vpp.

3.4.4 Operation as a Linear Amplifier

To operate the MOSFET as an amplifier it should be in the saturation mode segment of
the transfer curve.

The device is biased at a point close to the middle of the curve; point Q is a good
example of an appropriate bias point. It is also called as quiescent point.

The voltage signal to be amplified vi is then superimposed on the dc voltage Vig as
shown in Fig.3.24(c)

The value of vi is sufficiently small to operate in linear segment of the transfer curve, the
resulting output voltage signal vowill be proportional to v; i.e., the amplifier will be very
nearly linear, and vo will have the same waveform as vi except it will be larger by a factor
equal to voltage gain (Ay) of the amplifier at Q. Where,

dugs|

A, = p - (33‘8)



e Thus the voltage gain is equal to the slope of the transfer curve at the bias point Q. It is
observed that the slope is negative, and thus the CS amplifier is inverting. This is also
shown in Fig. 3.24(c)
3.4.5 Analytical expression for the Transfer Characteristics
e The i-v relationships that describes the MOSFET operation in the three regions —
cutoff, saturation, and triode — can be easily used to derive analytical expressions for
the three segments of the transfer characteristics in Fig. 3.24(a).

The Cutoff-region segment, XA: Here, vi<Viand vo = Vpp

The Saturation-Region Segment, AQB: Here, vi>Vi, vo>Vv; -Vi. Neglecting the channel

length modulation and substituting for ip from

in = 201,Co 3 )= v

into
Uy = l-"r”}— RDI.’J
gives

1 W 2
vo = Vpp— ;HI}HnCm‘E{W = Vi) (3.39)

e Incremental voltage gain Ay at a bias point Q at which vi=Viq is,

dug |
@ |y-vig

1]

A,

Thus,
_ . W
A, = -—RI,Iu,.LME{ Vig=V,) (3.40)

e It is observed that the voltage gain is proportional to the values of Rp, the
transconductance parameter kn’ =unCox, the transistor aspect ratio W/L, and the
overdrive voltage at the bias point Vov = Vig - Vi

e Another expression for the voltage gain can be obtained by substituting vi = Vig in
Eq. (3.39), using Eq. (3.40), and substituting Vig — Vi= Vov. This results,

A = _2(Vpp- Vog) _ 2V

i
Vor Vor

(3.41)



Where, Vrp is the dc voltage drop across the drain resistor Rp;
i.e., Vro =Vobp — Voo
e The end point of the saturation region is characterized by
Voe = Vig -Vt (3.42)
e Thus, its coordinates can be determined by substituting vo= Vos and vi = Vig in Eq.
(3.39) and solving the resulting equation simultaneously with Eq. (3.42)
The Triode-Region Segment, BC:Here, vi>V; and vo<v; -Vi. Substituting for ip by the

triode-region expression

. W 1 a
!.I'.} = .nu.ll Cf.-'l Ill_{f"llr - VI] L i]’.?;}
-
into
Up = Vpp— Rpip
gives

-

. W 7
Vg = Vpp=— Rr}ﬂucml‘“ Uy = Vr}vf) - %'Urz;_j

e The portion of the segment for which vois small is given approximately by
vo = Vpp—Rpu, Cm%( U=V, )u,
which reduces to

N ]
% = Voo | 1+ Rott,Cou (0~ V) (3.43)

e We can use the expression for rps, the drain-to-source resistance near the origin of the
ip-vps plane (Eg. 3.13),

Fpg = lfr"{[,ﬂ” C',uz—if[ u -V, Jl]

e Together with Eq. (3.43) to obtain

"ps
rpst+Rp

vg = Vpp

(3.44)

e For small vo, the MOSFET operates as a resistancerps, which forms with Rp a voltage

divider across Vpp. Usually, ros<< Rp, and Eq. (3.44) reduces to



(3.45)
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UNIT - IV
BIPOLAR JUNCTION TRANSISTORS

Objectives: To familiarize with the structure and various characteristic parameters of

BJT & its functioning as a switch and amplifier.

Syllabus: Device structure and physical operation, Current-voltage characteristics,

BJT as an amplifier and as a switch.

Outcomes:
Students will be able to

e understand the physical structure and operation of BJT circuits.
e calculate BJT parameters from its characteristics.

e understand with the BJT behavior as a switch and amplifier.



4.1 Device structure and physical operation

4.1.1 Simplified structure and modes of operation

» The BJT consists of three semiconductor regions emitter region, base region,
collector region.

» There are two types of transistors
e PNP (collector-p type, emitter- p type, base -n type)
e NPN (collector-n type, emitter- n type, base- p type)

Metal
n-type ptype n-type 7 contact
Emitter Emitter Base Collector - L
'”“_m' 1'e 2o region region Col I"? to
(E} - . = (Cy
s
£
Eimi ther—base Collector—base
junetion - junction
(EBJ) Baze (CBI)
(B}
(a)
Metal —,
contact
[ n [
Ee Emitter Base Collector C
rEgion region Ie2ion
]
) 3
B

Fig. 4.1: A simplified structure of (a) the npn transistor; (b) the pnp transistor

» The transistor can be operated in three regions depending on the bias condition

» The active mode is forward active mode which is used as an amplifier.

> The cut off and saturation mode are called reverse active (or inverse active) used
for switching purpose.

Table 4.1: BJT modes of operation



Mode EBJ CBIJ

Cutoff Reverse Reverse
Active Forward Revemse
Satumtion Forward Forward

4.1.2 Operation of the npn transistor in active mode

Forward -biased Reverse-hiased

n \‘i.‘ p / n

i i T -
Injected holes|(ig, TR i
‘ : electrons (iga,
i
° | o vy
B{ | .
— | e —[I——=
VH.’: Vf'ﬂ'

Fig. 4.2: Current flow in an npn transistor biased to operate in the active mode

» In active mode operation the emitter to base junction is made forward biased and
collector to base junction is reverse biased.

» The current is mainly due to diffusion current components and the drift of
minority charge carrier currents are neglected. The current that flows across the
emitter — base junction will constitute the emitter current ig. The direction of ig is
out of the emitter lead, which is in the direction of hole current and opposite to the
direction of the electron current .the emitter current is mostly dominated by the
hole current since electrons are large in number.

» Let us consider the electrons injected from the emitter to base since the base is
very thin, the electron concentration will be highest at the emitter side and lowest
at collector side as in the case of any forward biased pn junction the concentration

np(0) will be proportional to

_ Ve Vr
n(0) = n,e

.. (4.1)



Where, npo is thermal equilibrium of minority electron concentration in base
region
Use is base to emitter voltage

Vr is thermal voltage (=25mv)

dn,(x)
I = AdgD, —t—
" };q " d_'f
n,(0)
= 4 'qDJi(_ )
. W e (4.2)
Where, Ag = cross-sectional area
Q = charge carriers
Dn = electron diffusion constant
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Fig. 4.3: Profiles of minority-carrier concentrations in the base and in the

emitter of an npn transistor operating in the active mode: vze> 0 and vcs = O.

» Some of the electrons diffusing from the base region will combine with holes,
which are majority carriers in base. As base is very thin the loss of electrons by
this diffusion is very small hence the minority charge carrier current can be very
small.

The collector current

» The diffusion electrons reach the collector base region. As the collector is more
positive than base the electrons get accumulates across the collector region, then

the collector current will be given as



. eV
f,:" = :;E?

where the saturation current / is given by
Jir:; = ."Tﬁqﬂnfh“].{‘l{;

. . ¥ . . . . . . . - .
Substituting n,, = n;/N,, where n, is the intrinsic carrier density and N, is the doping con-
centration in the base, we can express [, as

‘4ﬁqﬂnnf

Is = 25

e (4.9)

» Here the collector current ic does not depends on the collector to base voltage vcs.

» From the above equation the scaling current is inversely proportional to width of
the depletion region and directly proportional to the area of EB junction.

» Typically is in the range of 10-12 to 10-18 .the scaling current doubles for every 5
degree rise in temperature as it is a function of n; which is proportional to
temperature. The scaling current also varies with respect to area, where for same

use voltage the collector current varies for larger device to smaller device.

The Base Current
» The base current is composed of two components .the first current component is

due to holes injected from base to emitter region. It is given by

Pl = A;;\?ZZDJPHf e’ Vo
D=p .... (4.5)
Where Dy is diffusion constant
L, is diffusion length
Np is doping concentration
» The second component is due to the holes supplied by external circuit to replace
the holes lost by recombination process. It is given by the total charge to average

life time that a hole combine with electron denoted by 1.

Where,



iBQ = Qn/tb (4.6)

The minority carrier charge stored In the base region, Q. can be found by referring
Fig.4.4. Q. is represented by the area of the triangle under the straight-line

distribution in the base, thus
= Ay = 'En_,hii}‘.lﬁ-'
Substituting for ny(0) from Eq.(4.1) and replacing ny(0) by n;i?2 / Na gives

B AEan,-: Ygr Vo 47
Q.’I - E-NA € [: - :}

which can be substituted in Eq.(4.6) to obtain

. ]-lq- Wﬂ? R r""" s
iy = E E4 g BE T | (4.8)

'rh,lw A

Combining Eqgs.(4.5) and (4.8) and utilizing Eq.(4.4), we obtain for the total base

current is

(4.9)

Comparing Egs. (4.3) and (4.9), we see that ig can be expressed as a fraction of ic as

follows: is=ic /B (4.10)
. I B AW .
I, = (ﬁ]e ¥ ‘ @.11)

where (3 is given by

DN, W 1 ,
= (_H_*i._ 1 ) 4.12)
ﬂ /Dn Ix P+2Dilrn

» Where the beta is transistor constant varies from 50 to 200. For special case

diodes it will be 1000 and is called as common emitter current gain.

The emitter current



» The emitter current is given by the sum of base and collector current
ie = i+ (4.13)
Use of Egs. (4.10) and (4.13) gives

ip = BX1; (4.14)
p
ip = Bl ¥ (4.15)
B
Alternatively, we can express Eq. (4.14) in the form
ir = g (4.16)
where the constant a is related to § by
i = —i y
B+ 1 (4.17)
Thus the emitter current in Eq. (4.15) can be written
i = (Is/o)e™ " (4.18)

Finally, we can use Eq. (4.17) to express B in terms of a; that is,

_ ’
p= T-a (4.19)

Where, alpha is called common base current gain since it is very small. Typically alpha

is always less than 1.

Oplsy = Cplge = Iy (4.20)

D,
5 = gfa)




Fig. 4.4: Large signal equivalent circuit models of npn operating in forward

active mode
4.1.3 Structure of actual transistors
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Fig. 4.5: Cross-section of an npn BJT

4.1.4 The Ebers-Moll (EM) model

Fig. 4.6: Ebers-Moll model of npn transistor

» Eber proposed this compatible model to predict the operation of the BJT in all it’s

possible modes of operation. The collector and emitter currents can be given as

ip = ipg— Opipc (4.21)
ic = —ipct Gripg (4.22
ig = (1 —ap)ipg + (1= 0g)ipe (4.23)

Then we use the diode equation to express ipg and ipc as



[JB.E.I' 1’]-

iIDE = ITSE(E - ].} (424)

T Vy

ipe = Iscle -1) (4.25)

Substituting for ipe and ipc in Egs. (4.21), (4.22), and (4.23) and using the relationship
in

Eq. (4.20) yield the required expressions:

ip = [i*i)l:e"“”" ~1) Iy - 1) (4.26)
oty
i= I_EEVHE.-“V!-_ 1}_ [ﬁ)wrm—;w_ 1} ~
c = 45 Oy (4"‘?}
. Ig j vpe' Vr (Is N ume’ VT (4.28)
=[5 e -+ 2 (e -1
‘e (ﬁ} [ ﬁRJ
O :
Be = e (4.29)
_ O ;
Be = o, (4.30)

As a first application of the EM model is to use it to predict the terminal currents of
a transistor operating in the forward active mode. Here vge is positive and in the range
of 0.6 V to 0.8 V, and vgc is negative. One can easily see that terms containing evBC/VT

will be negligibly small and can be neglected to obtain

ip=( )™ a1~ 1) 431)
: ﬂ-’;.- II;.-

. vge' ¥y (1

ir=lge +!SL—-I) (4.32)

R

\ IS} vped Vi [ 1 1 J .
ig=|=le I =—+= (4.33)
# (ﬁ.r.'..-‘r g ,B,F JBH
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Fig.4.6: The ic-vce characteristic of an npn transistor fed with a constant emitter
current Iz. The transistor enters the saturation mode of operation for vcg < -0.4

V, and the collector current diminishes.

