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Chapter 3

Diodes and Transistors

3.1 Introduction

In this chapter we will analyze two new electronic devices, the semicon-
ductor diode and the bipolar junction transistor (BJT). For a better under-
standing of their behavior and characteristics, we will also introduce some
basic applications.

Unfortunately, there will be no time to study the quite complex physics
of semiconductors, and especially the conduction mechanism, which sub-
stantially differs from that of metals. The interested student should look
for a course and books on solid state physics.

It is important to notice that to quickly grab how the BJT device works,
it is fundamental to acquire a clear understanding of the semiconductor
diode’s behavior.

3.2 The Semiconductor Junction (Diode)

The semiconductor junction or semiconductor diode is a device which shows
non-linear behavior due to its peculiar conduction mechanism.

In fact, if ID and VD are the current and the voltage difference across
the junction, we will have

ID(VD) = I0(e
−qVD
ηkBT − 1), (3.1)

where I0 is the reverse saturation current, kB = 1.3807 · 10−23J/K, the
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Figure 3.1: Diode characteristic (continuous curve), simplified diode character-
istic (dashed curve). Note the different scales in first and third quadrant of the
diode characteristic plot.

Boltzmann constant, T the absolute temperature , q = −1.60219 · 10−19C,
the electron charge, and η a dimensionless parameter which depends on
the diode type. Considering that the ambient temperature is T ≃ 300K,
we will have kBT ≃ 4.14 · 10−21 J ≃ 0.026eV. For silicon diodes the reverse
saturation current I0 is of the order of few tenths of nano-amperes.

Instead of following Ohm’s law, the semiconductor junction follows an
exponential law. Deviations from this law are negligible depending on the
current magnitude and the diode characteristics.

Figure 3.1 shows standard symbols for a semiconductor diode and the
I-V characteristic. The break-down voltage Vb reported in the same figure
is the reverse voltage which essentially short circuits the junction (typically
between -100V and -50V). This behavior is not accounted in equation (3.1),
and is generated by the so called avalanche multiplication mechanism and
the Zener mechanism1.

1The thermally generated carriers accelerated by the electric field have enough energy
to disrupt the electrons bond of the crystal atoms producing new carriers (electron-holes
pairs). The new and accelerated pairs generate new carriers producing an avalanche of
carriers, and indeed a break-down current.

A sufficient strong electric field can also disrupt electrons bonds creating an electron-
hole reverse current. This effect is called Zener Breakdown mechanism.
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Figure 3.2: diode standard symbols. Starting from left, diode symbol , Zener
diode symbol, and Schottky diode symbol. Diode terminals A, and K are respec-
tively called anode and cathode.

A simplified model of the junction diode is that of a perfect switch, i.e.

ID(V) =

{

∞ V ≥ Von

0 V < Von
,

where Von is the diode turn-on voltage or cut-in voltage, which depends
on the junction type and on the current magnitude. For current up to
ID ∼ 100 mA, silicon diodes have Von ≃ 0.6V, and germanium diodes
have Von ≃ 0.3V .

For voltages greater than Von, the diode is a short circuit (current is not
limited by the diode) and is said to be forward biased. For smaller values it
is an open circuit (current across the diode is zero ) and is reverse biased.

3.2.1 Zener Diodes

Zener diodes are particular semiconductor diodes with adequate power dis-
sipation to operate in the break-down voltage region. They have a well
defined Vb, with values ranging from about few volts to several hundreds
volts. Zener diode symbol is shown in Figure 3.9. Approximating the
characteristics with a piecewise linear relationship, we have

ID(V) =







−∞ V < Vb

0 0 ≤ V < Von

+∞ V ≥ Von

,

Often, the break-down curve is virtually vertical so that the previous
approximation of the reverse biased region is quite good.
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3.2.2 Schottky Diodes

A junction made of a semiconductor and a metal can behave like a semi-
conductor diode[2]. For example, Lightly doped silicon and aluminum
can form a semiconductor junction. Such kind of devices, called Schottky
barrier diodes (or simply Schottky diodes), still follow the diodes characteris-
tics (3.1) with usually a lower turn-on voltage Von and a larger in magni-
tude reverse saturation current Is. The symbol for Schottky diode device
is shown in Figure 3.9.

3.3 Diode Dynamic Impedance

For linear devices the current is proportional to the applied voltage and
for a given frequency the impedance (V/I) is constant. With non-linear
circuits this is not true anymore, but we can generalize the impedance
concept introducing the dynamic impedance

Rd =
dV

dI

Let’s apply this definition to the diode. Starting from the I-V charac-
teristic equation and neglecting the reverse saturation current, after some
algebra we obtain

VD = η
kBT

q
ln

ID

I0
.

Taking the derivative on both sides we obtain

Rd = η
kBT

q

1
ID

As we can see, the dynamic impedance of the diode depends on the
current ID.

Considering a silicon diode with a typical value of η = 2, we will have

Rd(ID) ≃
5.2 · 10−4

ID
, ID = 1mA ⇒ Rd ≃ 0.52Ω .