4.1.5 Operation in the saturation mode
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Fig. 4.7: Concentration profile of the minority carriers (electrons) in the base of

an npn transistor operating in the saturation mode.

» When ucg is lower than 0.4 V the transistor enters into saturation mode. Then
current equation from Ebers Moll model can be given by
Is

i = Foe™ T _ (_']e”””’f (4.34)
Up



>

The first term is a resultant current of Emitter base junction and the second term
is the resultant of forward bias of collector base junction. The second term plays

important role when vsc exceeds 0.4V.

4.1.6 The pnp transistor

>
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Fig. 4.8: Current flow in a pnp transistor biased to operate in the active

mode.

The pnp transistor usually works in active mode of operation. The voltage ves
causes p-type more potential than n-type which makes it forward bias (base-
emitter junction). The collector-base junction is reverse biased by the voltage vsc,

Unlike in pnp transistor the current is mainly due to holes in pnp transistor.

4.2 Current-Voltage Characteristics

4.2.1 Circuit symbols and conventions

>

>

>

>

The polarity of the device (pnp or npn) is indicated by the direction of the
arrowhead on the emitter.

The current flows from top to bottom and voltages are high at top and lower at
bottom.

An npn transistor whose EBJ is forward biased will operate in the active mode as
long as the collector voltage does not fall below that of the base by more than
approximately 0.4V.

The current denoted Icgo is the reverse current flowing from collector to base with

the emitter open-circuited.



Fig. 4.9: Voltage polarities and current flow in transistors biased in the active

mode

4.2.2 Graphical representation of Transistor characteristics

» The exponential relationship between the ic and vgge is as follows

. vps’Vr
ic = Ige

» The i.- Vge characteristics of a npn transistor are as follows:

UgE

Fig. 4.10: Effect of temperature on the icuvsr characteristic. At a constant

emitter current (broken line), vsr changes by -2 mV/°C.
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Fig. 4.11: The icvcs characteristics of an npn transistor

» For a pnp transistor, the characteristics will be identical with vgg replaced with vgs.

» The common base characteristics are the plots between ic and vcg for various
values of i is as follows

» Each of the characteristic curves intersect the vertical axis at the current level

equal to alg

. 1 FT—_
JL' = aFIE—Is'[D:—— ﬂ'.’;.-Jf sen T

R

(4.35)

4.2.3 Dependence of ic on the collector voltage: The Early effect

» At low values of uce as the collector voltage goes below that of the base by more
than 0.4V the collector base junction becomes forward biased and transistor
leaves active mode and enters saturation mode.

» The characteristic lines meet at a point on the negative vce axis, at vce=-Va. The
voltage Va is called Early voltage.

» At a given value of vgg, increasing vgc increases the reverse-bias voltage on the
collector-base junction and thus increases the width of the depletion region.

» This in turn results in a decrease in the effective base width W. This is the Early

effect.

Saturation

region
i A

Active
region ~

I

UBE

Ugp = """




Fig. 4.12: (a) Conceptual circuit for measuring the i—vcz characteristics of the

BJT. (b) The ic—vce characteristics of a practical BJT.

» The linear dependence of ic on vcg can be accounted for by assuming that I
remains constant and including the factor (1+Vce/Va) in the equation for ic as

follows

o g meVaf L Ugp y
ic = 1™ (1 h] (4.36)

The nonzero slope of the ic-Vcg straight lines indicates that the output

resistance looking into the collector is not infinite. Rather, it is finite and

defined by
dic :
Fo= LT- 4.37)
CE g = COMELENT
Using Eq. (4.36) we can show that
o= YatVer (4.38)
Ie

where Ic and Vcg are the coordinates of the point at which the BJT is operating
on the particular ic-vce curve (i.e., the curve obtained for vse = Vgg). Alternatively, we

can write

o= 7 (4.383)

where I'cis the value of the collector current with the Early effect neglected; that is,

I S
Vee/Vr

I = Ie (4.38b)



Fig. 4.13: Large-signal equivalent-circuit models of an npn BJT operating in the

active mode in the common-emitter configuration.

4.2.4 Common-Emitter Characteristics

» The base current ig rather than base-emitter voltage vee is used as parameter
here.

» B is the common emitter current gain, it is the ratio of total current in collector to
the total current in the base.

» The common emitter characteristics are shown below in Figure 4.14.
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| 5
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R
0 Vero ,T Uep
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Fig. 4.14: Common-emitter characteristics. Note that the horizontal scale is

expanded around the origin to show the saturation region in some detail.



» Consider a transistor operating in the active region at the point labeled Q in Fig.
4.21, that is, at a collector current Icg, a base current Igg, and a collector-
emitter voltage Vceg. The ratio of the collector current to the base current is the

large-signal or dc (3,

1
Pa=7 (4.39)
&g
> While keeping vce constant at the value Vcgg, changing ig from Igg to

iJBQ + AiB)
results in ic increasing from Ico to (Ico + Aic). Thus we can define the

incremental or ac 3,

Aiy: :
P = £ 440
Aig T pEOOIEIanL ( )
> The magnitudes of Bac and Bac differ, typically by approximately 10% to
20%.

The Saturation Voltage Vcesat and Saturation Resistance Rcesat

An expanded view of the common-emitter characteristics in the saturation
region is shown in Fig. 4.15. The fact that the curves are "bunched" together in the
saturation region implies that the incremental B is lower there than in the active

region.

A possible operating point in the saturation region is that labeled X. It is
characterized by a base current Iz, a collector current Ic sat , and a collector-
emitter voltage Vcesat.

A saturated transistor is said to be operating at a forced 3 given by

f..

ﬁ:ﬂ-ﬁ'&x' = L . (441:}
I“

Bineea < Br (+.42)

» The ratio of [Br to B forced] is known as the overdrive factor.
» The greater the overdrive factor, the deeper the transistor is driven into

saturation and the lower Vcg sat becomes.
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Fig.4.15: An expanded view of the common-emitter characteristics in the

saturation region.

» The ic-vce curves in saturation are rather steep, indicating that the saturated

transistor exhibits a low collector-to-emitter resistance Rcgsat,

Ry = a;%g i=ta (4.43)
C lic=l s
» The ic-vce characteristic curves of the saturated transistor shown in Fig. 4.16(a). It
is interesting to note that the curve intersects the vcr axis at Vr In (1/ag), a value
common to all the ic-vcr curves.
» We have also shown in Fig. 4.16 (b), the tangent at operating point X of slope

1/Rce sat. When extrapolated, the tangent intersects the Vcg-axis at a voltage

Vceoff, typically approximately 0.1 V.
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Fig.4.16: (a) An npn transistor operated in saturation mode with a constant
base current Ig. (b) The ic-vce characteristic curve corresponding to iz = Is.
The curve can be approximated by a straight line of slope 1/Rce sat (c)
Equivalent-Circuit representation of the saturated transistor, (d) A simplified

equivalent circuit model of the saturated transistor.

It follows that the ic-vcg characteristic of a saturated transistor can be

approximately represented by the equivalent circuit shown in Fig. 4.16(c). At the



collector side, the transistor is represented by a resistance Rcgsat in series with a
battery Vceoff. Typically, Vce sat falls in the range of 0.1 V to 0.3 V. Thus the

saturation voltage Vcr sat can be found from
Ve = Yerar tHewRerar (4.44)

The value of p depends on Ic an on temperature and it is plotted as follows:

ke (B)A
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Fig. 4.17: Typical dependence of B on I and on temperature in a modern

integrated-circuit npn silicon transistor intended for operation around 1 maA.

4.2.5 Transistor Breakdown

>

4.3

>

The ic-vce characteristics indicate that for Iz =0 , the collector-base junction
breaks down at a voltage denoted by BVCBO

These effects on characteristics are more complex in common-base configuration.
Vceo is referred as sustaining voltage.

The breakdown of CBJ in either modes is not destructive as long as the power
dissipation in the device is kept within safe limits.

The EBJ breaks down in an avalanche manner at a voltage BVgeo smaller than

BVcso.
The BJT as an amplifier and as a switch
The two major applications of BJT are signal amplifier, and as a digital-circuit

switch. The basis for the amplifier application is the fact that when the BJT is

operated in the active mode, it acts as a voltage-controlled current source.



b)

d)

Changes in the base-emitter voltage vee gives rise to changes in the collector
current ic. Thus in the active mode the BJT can be used to implement a trans-
conductance amplifier. Voltage amplification can be obtained simply by passing the
collector current through a resistance Rc.

Since the collector current ic is exponentially related to vee, we will bias the
transistor to operate at a dc base-emitter voltage Vger and a corresponding dc
collector current Ic.

Then superimpose the signal to be amplified, vbe, on the dc voltage Vge. By keeping
the amplitude of the signal vy, small, we will be able to constrain the transistor to
operate on a short, almost linear segment of the ic-vee characteristic. Thus, the
change in collector current, ic, will be linearly related to vbe.

From the transfer characteristic of the circuit, we will be able to see clearly the
region over which the circuit can be operated as a linear amplifier. We also will be

able to see how the BJT can be employed as a switch.

|
Cutoff —> Active l<———— Saturation ——>
| mode

Slope = A,

+0
| 0
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- A 1.0 1.5 v (V)

UBE Uy

Time
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Fig. 4.18: (a) Basic common-emitter amplitier circuit (b) Transter characteristic

of the circuit in (a). The amplifier is biased at a point Q, and a small voltage

signal v;is superimposed on the dc bias voltage Vzz. The resulting output signal

voappears superimposed on the dc collector voltage Vce. The amplitude of wvois

larger than that of v/by the voltage gain A,.



4.3.1 Amplifier Gain

» To operate the BJT as a linear amplifier, it must be biased at a point in the active
region. Figure 4.18 (b) shows such a bias point, labeled Q (for quiescent point),
and characterized by a dc base-emitter voltage Vzr and a dc collector-emitter

voltage Vcg. If the collector current at this value of Vggis denoted Ic , that is,

VE‘E AV T

Ir = Ise (445
then from the circuit in Fig. 4.18(a) we can write
Vee = Vee- Rele (4.406)

» If the signal to be amplified, v;is superimposed on Vgr and kept sufficiently small,
as indicated in Fig. 4.18(b), the instantaneous operating point will be constrained
to a relatively short, almost-linear segment of the transfer curve around the bias
point Q. The slope of this linear segment will be equal to the slope of the tangent
to the transfer curve at Q. This slope is the voltage gain of the amplifier for small-
input signals around Q.

» An expression for the small-signal gain Av can be found by differentiating the

expression in Eq. (5.2) and evaluating the derivative at point Q; that is, for vy = Vg,

4=t (4.47)

using Eq. (4.45), we can express Avin compact form:
1R v
AI = _.—t'—'C = — —E A
2 v, v, (4.48)
Where, Vgcis the dc voltage drop across Re,
Vre = Vee - Vee (4.49)
» Observe that the CE amplifier is inverting; that is, the output signal is 180° out of
phase relative to the input signal. The simple expression in Eq. (4.48) indicates
that the voltage gain of the common-emitter amplifier is the ratio of the dc voltage

drop across Rc¢to the thermal voltage Vr(= 25 mV at room temperature). It follows



that to maximize the voltage gain we should use as large a voltage drop across Rc
as possible.

» For a given value of V¢c, Eq. (4.49) indicates that to increase Vgc we have to
operate at a lower Vcgz. However, reference to Fig. 4.18 (b) shows that a lower Vce
means a bias point Q close to the end of the active region segment, which might
not leave sufficient room for the negative-output signal swing without the amplifier
entering the saturation region. If this happens, the negative peaks of the waveform
of vowill be flattened.

» It is the need to allow sufficient room for output signal swing that determines the
most effective placement of the bias point Q on the active-region segment, YZ, of
the transfer curve.

» Placing Q too high on this segment not only results in reduced gain (because Vrcis
lower) but could possibly limit the available range of positive signal swing. At the
positive end, the limitation is imposed by the BJT cutting off, in which event the
positive-output peaks would be clipped off at a level equal to VCC.

» Finally, it is useful to note that the theoretical maximum gain Avis obtained by
biasing the BJT at the edge of saturation, which of course would not leave any

room for negative signal swing. The resulting gain is given by

A" — _ VL'L" _, l“"II(.'I:'l,a:l (_15[])
"rr
15
A e % = (4.51)
T

» Although the gain can be increased by using a larger supply voltage, other
considerations come into play when determining an appropriate value for Vee. In
fact, the trend has been toward using lower and lower supply voltages, currently
approaching 1 V or so. At such low supply voltages, large gain values can be

obtained by replacing the resistance Rcwith a constant-current source.

4.3.2 Operation as a Switch
» To operate the BJT as a switch, we utilize the cutoff and the saturation modes of
operation. To illustrate, consider once more the common-emitter circuit shown in

Fig. 4.19 as the input vris varied.



» For viless than about 0.5 V, the transistor will be cut off; thus ig = O, ic= 0, and vc¢
= Vcc. In this state, node C is disconnected from ground; the switch is in the open
(OFF) position.

» To turn the transistor ON, we have to increase wvr above 0.5 V. In fact, for
appreciable

currents to flow, vsg should be about 0.7 V and wvr should be higher. The base

current will be

; v = Ve

fp = —re——— A 87

I3 R, (452
and the collector current will be ic=B1is (4.53)

which applies only when the device is in the active mode. This will be the case as
long as the CBJ is not forward biased, that is, as long as vc>vs - 0.4 V, where ve
is given by

vc =Vce - ic Re (4.54)

Fig. 4.19: A simple circuit used to illustrate the different modes of
operation of the BJT.

» As wvris increased, iz will increase (Eq. 4.52), ic will correspondingly increase (Eq.

4.53), and vc will decrease (Eq.4.54). Eventually, vc will become lower than vg by

0.4 V, at which point the transistor leaves the active region and enters the

saturation region. This edge-of-saturation (EOS) point is defined by

Vee—03 55
R

! C{EQS) =

Where, assume that Vggis approximately 0.7 V, and



I
IE(EOS] = CEEDSJ (4.56)

The corresponding value of v; required to drive the transistor to the edge-of-

saturation canbe found from
Vicos) = TueosRu+ Var (4.57)

Increasing vrabove v{EOS) increases the base current, which drives the transistor
deeper into saturation. The collector-to-emitter voltage, however, decreases only
slightly. As a reasonable approximation, we shall assume that for a saturated
transistor, Vce (sat) is approximately equal to 0.2 V. The collector current then

remains nearly constant at Ic (sat),
Vo = —=5——=¢ (4.58)

Forcing more current into the base has very little effect on Ic (sat) and V¢ (sat). In
this state the switch is closed (ON), with a low closure resistance Rcg (sat) and a
small offset voltage Vck off.

Finally, in saturation one can force the transistor to operate at any desired 3 below
the normal value; that is, the ratio of the collector current Ic (sat) to the base

current can be set at will and is therefore called the forced £,

Brosced = Tt (4.59)
Iy

The ratio of Izto Iz (EOS) is known as the overdrive factor.



UNIT -5
Biasing of MOSFET and BJT

Syllabus: Biasing of BJTs - operating point, fixed-bias circuit, emitter-stabilized bias circuit,
voltage-divider bias, dc bias with voltage feedback, bias stabilization, design of voltage-divider
bias circuit from bias stability considerations, Biasing of E-MOSFETs : Drain-feedback
configuration, E-MOSFET voltage - divider configuration.

5.1 INTRODUCTION

>

>

>

Too often it is assumed that the transistor is a magical device that can raise the level of
the applied ac input without the assistance of an external energy source. In actuality, the
improved output ac power level is the result of a transfer of energy from the applied dc
supplies.

The analysis or design of any electronic amplifier therefore has two components: the dc
portion and the ac portion.

Although a number of networks are analyzed but there is a similarity between the
analysis of each configuration due to the recurring use of the following important basic
relationships for a transistor:
Vee=0.7V
le=(1+p)Is+ Ic
Ic=BIs

Need for Biasing

>

The process of giving proper supply voltages and resistances for obtaining the desired Q-
Point is called Biasing. The circuits used for getting the desired and proper operating
point are known as biasing circuits.

To establish the operating point in the active region biasing is required for transistors to
be used as an amplifier.

For analog circuit operation, the Q-point is placed so the transistor stays in active mode
(does not shift to operation in the saturation region or cut-off region) when input is
applied.

For digital operation, the Q-point is placed so the transistor does the contrary - switches
from "on" to "off" state.

Q-point is established near the center of active region of transistor characteristic to allow
similar signal swings in positive and negative directions.



» Q-point should be stable. In particular, it should be insensitive to variations in transistor
parameters (for example, should not shift if transistor is replaced by another of the same
type), variations in temperature, variations in power supply voltage.

5.2 OPERATING POINT

> In order to produce distortion free output in amplifier circuits, the supply voltages and
resistances establish a set of dc voltage Vceq and Icq to operate the transistor in the active
region.

» These voltages and currents are called quiescent values which determine the operating
point or Q-point for the transistor.

» DC biasing is used to establish proper values of Ic and Vce called the DC operating point
or quiescent point or Q-point.

Ic 4
Voo P 1
«Q
Iog (e Isq
O VeEQ Voo Ve

Fig.5.1: Load line analysis

» Since the operating point is a fixed point on the characteristics, it is also called the
quiescent point (abbreviated Q-point) (quiescent means quiet, still, inactive)

> Figure 5.2 shows a general output device characteristic with four operating points
indicated.

80 pA

Tee (V)




» The maximum ratings are indicated on the characteristics of Fig. 5.2 by a horizontal line
for the maximum collector current Icmax and a vertical line at the maximum collector-to-
emitter voltage Vcemax. The maximum power constraint is defined by the curve Pcmax in
the same figure.

» The BJT device could be biased to operate outside these maximum limits, but the result
of such operation would be either a considerable shortening of the lifetime of the device
or destruction of the device.

> If no bias were used, the device would initially be completely off, resulting in a Q-point

at A—namely, zero current through the device (and zero voltage across it).

» For point B, if a signal is applied to the circuit, the device will vary in current and
voltage from operating point, allowing the device to react to (and possibly amplify) both
the positive and negative excursions of the input signal.

» Point C would allow some positive and negative variation of the output signal, but the
peak to-peak value would be limited by the proximity of Vce =0v/lc = 0 mA.

» Point D sets the device operating point near the maximum voltage and power level. The
output voltage swing in the positive direction is thus limited if the maximum voltage is
not to be exceeded.

» Key point: Point B (as shown in Fig. 5.2) therefore seems the best operating point in
terms of linear gain (constant) and largest possible voltage and current swing.

» Having selected and biased the BJT at a desired operating point, Temperature causes the
device parameters such as the transistor current gain (Pac) and the transistor leakage
current (Iceo) may change, thereby changing the operating condition set by the biasing
network.

» Therefore the biasing network design must also provide a degree of temperature stability
so that temperature changes result in minimum changes in the operating point.

» This maintenance of the operating point can be specified by a stability factor, S, which
indicates the degree of change in operating point due to a temperature variation.

» Operation in the cutoff, saturation, and linear regions of the BJT characteristic are
provided as follows:

1. Linear-region operation:

a) . The base—emitter junction must be forward-biased (p-region voltage more
positive),with a resulting forward-bias voltage of about 0.6 to 0.7 V.

b) The base—collector junction must be reverse-biased (n-region more positive), with
the reverse-bias voltage being any value within the maximum limits of the device.

Cutoff-region operation: Base—emitter junction reverse biased

3. Saturation-region operation:
Base—emitter junction forward biased and Base—collector junction forward biased.

N

5.3 FIXED-BIAS CIRCUIT
» The fixed-bias technique relatively straight forward and simple for dc bias analysis. Fixed
bias circuit is shown in Fig: 5.3
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Fig.5.3: Fixed bias circuit
For the dc analysis the network can be isolated from the indicated ac levels by replacing
the capacitors with an open circuit equivalent and the dc supply Vcc can be separated into
two supplies (for analysis purposes only) as shown in Fig. 5.4 to permit a separation of
input and output circuits.

a b . |

Fig.5.4: D.C equivalent of Fixed bias circuit
Forward Bias of Base—-Emitter : Consider first the base—emitter circuit loop of Fig. 5.5.
Writing Kirchhoff’s voltage equation in the clockwise direction for the loop.
we obtain
Vee _IBRe _Vee=0
Note the polarity of the voltage drop across Rg as established by the indicated direction
of Ig. Solving the equation for the current Ig will result in the following:
7. = Yec = Vbe
=
Rg
The voltage across Rg is the applied voltage Vcc at one end less the drop across the base-
to-emitter junction (Vge).
Since the supply voltage Vcc and the base—emitter voltage Vge are constants, the selection
of a base resistor, Rg, sets the level of base current for the operating point.
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Fig.5.5:Base emitter loop
» Collector-Emitter Loop: The collector—emitter section of the network appears in Fig.
5.6 with the indicated direction of current Ic and the resulting polarity across Rc.
» The magnitude of the collector current is related directly to Ig through
Ic=PIs

:
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Fig.5.6: Collector emitter loop
> Note: Since the base current is controlled by the level of Rs and Ic is related to Ig by a
constant B, the magnitude of Ic is not a function of the resistance Rc. However, as we
shall see, the level of Rc will determine the magnitude of Vce, which is an important
parameter.
» Applying Kirchhoff’s voltage law in the clockwise direction around the indicated closed
loop of Fig. 5.6 will result in , Vce -IcRc —Vcc= 0

Vce =Vce- IcRe
» But in this case, since Ve =0 V, we have
Vce = Vc
» In addition, since Vee = Ve - Veand VE =0V, then
VBe = VB

» Transistor Saturation :Saturation conditions are normally avoided because the base—
collector junction is no longer reverse-biased and the output amplified signal will be
distorted.



» An operating point in the saturation region is depicted in Fig. 5.7.
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Fig.5.7:Saturation region

> Note that it is in a region where the characteristic curves join and the collector-to-emitter
voltage is at or below Vcesat. In addition, the collector current is relatively high on the
characteristics and the voltage Vce is assumed to be zero volts.