For small variations of the current around 1mA, we can assume that
the impedance of a forward biased diode with η = 2 is ∼ 0.5Ω . The
dynamic impedance concept will be quite useful for studying the bipolar
junction transistor.
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Figure 3.3: Half-wave rectifier circuit.

3.4 Practical Circuits

To better understand the behavior of a semiconductor junction, let’s ana-
lyze a few typical applications of semiconductor diodes. Some other appli-
cations in connection to other components will be studied in the following
chapters.

3.4.1 Rectifiers, AC to DC Conversion

The purpose of a rectifier circuit is to convert alternating current into a
unidirectional current. This can be achieved using semiconductor diodes.
The typical alternating current to direct current converter is a rectifier con-
nected to an active low pass filter with a so called regulator circuit, which
smooths the rectifier output and minimizes ripples. The simplest regula-
tor is a capacitor placed in parallel with the rectifier output. Regulators
can be easily found in literature (see [1]).

3.4.1.1 Half-Wave Rectifier

The simplest rectifier circuit is the so called half-wave rectifier shown in
Figure 3.3.

Using the diode ideal characteristic, it is quite straightforward to pre-
dict the voltage difference across the the resistor RL. In fact, when the
sinusoidal signal is positive, it will forward bias the diode and we will
have a voltage drop across the resistor VL = RI. For the negative half
cycle, because the diode is reverse biased VL must be zero.
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Figure 3.4: Voltage difference across the load connected to the half-wave rectifier
output.

Considering the diode threshold voltage V0, and the diode resistance
R f during the positive half cycle we will have

VL =
RL

R f + RL
(Vs − V0),

and if

RL ≫ R f ⇒ VL ≃ (Vs − V0).

During the negative half cycle we will have

VL =
RL

Rr + RL
Vs,

and if

RL ≪ Rr ⇒ VL ≃ RL

Rr
Vs ≃ 0.

The main disadvantage of this circuit is the very poor efficiency (less
than 50% of current is rectified). In fact, instead of rectifying the entire
signal the circuit chops the negative half cycle out (see Figure 3.4).
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Figure 3.5: Full-wave rectifier bridge circuit or simply bridge rectifier.

3.4.1.2 Full-Wave Rectifier Bridge

The Full-Wave rectifier bridge (see Figure 3.5), a more efficient way of rec-
tifying an AC current, uses four arranged diodes in the so called bridge
configuration. To understand the circuit “logic”, let’s consider the two
possible states of the nodes A and B shown in Figure 3.5.

• When the node A is positive (B negative) the diodes D2, and D3 are
forward biased (i.e. the diodes are a “short circuit”) and D1, and
D4are reverse biased (i.e. the diodes are an “open circuit”). The cur-
rent flows through the resistor RL and the node C is positive.

• When the node A is negative (B positive), the diodes D1, and D4 are
forward biased (short circuit) and D2, and D3 are reverse biased. The
current flows through the resistor RL and the node C is still positive.

Using the full-wave rectifier we will indeed have the negative half cycle
rectified as shown in Figure3.6.

3.4.2 Voltage Limiter (Diode Clamp)

Diodes can be used to limit the voltage applied to an input as shown in
Figure 3.7. Let’s consider the diode D1connected to Vmax. If Vi exceeds
Vmax + Von the diode is not reverse biased anymore and starts conducting,
i.e the circuit limits the input voltage Vi to Vmax + Von . Analogously, D2
limits the minimum input voltage Vi to Vmin +Vo. The resistor is necessary
to limit the current flowing through the diodes. In fact, without the resistor
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Figure 3.6: Voltage difference across the load connected to the full-wave rectifier
output
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Figure 3.7: Diode clamps circuit.

if we exceed one of the voltage limits an excessive current can destroy the
forward biased diode junction. The worst scenario is when the broken
diode becomes an open circuit and then the device to protect becomes
completely unprotected.

3.5 The Bipolar Junction Transistor (BJT)

The bipolar junction transistor is essentially a device formed by two semi-
conductor junctions which share one semiconductor layer (see Figure 3.8).

The common layer is called the base and the two others are the collector
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Figure 3.8: Qualitative physical model of a npn junction.

and emitter. We will have then the emitter-base and the collector-base junc-
tions.

There are two types of BJT: the npn and the pnp transistor. In the pnp
transistor the collector and the emitter are p-type and the base is n-type.
The npn transistor has a p-type base , and n-type collector and emitter.
Standard symbols for both types are shown in Figure 3.9.

Because the two junctions have two possible states (forward or reverse
biased), the BJT can have four possible operating modes as shown in the
following table

Operating Bias Bias
Mode Emitter-Base Collector-Base

Forward-Active Forward Reverse
Cutoff Reverse Reverse

Saturation Forward Forward
Reverse-Active Reverse Forward

Forward-Active:

The BJT approximates a current-controlled source of current as explained
in section 3.5.2.

Cutoff:

Both junctions are reverse biased. Neglecting the reverse saturation cur-
rent, no current flows through the junctions. This mode, together with the
saturation mode, is used to implement the switch device (see section3.5.5).
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Figure 3.9: Standard circuit symbols for npn and pnp transistors.

Saturation:

Both junctions are forward biased, and the current IC flows from the col-
lector through the emitter.