> If there were an immediate need to know the approximate maximum collector current
(saturation level) for a particular design, simply insert a short-circuit equivalent between
collector and emitter of the transistor shown in fig 5.8 and calculate the resulting
collector current. In short, set Vce =0 V.
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Fig.5.8:Determine ICsat
» The resulting saturation current for the fixed-bias configuration is

—eeeeee i |7 e

Fig.5.9: Determining Icsat for fixed bias circuit



Once Icsat is known, we have some idea of the maximum possible collector current
for the chosen design and the level to stay below if we expect linear amplification.
Load-Line Analysis :We will now investigate how the network parameters define the
possible range of Q-points and how the actual Q-point is determined.
The network of Fig. 5.10 establishes an output equation that relates the variables IC and
VCE in the following manner:

Vce =Vee - IcRe

The output characteristics of the transistor also relate the same two variables Ic and
Vce shown in Fig. 5.10
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Fig.5.10: Fixed bias circuit and output characteristics
If we now choose Vce to be 0 V, which establishes the vertical axis as the line on which
the second point will be defined, we find that Ic is determined by the following equation:
0 =Vcc _IcRc
And
.ETC = %

ClFa=0v .. (5.1)
If we choose Ic to be 0 mA, we are specifying the horizontal axis as the line on which one
point is located. We can find that

Vce =Vee _ (0)Rc
and

Vee=Vecuooviiiieeaeenn(3.2)

By joining the two points defined by Egs. (5.1) and (5.2), the straight line established.

The resulting line on the graph of Fig. 5.10 is called the load line since it is defined by
the load resistor Rc.

By solving for the resulting level of Ig, the actual Q-point can be established as shown in
Fig. 5.11
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Fig.5.11: Fixed bias load line
> If the level of Ig is changed by varying the value of Rg the Q-point moves up or down the

load line as shown in Fig. 5.12.

Fig.5.12: Movement of Q-point with increasing levels of Ig

» If Vcc is held fixed and Rc changed, the load line will shift as shown in Fig. 5.13. If Ig is
held fixed, the Q-point will move as shown in the same figure.
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Fig.5.13: Effect of increasing levels of Rc on the load line and Q-point
» If Rcis fixed and Vcc varied, the load line shifts as shown in Fig. 5.14.

v I Vees Vers, ‘;‘n'; Ver
Fig.5.14: Effect of lower values of Vcc on the load line and Q-point

5.4 EMITTER-STABILIZED BIAS CIRCUIT

» The dc bias network of Fig. 5.15 contains an emitter resistor to improve the stability
level over that of the fixed-bias configuration.
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Fig.5.15: BJT bias circuit with emitter resistor.
» The analysis will be performed by first examining the base—emitter loop and then using
the results to investigate the collector—emitter loop.
» Base-Emitter Loop: The base—emitter loop of the network of Fig. 5.15 can be redrawn
as shown in Fig. 5.16.
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Fig.5.16: Base—emitter loop
» Writing Kirchhoff’s voltage law around the indicated loop in the clockwise direction will
result in the following equation:
VCC _IsRs_Vee _IERE=0........... (5.3)
le=(1+p)ls
Substituting for Ie in Eq. (4.3) will result in
Vee _ 1sRe _ Vee _ (/+p)IsRE=0
Grouping terms will then provide the following:
-1g(Re + (/+p)REe) +Vcec _ Vee=0
Multiplying through by (1+p) we have
Ie(Re + (I+8)Re) _ Vcc +Vee=0




with
Is(Re + (/+S)Re) = Vec _ Vee
and solving for Ig gives

I = Vee — Vae
R+ (B + DERg
Note that the only difference between this equation for Ig and that obtained for the
fixed-bias configuration is the term (1+p)RE.
Note that aside from the base-to-emitter voltage Vg, the resistor Re is reflected
back to the input base circuit by a factor (1+f).
Ri=(1+B)Re
Collector-Emitter Loop : The collector—emitter loop is redrawn in Fig. 5.17
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Fig.5.17: Collector—emitter loop
Writing Kirchhoff’s voltage law for the indicated loop in the clockwise direction

will result in

IeERe +Vce+ IcRc _ Vec=0
Substituting e =lc and grouping terms gives

Vce - Vee- Ic(Re+ Re) = 0

Vce =Vce - Ic(Re + Rg)
The single-subscript voltage Ve is the voltage from emitter to ground and
determined by Ve = IeRe
while the voltage from collector to ground can be determined from
Vce = Ve - Veand Ve= Ve + Ve or VC=Vce+IcRe
The voltage at the base with respect to ground can be determined from
Ve= Vcc - IsRg Or Vg = Vee - VE )

The addition of the emitter resistor to the dc bias of the BJT provides improved
stability, that is, the dc bias currents and voltages remain closer to where they
were set by the circuit when outside conditions, such as temperature, and
transistor beta, change.



» Saturation Level : The collector saturation level or maximum collector current
for an emitter-bias design can be determined: By apply a short circuit between the
collector—emitter terminals as shown in Fig.5.18 and calculate the resulting
collector current.

Vee
I, = —<C

1Yo

Fig.5.18: Determining Icsat for the emitter-stabilized bias circuit.
» Load-Line Analysis: The collector—emitter loop equation that defines the load line is the
following:
Vce =Vce - Ic(Re + Rg)
» Choosing Ic=0 mA gives

Vce= Vcce at 1c=0 mA

N

Fig.5.19: Load line for the emitter-bias configuration
> Different levels of Igg will, of course, move the Q-point up or down the load line can
observe in Fig 5.19.



5.5 SELF-BIAS OR VOLTAGE DIVIDER BIAS

»  The voltage divider is formed using external resistors R; and R2. The voltage across Rz
forward biases the emitter junction.

» By proper selection of resistors R: and Rz, the operating point of the transistor can be
made independent of .

» In this circuit, the voltage divider holds the base voltage fixed independent of base
current provided the divider current is large compared to the base current.

»  Required base bias is obtained from the power supply through potential divider R1& Ra.

» In this circuit voltage across reverse biases base emitter junction increases, voltage across
Re increases causing base current to diverse which compensate the increase in collector

current. This circuit can be used with low collector resistance.
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Fig.5.20: Circuit diagram of self-bias or voltage divider bias
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» The resistors Riand Rz are in parallel. So, Re= R1// Rz. i.e. Rg=

» According to thevenin’s theorem voltage across Rois given by V1=

» So, the self-bias circuit can be modified according to Thevinin’s equivalent circuit is

Thevenin voltage (V) in series with Resistance Reg.



Fig.5.21: Thevenin’s equivalent circuit diagram
> Apply loop equation for base circuit: V1= IsRg+Vee+IeRE
> Total current Ie=Ig+lc. Substitute Ie in above equation, then it becomes
Ie=V1-Vee/(Re+(1+B) RE)

» Once Ig is known, the remaining quantities of the network Ve, Vc, and Vg can be found in
the same manner as developed for the emitter-bias configuration. That is,
Vce =Vce - Ic(Re + Rg)

Approximate Analysis :
> The resistance R; is the equivalent resistance between base and ground for the transistor
with an emitter resistor Re.
> If Ri is much larger than the resistance R, the current Ig will be much smaller than 1.
(current always seeks the path of least resistance) and I> will be approximately equal to 1.
> If we accept the approximation that Ig is essentially zero amperes compared to Iy or I,
then I1 &I> and R1 and Rz can be considered series elements.
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Fig.5.22: Partial-bias circuit for calculating the approximate base voltage Vs.



» Since Ri=(1+B)Re=Re the condition that will define whether the approximate approach
can be applied will be the following:
Re>> 10R2
» In other words, if B times the value of Rg is at least 10 times the value of R, the
approximate approach can be applied with a high degree of accuracy.

» Saturation Level : The collector saturation level or maximum collector current for a self
bias design can be determined by

Ic, = _Fec

» Load-Line Analysis: The collector—emitter loop equation that defines the load line is the
following:
Vce =Vce - Ic(Re + Rg)
» Choosing Ic=0 mA gives

Vce= Vce at Ic=0 mA

N

Fig.5.23: Load line for the emitter-bias configuration
> Different levels of Isq will, of course, move the Q-point up or down the load line can
observe in Fig 5.24.

5.6 DC BIAS WITH VOLTAGE FEEDBACK
» An improved level of stability can also be obtained by introducing a feedback path from
collector to base as shown in Fig. 5.24.
» Although the Q-point is not totally independent of beta (even under approximate
conditions), the sensitivity to changes in beta or temperature variations is normally less
than encountered for the fixed-bias or emitter-biased configurations.
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Fig.5.24: dc bias circuit with voltage feedback.

» Base-Emitter Loop: Fig 5.25 shows the base—emitter loop for the voltage feedback
configuration.
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Fig.5.25: Base—emitter loop

»  Writing Kirchhoff’s voltage law around the indicated loop in the clockwise direction will
result in

Vce _I'cRc _1gRe _ Vee _ IERe =0
Where I'c = Ic+I

» Substituting Ic = Ic +1g and Ig= Ic will result in
Vce -BlsRc - I8Re - VBe - fIBRE=0
Gathering terms, we have
Vee -Vee- Bls(Rc +Re) _ IsRs=0
and solving for Ig yields



Iy = Vee — Vee
Rg + B(Rc + RE)

» Collector-Emitter Loop : The collector—emitter loop for the network of Fig. 5.24 is
provided in Fig. 5.26.

Fig.5.26: Collector-emitter loop

» Applying Kirchhoff’s voltage law around the indicated loop in the clockwise direction
will result in
IERE- Vce- IcRc- Vec=0

Since I’c = Ic and Ig = I¢, we have
and Vce =Vcc - Ic(Rc + Rg)

This is exactly as obtained for the emitter-bias and voltage-divider bias configurations
» Saturation Conditions: Using the approximation I’c = Ic, the equation for the saturation

current is the same as obtained for the voltage-divider and emitter-bias configurations.
That is,

» Load-Line Analysis :Continuing with the approximation I’c = Ic will result in the same
load line defined for the voltage-divider and emitter-biased configurations. But the level
of Isq will be defined by the chosen bias configuration.

5.7 BIAS STABILIZATION :
» For faithful amplification, the following conditions must be satisfied:
0] Proper zero signal collector current Ic

(i) Proper base-emitter voltage Vee
(iii)  Proper collector-emitter voltage Vce



The value of Ic and Vce is expressed in terms of operating point or quiescent point Q. For
faithful amplification, Q-point must be selected properly. The fulfillment of the above
conditions is known as transistor biasing.

While fixing the Q-point it has to be seen that the output of the amplifier is a proper

sinusoidal waveform for sinusoidal input without distortion.

If an amplifier is not biased properly, it can go into saturation or cut-off when an input

signal is applied.

By fixing the Q-point at different positions, we can observe the variation in collector

current and collector-emitter voltage corresponding to a given variation of base current. If

it enters into cut-off region, positive peak of the amplified ac signal will be clipped and if
it enters into saturation, negative peak of the amplified ac signal will be clipped off.

When the Q-point is located in the middle of the DC load line, sinusoidal waveform

without distortion can be obtained at the output.

Hence, values of different resistances and voltages must be selected in such a way that

the Q-point should be:

()  inactive region.

(i)  on DC load line.

(iii)  selected in middle of the DC load line to avoid clipping of signals.

Factors affecting stability of Q —point : The collector current Ic depends on reverse

saturation current lco, base-emitter voltage Vgee and current gain . These parameters are

temperature dependent; i.e. as temperature changes, these parameters change. It results

change in collector current Ic. Due to this, the Q-point will be changed. Hence, the Q-

point has to be stabilized against temperature variation.

I.  lco: The collector current is given by Ic=p Is+ (f+ 1)lco

When a p-n junction is reverse biased, there is a small amount of current due to flow of

minority carriers across the junction. Since minority carriers are thermally generated,

reverse saturation current Ico is extremely temperature dependent. The reverse saturation
current lco doubles for every 10°C rise in temperature. The flow of collector current
produces heat at the collector junction. This increases the temperature; therefore reverse
saturation current Ico increases. Hence, collector current Ic again increases. This increase
in Ic increases the temperature of collector junction which increases Ico again. The effect

is cumulative and at one stage Ic is so large which damages the transistor. Hence, the Q-

point has to be stabilized against Ico variation.

Il.  Vge: The base-emitter voltage Ve decreases at the rate of 2.5 mV/°C; i.e. the
device starts operating at lower voltages. It results change in base current Ig. Since
Ic=pIg, collector current Ic changes. Hence, the Q-point has to be stabilized
against Vge variation.

I1l. g : The transistor parameter f is temperature and device dependent .5 increases
with the increase in temperature. The value of g is different even for transistors of
the same type. If the transistor is replaced by another transistor even of the same
type, the value of g is different. It results change in collector current Ic.



As temperature changes, lco, Vee and £ change. Hence, collector current Ic changes with
the change in temperature.

Stability Factors : It is desirable and necessary to keep Ic constant with respect to
variations of Icso (sometimes represented as lco). The extent to which a biasing circuit is
successful in achieving this goal is measured by stability factor S. It is defined as under:
The rate of change of collector current Ic w.r.t. the collector leakage current lco at
constant § and Vge is called stability factor (S).
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S should be as small as possible to have better stability.
The rate of change of collector current Ic w.r.t. the Vge at constant § and Ico is called
stability factor (S').
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The rate of change of collector current Ic w.r.t. B at the constant Vge and Ico is called
stability factor (S").
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The larger the value of stability factor, the more sensitive is the circuit to variations in
that parameter. The total change in collector current over a specified temperature range is
obtained by expressing this change as the sum of individual changes due to three stability
factors.

Alc=S Alco + S" AVee + S" Ap



Stability factor for fixed-bias configuration: For the fixed-bias configuration, S=1+f. The
result is a configuration with a poor stability factor and a high sensitivity to variations in Ico.
Stability factor for voltage-divider bias configuration :

Apply loop equation for base circuit of voltage divider bias network V1 = IsRg+Vee+IeRe
Total current Ie=Ig+Ic. Substitute Ie in above equation, then it becomes

V1= IRt +VBe+ (Ie+Ic)RE

V1= IsRin+Vee+IsRe +IcRe

V7= Is(Rin+ Re)+Vee+ IcRE

Is(Rin+ Re) = V1-VEeE - IcRE

Differentiating above equation w.r.to Ic , we will get

dIB _ -RE
dIC  RE+Rth

1+8
dIB
)

165
__ 4B
148z rer)

The stability factor of self-bias circuit or voltage divider bias is given by S=

148
1+B(zz mer)

Stability factor for feedback-bias configuration:

In this case

1 + Rg/Re
SUc) = B+ 1 G 3 R

Since the equation is similar in format to that obtained for the emitter-bias and voltage-
divider bias configurations, the same conclusions regarding the ratio Re/Rc can be applied

here also.

5.8 ENHANCEMENT-TYPE MOSFETs

> First and foremost, recall that for the n-channel enhancement-type MOSFET, the drain
current is zero for levels of gate-to-source voltage less than the threshold level Ves(rhy, as

shown in Fig. 5.27 For levels of Vs greater than Ves(th), the drain current is defined by

Ip = kVgs — Vesew)

» Since specification sheets typically provide the threshold voltage and a level of drain
current (Ipen)) and its corresponding level of Vegs(on), two points are defined immediately



as shown in Fig. 5.27.

=y
3
8

|'|I..
Ip=0mA
Fig.5.27: Transfer characteristics of an n-channel enhancement type MOSFET.
» To complete the curve, the constant k of Eqg. (5.4) must be determined from the

specification sheet data by substituting into Eg. (5.4) and solving for k as follows:

Ip = KVgs — Veserw)’
Ingen) = HVes(on) — I"Gs.;'_rh})'2

b= ID(om) _
(Vesen) — Vesmmy)

» Once k is defined, other levels of Ip can be determined for chosen values of Vgs.
Typically, a point between Vgs(th) and Ves(on) and one just greater than Vesn) Will provide
a sufficient number of points to plot Eq. (5.4) (note Ip: and Ip2 on Fig.5.27).

5.8 Feedback Biasing Arrangement

» A popular biasing arrangement for enhancement-type MOSFETS is provided in Fig. 5.28.
The resistor Rg brings a suitably large voltage to the gate to drive the MOSFET “on.”
» Since Ic= 0 mA and Vre = 0 V, the dc equivalent network appears as shown in Fig. 5.28.
A direct connection now exists between drain and gate, resulting in
Vb =Ve



And Vps = Ves
For the output circuit,
Vbs = Vop - IbRD
which becomes the following
Ves = Vbp - IpRp
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Fig.5.28: Feedback biasing arrangement
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Fig.5.29: DC equivalent of the network of Fig. 5.28.
» This equation is that of a straight line, the same procedure described earlier can be

employed to determine the two points that will define the plot on the graph.
Substituting Ipo = 0 mA into equation gives
Ves = Vop
» Substituting Ves= 0 V into equation, we have Ip =0mA



Io=Voo/Rp
» The plots defined by equations appear in Fig. 5..38 with the resulting operating point.

0 Yoz, B Ve
Fig.5.30:Determining the Q point for the network of Fig.5.29
5.9 Voltage-Divider Biasing Arrangement

» A second popular biasing arrangement for the enhancement-type MOSFET appears in
Fig. 5.31. The fact that I = 0 mA results in the following equation for Vg as derived

from an application of the voltage-divider rule:

iz

Fig.5.31 : Voltage-divider biasing arrangement for an n channel enhancement MOSFET.
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» Applying Kirchhoff’s voltage law around the indicated loop of Fig. 5.31 will result in
+Vo— Vos— I’ar_ =10
Ves = Vg — VR,

Ves = Ve — IpRs

> For the output section:
Ve, + Vps+ Vrp = Vpp =0
Vps = Vop — Vr, — VR,

Vps = Vpp — Ip(Rs + Rp)

» Since the characteristics are a plot of Ip versus Vgs and above equation relates the same
two variables, the two curves can be plotted on the same graph and a solution determined
at their intersection. Once Ipg and Vesg are known, all the remaining quantities of the

network such as Vps, Vp, and Vs can be determined.



UNIT - 6
SMALL - SIGNAL MODELS OF MOSFET AND BJT

Objective: To familiarize with the operation, characteristics, applications and modeling of
MOSFETs and BJT

Syllabus: MOSFET small-signal models, SPICE MOSFET models, BJT small-signal models,
SPICE Ebers-Moll model and Gummel-Poon model.

Outcomes:
At the end of the unit, student will be able to
o familiarize with model and small signal operation of MOSFET circuits

e familiarize with model and small signal operation of BJT circuits

6.1 Small signal operation and models
e We learned up to that linear amplification can be obtained by biasing the MOSFET to
operate in saturation region and by keeping the input signal small. Now turn our attention
to exploring small signal operation in some detail.
e For small signal operation we are utilizing the common source amplifier circuit shown in

below figure 6.1

Fig. 6.1: Circuit to study the operation of MOSFET as a small signal amplifier.
e Here the MOS transistor biased by DC voltage Vgs ,but is impractical arrangement but

one this is simple for exploring small signal operation.

e The input signal vgs is super imposed on the dc bias voltage Vgs. The output voltage is

taken at the drain.



6.1.1 The DC Bias Point

e The DC current Ip can be found by setting the signal vy, to zero : thus,

Ip =3k (Vs = V.Y’
Where we have neglected channel — length modulation (i.e., we have assumed A = 0).

e The DC voltage at the drain, VDS or simply VD(since S is grounded),will be
Vp = Vpp — Rplp
e To ensure saturation region operation, we must have

Vp>Ves -V,
Furthermore, since the total voltage at the drain will have a signal component superimposed
on V), Vp, has to be sufficiently greater than (Vg5 —V,) to allow for the required signal

swing.
6.2.2 The Signal current in the Drain terminal
e Next, consider the situation with the input signal vgs, applied. The total instantaneous gate

to source voltage will be

Ugs = VGS+ gy
Resulting in a total instantaneous drain current ip,

ip= zk’L (Vos+u,,- V)

LW

2 !!L(VGS V) +kIW(V(~5—V)U + - k’TLV 2

e The first term on the right hand side of above equation can be recognized as the dc bias
current Ip . The second term represents a current component that is directly proportional to
the input signal Vgs. The third term is a current component that is proportional to the
square of the signal. The last component is undesirable because it represents nonlinear
distortion. To reduce the non-liner distortion introduced by the MOSFET, the input signal
should be kept small so that



1 T/W 2 W
‘ Ek"zvf” <& kﬂz(VC}S — Vl)vgs
resulting in )

Ygs < 2(VGS - Vr)
or, equivalently,

Ups <€ 2V 5y,

Where, Vov is the overdrive voltage at which the transistor is operating.

e |f this small signal condition is satisfied, we may neglect the last term and express ip as

Where,

Below Figure presents a graphical interpretation of the small — signal operation of the

enhancement MOSFET amplifier.
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Fig.6.2: Small signal operation of the enhancement MOSFET amplifier

e Note that gm is equal to the slope of the ip - vgs characteristics at the bias point.

6.1.3 The Voltage gain

e From Fig 1, we can express the total instantaneous drain voltage vp as follows :

vp = Vpp — Rpip
Under the small-signal condition, we have
vp = Vpp— RD(_ID +i,)
which can be rewritten as
up = Vp—Rpliy
Thus the signal component of the drain voltage is

Ug = _idRD - _"gmvgsRl)

which indicates that the voltage gain is given by

A = Ya —g.Rp
Uy

e The minus sign in above equation indicates that the output signal is 180° out if phase with

respect to the input signal Ves.



The below figure illustrates Ves and Vp. The input signal is assumed to have a triangular
waveform with an amplitude much smaller than 2(Ves — Vi).For operation in the

saturation region at all times, the minimum valueof Vp should not fall below the

corresponding value of vg by more than V.,

— Vy oy
Uomin = Ugmax — V]

Fig. 6.3: Total Instantaneous voltages Ves and Vp for the circuit

-~y

0

e The maximum value of Vp should be smaller than Vpp, otherwise the FET will enter the

cutoff region and the peaks of the output signal waveform will be clipped off.

6.1.4 Separating the DC Analysis and the signal Analysis
Under small-signal approximation, signal quantities are superimposed on dc quantities.
For instance, the total drain current ip equals the dc current Ip plus the signal current igq,
the total drain voltage vpb= Vp + v4. Once a stable dc operating point has been established

and all dc quantities calculated, we may then perform signal analysis ignoring dc

quantities.

6.1.5 Small — Signal Equivalent — Circuit Models



From a signal point of view the FET behaves as a VVoltage Controlled current source. It
accepts a signal Vgs between gate and source and provides a current gm Vgs, at the drain

terminal.

The input resistance of this controlled source is very high — ideally infinite. The output

resistance — i.e., resistance looking in to the drain — also is high.

Putting all of this together, we get the circuit in Fig. 4.32 that represents the small signal

model or small signal equivalent circuit.

Fig. 6.4: Small signal model for the MOSFET neglecting the dependence of i on Vbs
in saturation

In the analysis of a MOSFET amplifier circuit, transistor can be replaced by the
equivalent model. Ideal constant DC voltage sources are replaced by short circuit, and
Ideal constant DC current sources are replaced by an open circuit in the small signal

model.

Another approach of the small signal model of amplifier is that assume the drain current
in saturation is independent of the drain voltage. From MOSFET characteristics in
saturation, we know that the drain current does in fact depend on Vps in linear manner.
Such linear relation was modeled by a finite resistance ro, between drain and source. we

represent it as

VAl

., = =21

Q@ ID

The current Ip is the value of the DC drain current without the channel —length

modulation taken into account ; that is,



1 IW 2
Ip = Eknzvov

e Accuracy of the small signal model can be improved by including r, in parallel with the

controlled source.

Fig.6.5: Small signal model for MOSFET including the effect of channel —length modulation.

e It is important to note that small signal model parameters gm and ro depend on the DC
bias point of the MOSFET.

e MOSFET amplifier voltage gain expression

v
AU = -v—d- = —gm(RD//r())

g3

e Thus finite output resistance ro results in a reduction in the magnitude of voltage gain.

e All the above analysis performed on an NMOS transistor, apply equally well to PMOS
device, except for using Vs, Vi Vov,and Va and replacing kn " with kp .

6.1.6The Transconductance, gm

e MOSFET transconductance is given by

ov

8n=k/(W/L) (V5= V) = k(W/L)V

e This relationship indicates that gm is proportional to transconductance parameters
kn’=unCox and to the WI/L ratio of the MOS transistor; Hence to obtain large

transconductance the device must be short and wide.



Also g is proportional to overdrive voltage, Vou=Vas - Vi. Increasing Vs increases the
gm,but the device at larger Veshas the disadvantage of reducing the allowable voltage

signal swing at the drain.

Another useful expression for gm

&n = N2k, JW/LT,

This expression shows that
1. gmis proportional to the square root of the dc bias current.
2. Atagiven bias current, gm is proportional to (W/L)?

Another useful expression for gm is

gm:_le_ = 2ID

VGS - Vr VOV

6.1.7 The T Equivalent Circuit Model

It is possible to develop an alternate equivalent circuit model for the MOSFET. The
development of such model is known as T model. Figure shows the equivalent circuit of
MOSFET without ro.

In Figure 6.6(b) we have added a second gmVas current source in series with the original
controlled source. This addition of current source does not change the terminal currents.

In Fig ¢ The newly created circuit node, labeled as X , is joined to the gate terminal G.
Observe that the gate current doesn’t change(remains equal to zero)-thus this connection

doesn’t alter the terminal characteristics.

We have a controlled voltage source gmvgs connected across its control voltage vgs. We
can replace this controlled source by a resistance as long as this resistance draws an equal
current as the source. Thus the value of resistance is vgs/gmVgs = 1/gm. This replacement is

shown in figure d

Figure d is the T model, observe that ig is still zero, iad =gmVgs and is=Vgs/(1/gm) =gmVgs, all

same as the original model in Figure 6.6(a)



e Note that the resistance between gate and source, looking into the gate, is infinite. This

observation useful in many applications.

oo

- X
Go ~o—o—® oD
Ka¥ye ! -

Fig.6.6: Development of the T equivalent — circuit model for the MOSFET. For simplicity,
ro has been omitted but can be added between D and S in the T model of (d).

e In T-model including resistance ro between drain and source the circuit is modeled as

follows.

(a) (b)

Fig 6.7: (@)The T model of the MOSFET augmented with the drain to source resistance ro;
(b) An alternative representation of the T model.



6.1.8 Modeling the Body Effect

The body effect occurs in a MOSFET when the source is not tied to the substrate(which
is always connected to the most negative power supply in the integrated circuit for n
channel devices and to the most positive for p channel devices).

Thus substrate(body) will be signal ground, but source is not.Since a signal voltage Vps
ddevelops between the body(B) and source(S).

Since Substrate acts as back gate or second gate for MOSFET, the signal ves gives rise to
a drain current component, which we shall write as gmbVos.

Where, gmb is the Body Transconductance, defined as

Emp = o Ugmg = Constant
BS | vpe = constant,

Recalling that ip depends on vas through the development of V: on Vgs, from that
Emb = X8m

Where,

Ny

Wy 219,47,

XE

Typically value of y lies in the range 0.1 to 0.3.

D
0

w
wmno

(@) (b)
Fig. 6.8: Small signal equivalent circuit model of a MOSFET in which the source is

not connected to the body



e Above Figure 4.36 shows the MOSFET model augmented to include the controlled
source gmbvbs that models the body effect. This is the model to be used whenever the

source is not connected to substrate.

e All the above analysis performed on an NMOS transistor, apply equally well to PMOS

device, except for using Ves, Vi, Vov, Va, Vs, y and A replacing kn” with kp".

6.2 MOSFET internal capacitances and high-frequency model
There are basically two types of internal capacitances in the MOSFET

(1) The gate capacitive effect: The gate electrode forms a parallel capacitor with the channel,
with the oxide layer serving as the capacitor dielectric

(if) The source body and drain body depletion layer capacitances: These are the capacitances
of the reverse biased pn junction formed by n+ source region(also called source diffusion ) and

the p-type substrate and by the n+ drain region(the drain diffusion) and the substrate.

these two capacitive effect can be modelled by including capacitances in the MOSFET model
between its four terminals, G,D,S and B. There will be five capacitances in total: Cgs, Cgd, Cgp,

Csb and Cab, where the substrate indicate the location of the capacitance in the model

6.2.1 The Gate Capacitive Effect
i. when the MOSFET is operating in the triode region at small Vps the channel will be
uniform depth.the gate channel capacitance be WLCox and can be modeled by dividing it

equally between source and drain ends. thus

Cgs = Cgd=12(WLCox) (Triode region)

ii. when the MOSFET is operating in the saturation region
Cgs = 23(WLCox) and Cyqe=0 (Saturation region)

iii when the MOSFET is operating in the cutoff region

Cgs = ng -0and Cgb = WLCox (Cut Off)



iv There is an additional small capacitive component that should be added to Cgs, Cyq in
all the preceding formulas. Thos capacitance that results from the fact that the source and
drain diffusion extends slightly under the gate oxide. If the overlap length is denoted by
Lov. There is a overlap capacitance component is

Cov=W Lov Cox
6.2.6 The junction capacitances

The Junction Capacitances :

The depletion-layer capacitances of the two reverse-biased junctions formed between each
of the source and the drain diffusions and the body can b e determined using the formula
developed in previous Section . Thus, for the source diffusion, we have the source body
capacitance, Csb,

Cibﬂ

|I1+V—”
Vi

i

Cop =

here Csho is the value of Csb at zero body-source bias, VSB is the magnitude of the reverse bias
voltage, and Vo is the junction built-in voltage (0.6V to 0.8V). Similarly, for the drain
diffusion, we have the drain-body capacitance Cdb,

Cop = .—C JT.
1 4 Lo8
o Vy

6.3 The High-Frequency MOSFET Model:

The below figure shows the high frequency model of MOSFET by adding all the capacitances.

oD




Figure 6.9 a: High-frequency equivalent circuit model for the MOSFET.

(body),

Go

Figure 6.9 c: The equivalent circuit model of (b) with Cdb neglected (to simplify analysis).

6.4 The MOSFET Unity-Gain Frequency (fr):

Figure 6.10: Circuit for determining the short-circuit current gain lo/1;.

A figure of merit for the high-frequency operation of the MOSFET as an amplifier is the
unity-gain frequency, fr. This is defined as the frequency at which the short-circuit current gain



of the common-source configuration becomes unity. The above figure shows the MOSFET
hybrid [T- model with the source as the common terminal between the input and output ports.
To determine the short-circuit current gain, the input is fed with a current-source signal lie
and the output terminals are short-circuited. It is easy to see that the current in the short
circuit is given by

o= gV =sCuV,,
let us assume Cgyq is a very small value and it can be neglected
w e can express Vgs in terms of the input current I; as
Ve = 178(C, + Cyy)
By the above two equations we can get the short circuit current gain as

-\.Er Ll

i, _ :
1, 5(Cot Cyp)

For physical frequencies S=JW, it can be seen that the magnitude of the current gain
becomes unity at the frequency

Wy = Erﬂf“:m'l" er.']
Thus the unity-gain frequency fr is given as

f = ‘f;"m
! 2(C,+C,y)

Hence fr is proportional to gm and inversely proportional to the FET internal capacitances.

6.6 Small signal operations and models of BJT
> Now take a closer look at the small signal operation of the transistor .Towards that
consider conceptual circuit shown in below fig. 6.11. Here base emitter junction is
forward biased by a DC voltage Vge. The reverse bias of collector base junction by Vcc
through a resistor Rc. The input signal to be amplified is represented by the voltage

source Ve that is superimposed on Vge.



Fig. 6.11: Conceptual circuit to illustrate the operation of the transistor as an amplifier.

» First make the DC bias condition by setting the signal vee to zero and the circuit reduces
to that in the following figure 5.28.

Fig. 6.12: The circuit with the signal source vee eliminated for dc(bias) analysis.

> we can write the following relationships for the DC currents and voltages :

!{. _ al_}T'l?i-'y.g'#'i-':'
Iy = I /a
Iy = Ic/

Veg = Fep— IR,
» Obviously for a active mode operation, V¢ should be greater than (Vg — 0.4) by an amount that

allows for a reasonable signal swing at the collector.

6.6.1 The Collector Current and the Trans conductance
» If a signal vye is applied as shown in Fig. 6.12 ,The total instantaneous base emitter

voltage vse becomes



TI.S.E = IX.S.E+TI.I'1¢-
Correspondingly, the collector current becomes

e od B Foedn, 14V
i = I weVr _ f:,-e*{ et i) Py

— J E"'r.-f;f”"r )"b:f Vr

= Jg
Use Ic equation
9y

- TI.'J:; T

Now if Vhe<< VT, We may approximate

o= 10(1+7%)
Vy
This approximation is valid only for vy less than approximately 10mv;,is referred to as

the small signal approximation. Under this approximation the total collector current can

be written as

This equation relates the signal current in the collector to the corresponding base —

emitter signal voltage. It can be rewritten as
fﬁ' = gJHTI.ﬁg-
Where gm is called the Trans conductance, and it is given by

1.
gm = I"_E'r
We observe that the trans conductance of the BJT is directly proportional to the collector
bias current Ic.
A graphical interpretation for gm is given in figure 5.30, Where it is shown that gm is

equal to the slope of the ic - vge characteristic curve at ic = Ic. Thus



die
gl?] = (;_

1 -l.
Bf: jczf{.

Slope = g,

Fig. 6.13: Linear operation of the transistor under small signal condition

» The small signal approximation implies keeping the signal amplitude sufficiently small
so that operation is restricted to an almost linear segment of the ic - vee exponential
curve. Increasing the signal amplitude will result in the collector current having
components nonlinearly related to Vpe.

» For small signals (vbe<<VT) the transistor behaves as a voltage controlled current source.
The input port of this controlled source is between base and emitter, and the output port
is between collector and emitter. The trans conductance of the controlled source gm and
the output resistance is infinite.

» The collector voltage has no effect on the collector current in the active mode.

» Practical BJT’s have finite output resistance because of the Early effect. The effect of

output resistance on amplifier performance will be considered later.

6.6.2 The base current and the Input Resistance at the Base
» To determine the resistance by vie, We first evaluate the total base current is

e, lle

Iy
— +-_.-T".
BB

iy =



Thus,

Where ig is equal to Ic /B and the signal component iy IS given by

1
Ih BP_’F e
Substituting for Ic/V1 by gm gives
j = Sz,
’3 Yhe

» The small-signal resistance between base and emitter, looking into the base,is donated by
r- and is defined as

g.l?]
» Thus ry is directly dependent on B and is inversely proportional to the bias current Ic.

Substitute gm and replacing Ic/B by I gives an alternative expression for r,

Sl I

6.6.3 The Emitter current and the Input Resistance at the Emitter

> The total current ie can be determined from

]

—

C [

!'(- _ +
o o o g = Ig+1,
->

» Where Ie is equal to Ic /o and the signal current ie IS given by

iy =

P R

[ = —

- u = 7 Uhe
o ar T v



> If we denote the small signal resistance between base and emitter, looking into the

emitter, by re, it can be defined as

)
L ||l| .
r,=—=

I,

» We find that r. called the emitter resistance, is given by

V,

o 1

gm gm

» The relationship between rr and re can be found by combining their respective definitions
and is given as

Uy, = Ipls = LF,

(=

Thus

re= (i,/iy)r,
Which yields,
ro= (f+r,

6.6.4 Voltage Gain
» In the preceding section we have established only that the transistor senses the base
emitter signal vee and causes a proportional current gmVee to flow in the collector lead at a
high(ideally infinite) impedance level. In this way transistor is acting as a voltage —

controlled current source.
> To obtain an output voltage signal, we may force this current to flow through a resistor.

Then the total collector voltage vc will be

Vep = Vee =R
= Vee=Ue+i)Re
= (Vee=IeRe) =i Re

= if”__. - ;i_R{.



> Here the quantity V¢ is the dc bias voltage at the collector, and the signal voltage is given

by
U = —&.Rf' = _g.lu:'.heRf'

= {._ TJFJRf'):IJ'J-L-'

» Thus the voltage gain of this amplifier Ay is

_ Fee _
‘41' = - = rmﬁ'(.

Yhe
> Here again we note that because gm is directly proportional to the collector bias current,
the gain will be as stable as the collector bias current is made.
Substitute gmin Av
IR,

A, = -—

Vy

6.6.6 The Hybrid — & Model
An equivalent circuit model for the BJT is shown in below fig

Fig. 6.14: Two slightly different versions of the simplified hybrid —& model for the small
signal operation of the BJT. The equivalent circuit in (a) represents the BJT as a
voltage controlled current source (a transconductance amplifier), and that in (b)

represents the BJT as a current controlled current source (a current amplifier).



» Model (a) represents the BJT as a voltage controlled current source and explicitly
includes the input resistance looking into the base rr. The model obviously yields ic =
OmVbe and ib= Vpe/x.

> At the emitter node we have

. he Vhe )
fe = =4 Guvpe = (14807
a kg
=14 8) = {i]
F g m-},n' 1+ ﬁ
= Tl.ﬁv.'frv.'

> A slightly different circuit model(b) can be obtained by expressing the current of the
controlled source (gmvee) in terms of the base current iy (current controlled current source
) as follows:

EnVbe = Emlinl'z)
= (gwra)iy = P,

» The two models (a & b) are the simplified hybrid —t model for the small signal operation
for the BJT. The model parameters gm, Ix depend on the value of the DC bias current Ic.

> Finally, although the models have been developed for an NPN transistor, they apply

equally well to a PNP transistor with no change of polarities.

6.6.7 The T Model
» Although hybrid —t model can be used to carry out small signal analysis of all transistor
circuits, there are situations in which alternative model shown in below fig, is much more

convenient, is called as T model.



»
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Fig. 6.15: Two slightly different versions of what is known as the T model of the BJT. The
circuit in (a) is a voltage controlled current source representation and that in (b) is a
current controlled current source representation. These models explicitly show the emitter

resistance re rather than the base resistance rr featured in the hybrid -z model.

» The two versions of T-model shown in above figure. Fig. (a) represents the BJT as a
voltage controlled current source with the control voltage being vee. Here, however, the
resistance between base and emitter, looking into the emitter, is explicitly shown.

» From fig(a) we see clearly that the model yields the correct expression for ic and i». For ip
we note that at the base node we have

TIJ‘J TIJIJIL.

3 = e - = — A

Iy = — —=Eulhe = - {.1 = 8! ¢-]
r r,

L=

- %‘{1-:1):%‘[1-3%)

Uh

(F+ 11.};;. T,

» If in the model of Fig (a) the current of the controlled source is expressed in terms of the

emitter current as follows :

Sntlhe = 8m { ie-re-}

= (gule)i. = O,



» We obtain alternative T-model shown in Fig (b). Here the BJT is represented as a current

—controlled current source but with the control signal being ie

6.6.10 Augmenting the Small signal Models to Account for the Early Effect
» The Early effect disscussed in previous,causes the collector current to depend not only on
vee but also on vce.
» The dependence on vce can be modeled by assigning a finite output resistance to the

current controlled current source in the hybrid — = model,as shown in below Fig. 5.34

(a) ()

Fig. 6.16:Hybrid —m small signal model in it’s two versions,with ro included.

» The output resistance ro was defined and is given by ro =Va/lc Where Va is Early
voltage.Note that in the models we renamed vee and V.
» The effect of r, on the operation of the amplifier is , ro Simply appears in parallel with

Rc.Thus ,if we include ro in the equivalent circuit the output voltage becomes
Tlu = _ngJT'.ﬁq_-{Rf' ||'rlhl}
» Thus the gain will be somewhat reduced. Obviously if ro>>Rc the reduction in gain will
be negligable.and one can ignore the effect of ro.In general ,in such configuration r.can be

neglected if it is greater than 10Rc.If emitter is not connected to the ground,including ro

in the model gives complicated analysis.

6.7 The BJT Internal Capacitances and High Frequency Model

The high frequency response of BJT amplifiers rolls off due to short circuiting effect of internal
capacitances. These internal capacitances are resulting from charge- storage effects.

The High frequency Hybrid- = model is shown as below.



Fig 6.17. The High- Frequency Hybrid - 7 model

r« : Base Spreading Resistance :

It is the resistance between the external base terminal B and internal node B’ (also called as implicit node,
bulk node ). Its typical value is 100€2. negligible at low frequencies but effective at high frequencies.

ro: It is the resistnace looking into the base terminal.
typical value is 1KQ.
There are two sources of internal capacitances effect
1. Base- Emitter Capacitance Cnt
2. Collector —Base Junction Capacitance Cpt
1. Base- Emitter Capacitance Cr :
Cr is the sum of two capacitances .Cde Emitter- Base Diffusion Capacitance
Cje Emitter — Base Junction Capacitance.
Crn=Cde + Cje

i) Cde Emitter- Base Diffusion Capacitance: It is called as Base — Charging or Diffusion
Capacitance Cde.

It is due to minority carrier storage in the base region when the transistor is operating in the active or
satuaration mode. i.e when Emitter- Base Junction (EBJ) is forward biased.

Cde = dQ/dVBE
considering , an npn transistor in active region..

. Uyl Vo
IC — .Ise BET T



S =]
N W, )
0, = ApgWny wgervy
Eilllilrl,l
............................ 3)
Using 1, 2, 3
W _
0, = E_DREC = Tplo
where, = WV
",

¢ is known as the forward base- transit time. It represents the average time a charge carrier (electron)
spends in crossing the base.

o _ 40,
de =
dvgg
- f“c
= Tp—=-
dugg
Ie
Cye = Tr&um TFF
T

ii :Cje :: Base — Emitter Junction Capacitance

e = felﬁl
Je 1(] '{}P EEJ i
S

Where, Cje0 is the value of Cjeat VBE =0V.



Ve is the EBJ built in voltage (0.7 — 0.9 V)

m = grading coefficient , typically Y.

For a forward biased EBJ in the active mode, Cje =2 Cje0

Typical value of Cr is 100pF.

2. The Collector — Base Junction Capacitance Cu

This is the capacitance of the reverse biased Collector — Base Junction (CBJ) .

where CpO is the value of Cp at VCB = 0V.

Voc is the CBJ built in voltage (typically 0.75 V)
m is grading coeffiecient = 1/2 to 1/3 .

Typical value of Cu= 3pF.

Unity Gain Frequency (Fr)

1 ';CFV'T -'r:': S _SC;JK,.
— 4 B
Ay . o—
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E E

I

Fig.6.18 The Circuit for deriving an expression for Short Circuit current gain hg(s) = Ic/ Ib.

I = (gn—sC,)V,
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Fig. 6.19 Frequency Response of hg

fg is the 3-dB frequency

1
My = ————
g (Cr+ C;.[}-"rr

The unity gain frequency is given by

[}:}?. = ﬁﬂm'{i



Thus

B

— g.’ﬂ-
fr= 2m(C,+ Cp)

Assignment-Cum-Tutorial Questions

A. Questions testing the remembering / understanding level of students

I) Objective Questions

1.
2.

MOSFET can be used as

When the gate to source voltage is less than the threshold voltage, it will be operated in

region.

The condition required for MOSFET to operate in saturation region is [ ]
a) Vos> (Ves — V) b) Vps= Vi c) Vos> (Ves — Vi) d) Vbs= Vas

MOSFET can be used as an amplifier in which of the following operating regions.[ ]

a) Triode region b) Cut-off region c) Saturation region  d) both (a) and (c)

In a MOSFET operating in saturation, the channel length modulation effect causes [ ]
a) increase in gate-to-source capacitance b) decrease in trans conductance

c) decrease in unit gain cutoff frequency d) decrease in output resistance
What is sub-threshold conduction in MOSFET?

MOSFET uses the electric field of [ ]

a) gate capacitance to control the channel current

b) barrier potential of p-n junction to control the channel current

c) bothaandb

d) none of these



10.

11.

12.

13.
14.
15.
16.
17.
18.
19.
20.

21.
22.
23.
24,

In a MOSFET, the polarity of the inversion layer is the same as that of the [ ]

a) charge on the gate electrode

b) minority carriers in the drain

c) majority carries in the substrate

d) majority carries in the source

The drain current of MOSFET in saturation region is given by Ip = K(Ves- V1)? where, K is
a constant. The magnitude of trans conductance is [ ]

a) K (Ves - V1)?/ Vs b) 2K (Ves - V1) ¢) Io/ (Ves— Vbs) d) K (Ves - V1)%/ Ves

For an n — channel enhancement type MOSFET, if the source is connected at a higher
potential than that of bulk (i.e., Vsg>0), the threshold voltage V1 of the MOSFET will [ ]
a) remain unchanged b) decreases c) change polarity  d) increases

What is an advantage of MOS transistors in integrated circuits? [ ]

a) Fast switching b) less capacitance

c) higher component density & lower cost d) lower resistance

Draw the small — signal equivalent circuit of an n — channel MOSFET when it is operated in

saturation region.

Draw the circuit symbols of p — channel MOSFETS.

Why MOSFET is called IGFET?

With the E-MOSFET, when gate input voltage is zero, drain current is ...............
Draw the small signal equivalent circuit model including r, for the MOSFET
Define gm, Av, and p in MOSFET

Give the 3 useful expressions for gm

Draw the T-equivalent circuit model for the MOSFET

Draw the Large signal equivalent circuit model of the npn BJT operating in reverse active
mode.

Collector current Ic is directly proportional to gm (True/False)

What is Trans conductance, Voltage gain of BJT?

Draw the hybrid —t model of BJT.

Draw the T-equivalent circuit model for the BJT



II) Descriptive Questions

1. What is small signal operation? Draw the Small signal equivalent circuit models for the
MOSFET?

2. Discuss Small signal model of MOSFET concepts about a) DC bias point b) Signal current
in Drain terminal c) Transconductance and d) Voltage gain

3. Develop T Equivalent model for MOSFET.

4. Explain Body effect and Model the body effect in MOSFET.

5. Explain how the BJT acts as an amplifier with graphical analysis.

6. Explain small signal operation & Draw the equivalent circuit models for the BJT?
7. Discuss the Small signal operation concepts about a) Trans conductance, b) Voltage gain and c) input
Resistance.

8. Discuss the internal capacitances of BJT

9. Discuss about the BJT High frequency model

10. Discuss the internal capacitances of MOSFET

11. Discuss about the MOSFET High frequency model

B. Question testing the ability of students in applying the concepts.

I) Objective Questions

1. When Vss of a MOSFET with a threshold voltage of 400 mV, working in saturation is 900
mV, the drain current is observed to be ImA. Neglecting channel length modulation effect
and assuming that the MOSFET is operating in saturation, what will be the drain current for
an applied Vs of 1400 mV?

2. For an n-channel MOSFET and its transfer curve shown in the Fig. P4.1, Find the threshold
voltage and region of operation.
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. With the knowledge that pp= 0.4un, what must be the relative width of n-channel and p-
channel devices if they are to have equal drain currents when operated in the saturation mode

with overdrive voltages of the same magnitude?

For an NMOS transistor, for which Vt = 0.8 V, Vas in the range of 1.5V to 4 V, what is the

largest value of Vps for which the channel remains continuous?
For a particular IC-fabrication process, the transconductance parameter k'n = 50 pA/V2, and

Vt=1V.In inwhich Vgs=Vps = Vsupply =-5 V, a drain current of 0.8 mA is required of a

device of minimum length of 2 um. What value of channel width must the design use?

. A p-channel transistor operates in saturation with its source voltage 3V lower than its
substrate. For y = 0.5 VY2, 2 = 0.75 V, and Vi = -0.7 V, find V4.

. With a 30V of Vpp, and 8KQ drain resistor, what is the E-MOSFET Q point voltage, with
Ip =3 mA?

. In a particular BJT, the base current is 7.5 pA, and the collector current is 400pA.Find B, a
for this device.

. An NPN transistor of a type whose f is specified to range from 60 - 300 is connected in a
circuit with emitter grounded, collector at +9v and a current of 50 YA injected into the base.
Calculate the range of collector and emitter currents that can result. What is the maximum

power dissipated in the transistor?

10. Design the circuit given below to provide f=100, Vc=+3V and Ic=5SmA .



11. The current Iceo of a small transistor is measured to be 20nA at 25° C. If the temperature of
the device is raised to 85° C, What do you expect Icgo to become?

12. A BJT whose emitter current is fixed at 1 mA has a base — emitter voltage of 0.69 V at 25° C.
What base —emitter voltage would you expect at 0° C? At 100° C?

13. For a BJT having an Early voltage of 200 V, what is its output resistance at ImA? At 100pA

[1) Problems

1. An n-channel device has k' = 50 nA/V?, Vi = 0.8 V, and W/L = 20. The device is to operate
as a switch for small vps, utilizing a control voltage ves in the range 0 V to 5 V. Find the

switch closure resistance, rps, and closure voltage, Vps, obtained when ves =5V and ip = 1
mA. Recalling that pp= 0.4 pn, what must W/L be for a p-channel device that provides the

same performance as the n-channel device in this application?

2. Consider a CMOS process for which Lmin= 0.8 um, tox =15 nm, pn = 550 cm?/V- s, and Vi=
0.7 V. (a) Find Cox and k'n. (b) For an NMOS transistor with W/L = 16 um/0.8 pm,
calculate the values of Vov, Vgs, and Vps min needed to operate the transistor in the
saturation region with a dc current Ip = 100 pA. (c) For the device in (b), find the value of
Vov and Vgs required to cause the device to operate as a 1000 Q resistor for very small vps.

3. Consider an n-channel MOSFET with tox= 20 um, pin =650 cm?/V-'s, Vi = 0.8 V, and W/L =
10. Find the drain current in the following cases:

(@ ves=5Vandvps =1V
(b) ves =2 V and vps = 1.2V
(c) ves=5V and vps= 0.2V
(d) ves = vps =5V



. A particular enhancement MOSFET for which Vt =1 V and k'n(W/L) = 0.1 mA/V? is to be

operated in the saturation region. If Ip is to be 0.2 mA, find the required Vs and the

minimum required vps. Repeat for ip = 0.8 mA.

. A particular n-channel enhancement MOSFET is measured to have a drain current of 4 mA
at Ves = Vps= 5V and of 1 mA at Ves = Vps= 3 V. What are the values of k'n (W/L) and V:
for this device?

A CE amplifier employing an NPN transistor has load resistor Rc connected between collector
and Vcc supply of +16V. For biasing a resistor R1 is connected between collector and base,
resistor R2=30KQ is connected between emitter and ground. Draw the circuit diagram. Calculate
the values of R1and Rc and the stability factor S if Vee=0.2V, Ie=2mA, 00=0.985 and Vce=6V.
For a particular npn transistor operating at a vge of 670 mV and I = 3 mA, the ic - vce characteristic
has a slope of 3 x 10> mhos. To what value of output resistance does this correspond? What is the
value of Early voltage for this transistor? For operation at 30 mA, what would the output resistance
become?

Two transistors, fabricated with the same technology but having different junction areas,
when operated at a base —emitter voltage of 0.72, have collector currents of 0.2 mA and
12mA.Find Is for each device. What are the relative junction areas?

Using the npn transistor model of below figure, consider the case of a transistor for which the
base is connected to ground, the collector is connected to a 10-V dc source through a 2-
Kohm resistor, and a 3-mA current source is connected to the emitter with the Polarity so that
current is drawn out of the emitter terminal. If B = 100 and Is =10"2°A. Find the voltages at

the emitter and the collector and calculate the base current.




10.

11.

12.

13.

14.

A transistor characterized by the Ebers — Moll model which is operated with both emitter and
collector grounded and a base current of 1mA. If the collector junction is 10 times larger than
the emitter junction and ar =1, find ic and ie.

A pnp transistor has veg = 0.8V at a collector current of 1A.What do you expect Ves to
become ic=10mA? At ic=5A?

A pnp transistor modeled with the circuit in below figure is connected with its base at
ground, collector at -1.5v, and a 10mA current injected into its emitter. If it is said to have 3
=10, what are its base and collector currents? In which direction do they flow? If Is =1071°A,
what voltage results at the emitter? What does the collector current become if a transistor
with f=1000 is substituted?

A pnp power transistor operates with an emitter to collector voltage of 5V, an emitter of 10Aand
Ves=0.85 V. For B=15, what base current is required? What is Is for this transistor? Compare the
emitter base junction area of this transistor with that of a small signal transistor that conducts ic=1mA
with Veg=0.70v.How much larger is it?

A BJT for which BVcgo is 30v is connected as shown in figure. What voltages would you measure on

the collector, base, emitter?



+50 WV

10 kQ

20 kQ

3 I mA

15. For a particular npn transistor operating at a Ve of 670 mV and I.=3mA, the ic —V.e characteristic
has a slope of 3*10°mho.To what value of output resistance does this correspond? What is the value
of the Early voltage for this transistor? For operation at 30mA what would the output resistance

become?

C. Questions testing the analyzing/evaluating ability of students

1. The terminal voltages of various npn transistors are measured during operation in their respective

circuits with the following results:

case E B C Mode

1 0 0.7 0.7
2 0 0.8 0.1
3 -0.7 0 0.7
4 -0.7 0 -0.6
5 0.7 0.7 0

6 -2.7 -2.0 0

7 0 0 5.0
8 -0.10 5.0 5.0

In this table, where the entries are in volts, indicates the reference terminal to which the black
(negative) probe of the voltmeter is connected. For each case, identify the mode of operation of

the transistor.



2. For the circuits in Fig. shown below, assume that the transistor have very large B. Some
measurements have been made on these circuits, with the results indicated in the figure. Find the
values of the other labeled voltages and currents.

+12V

+107V

56K
10 ko v,

+07V

-27V 4y

24%0
10 k@

-10V

-10v

(a) (b) : (d
16_ Y © (d

C. GATE Questions

1. In MOSFET operating in saturation region, the channel length modulation effect causes

a) an increase in gate source capacitance (GATE 2013) [ ]
b) decrease in transconductance

¢) decrease in unity gain bandwidth product

d) decrease in output resistance

2. If the fixed positive charges are present in the gate oxide of an n-channel enhancement type

MOSFET, it will lead to (GATE 2014) [ ]
a) decrease in threshold voltage b) channel length modulation
C) increase in substrate leakage current d) increase in accumulation capacitance

3. The current in an enhancement mode NMOS transistor biased in saturation mode was
measured to be 1 mA at a drain-source voltage of 5 V. When the drain-source voltage was
increased to 6 V while keeping gate-source voltage same, the drain current increased to
1.02 mA. Assume that drain to source saturation voltages is much smaller than the applied

drain-source voltage. Find the channel length modulation parameter A (in V1).

(GATE 2015)



4. The drain of an n-channel MOSFET is shorted to the gate so that Ves =Vps . The threshold
voltage (V1) of the MOSFET is 1 V. If the drain current (Ip) is 1 mA for Vgs = 2 V, then
for Vs = 3 V, find the value of drain current. (GATE 2004)

5. For an n-channel MOSFET and its transfer curve shown in the figure, the threshold
voltage is [ ] (GATE 2005)

V=1V
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a) 1V and the device is in active region

b) —1 V and the device is in saturation region
¢) 1V and the device is in saturation region
d) —1 V and the device is an active region

6. An n-channel depletion MOSFET has following two points on its Ip—Vgs curve:
(i) Ves =0 at Ip =12 mA and (ii) Ves=—6 Volts at [p= 0 mA
Which Q point will give the highest transconductance gain for small signals?(GATE 2006)

7. When the gate-to-source voltage (Ves) of a MOSFET with threshold voltage of 400 mV,
working in saturation is 900 mV, the drain current is observed to be 1 mA. Neglecting the
channel width modulation effect and assuming that the MOSFET is operating at
saturation, find the drain current for an applied Vgs of 1400 mV. (GATE 2003)

8. The drain of an n-channel MOSFET is shorted to the gate so that Ves =Vps. The
threshold voltage (V1) of the MOSFET is 1 V. If the drain current (Ip) is 1 mA for Vgs =
2V, then for Vs =3V, find Ip. (GATE 2004)

9. For the n-channel MOS transistor shown in the figure, the threshold voltage V' is 0.8V.
Neglect channel length modulation effects. When the drain voltage Vp = 1.6V, the drain



current was found to be 0.5mA. If Vp is adjusted to be 2V by changing the values of R

and Vpp, find the new value of Ip (in mA). (GATE 2014)
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10.. In the circuit shown, the silicon BJT has 8 = 50. Assume Vge = 0.7v and Vcesat =0.2v. Which

one of the following statements is correct? (GATE2014) [ ]
a) For Rc = 1KQ, the BJT operates in saturation region 10V
b) For Rc = 3KQ, the BJT operates in saturation region Re
c) For Rc = 20K, the BJT operates in cutoff region 50k
d) For Rc = 20K, the BJT operates in linear region oV 4
8

11. In the circuit shown below, the silicon NPN transistor Q has a very high value of . The
required value of R2 in KQ to produce Ic = ImA is (GATE 2013)

[ ]

a) 20 b) 30 c) 40 d) 50

12.For a BJT, the common base current gain o = 0.98 and the collector base junction reverse bias
saturation current, Ico = 0.6pA. This BJT is connected in the common emitter mode and
operated in the active region with a base current Ig of 20 pA. The collector current Ic for this
mode of operation is (GATE2011) [ ]

a) 0.98 mA b) 0.99 mA c) L.OmA d) 1.01 mA



13. For the BJT circuit shown, assume that the p of the transistor is very large and Vg is 0.7V.

The mode of operation of the BJT is (GATE 2007) [ 1]
10kt
a) cut off
b) Saturation
c) Normal active C*) v
- O
d) Inverse active - Tkar

+

14. For an NPN transistor connected as shown in figure , Vge is 0.7v. Given that reverse
saturation current of the junction at room temperature 300 °K is 102 amp, the emitter current

is
(GATE2005) [ ]
a) 30 mA b) 39 mA
vl
c) 49 mA d) 20 mA

Ve

15.The circuit using a BJT with p =50 and Vge = 0.7 V is shown in figure. The base current
Iz and the collector voltage V¢ are respectively
[ 1]

a) 43 pA and 11.4 volts b) 40 pA and 16 volts

c) 45 pA and 11 volts d) 50 pA and 10 volts