Reverse-Active:

The BJT still approximates a current-controlled source of current, but the
amplification factor is usually less than that of the forward-active mode.

3.5.1 The Collector Emitter Characteristic

Figure 3.10 shows collector emitter characteristic curves family of a typical
npn transistor. Each curve corresponds to a given value of the base current
IB, with the base emitter junction forward biased.

The curves have three regions which are called, the saturation, forward-
active, and breakdown regions. The break-down region starts for VCE values
larger than those shown in the plots .

Saturation Region

The saturation region is where the collector emitter voltage difference VCE

slightly changes as a function of the collector current IC. For the 2N2222
this regions is where VCE is between 0V to about 0.3V.
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Figure 3.10: Collector Emitter voltage characteristics for the 2N2222 npn transis-
tor. The value above each curve is the corresponding base current IB.

Forward-Active Region

The collector current IC slightly changes as a function of the collector emit-
ter voltage VCE. Normally, this region is quite larger than the saturation
region. For the 2N2222 it is where VCE is between 0.3V to about 50V.

Break-Down Region

This is the region where the VCE doesn’t change and IC rapidly increases.
In this case, the conduction in the junction is produced by the avalanche
mechanism. For the 2N2222 this region starts from VCE > 60V.

3.5.2 The BJT as a Current-Controlled Current Source (CCCS)

As stated before, the bipolar junction transistor is a device that approx-
imates a current-controlled source of current CCCS (see Figure 3.11). In
other words, because its current output io is proportional to the current



 D
RAFT

66 CHAPTER 3. DIODES AND TRANSISTORS

ii

iv

A i i
(3)

A i i
(2)

A i i
(1)

vo

io
io

A i i

vo

R

Figure 3.11: Ideal current controlled source (diamond symbol), i.e. the current
output io is proportional to the current input ii, and is independent of the load R.
In other words, if we change the load R and vo consequently, io stays constant.

input ii we can linearly control io by changing ii, i.e.

io(t) = βF ii(t).

if |βF| > 1 then the BJT is a current amplifier.
As shown in Figure 3.11, once ii is set io must be constant indepen-

dently of the load R placed at the output. If the voltage across the output
vochanges we don’t expect to see any changes on io. The curve height sim-
ply depends on the current input ii.

This approximation is valid for the so called small signal model and
the low frequency model. Non linearities arise for large signals and at
high frequency the response cannot be flat.

It is clear from the VCE characteristic that, if we want to use the BJT as
CCCS , we have to bias it with a DC voltage to work in the forward-active
region.

3.5.3 BJT Simplified DC Model

The simplified DC model of the BJT for the forward-active mode is shown
in Figure 3.12 with two different arrangements. The first mimics the topol-
ogy of the BJT symbol, and the second the topology of the CCCS in Figure
3.11. This model is good enough to properly bias the transistor to work as
an amplifier.
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Figure 3.12: Simplified DC model for the bipolar junction transistor working in
forward-active mode. The two drawings are just two different arrangement of
the same circuit.

The current controlled current source represents the VCE characteristic
in the forward-active region. The battery in the base emitter circuit repre-
sents the voltage across the base-emitter forward biased junction (it could
be replaced with a diode). A typical value is VBE = 0.7V.

3.5.4 The BJT as an Amplifier
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RCRB

vo

+

i BβF

+

−
VBE
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−
VCC

+

−
VCC

IC
B

E

C

+

−

C

CC+V

Figure 3.13: The BJT as an AC basic amplifier (left ), and same circuit using the
forward-active DC model (right).

Left circuit of Figure 3.13 shows the basic configuration of a BJT as a
simple current amplifier. Resistors RB and RC are chosen to properly bias
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and limit the currents across the junctions. The capacitance at the input
is necessary to prevent the DC bias from reaching the device connected to
the amplifier input. Let’s better analyze how to properly bias the transistor
junctions.

3.5.4.1 BJT Amplifier Bias

To obtain the largest voltage dynamic range, and considering the VCE char-
acteristic, and neglecting the saturation region, we must have

VCC ≃ 2 VCE . (3.2)

Plugging the forward-active DC model into the amplifier circuit as
shown in Figure 3.13, we will have2

VCC = VCE + RC IC,

Considering equation3.2 and the previous equation, the collector resistor
value will be

RC =
VCC − VCE

IC
=

VCE

βF IB
.

For the base resistor we will have

VCC = VBE + RB IB,

and finally

RB =
2VCE − VBE

IB
.

This circuit is not very useful because the junctions bias and the gain
depend on βF, which is quite often not well know and can easily vary
by a factor of two for the same transistor. Moreover, βFis quite sensitive to
temperature fluctuations. Anyway, this circuit is pedagogically interesting
because of it simplicity.

2The repeated index is a common convention used to distinguish between the voltage
of the transistor’s connections and the source voltages applied to the transistor connec-
tions. In this case between the collector voltage VC and the source voltage VCC.
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Numerical Example

A typical BJT a transistor has VCE between 1V and 10V. Considering the
following parameters















βF = 100
VCE = 5V
VBE = 0.7V
IB = 80µA

⇒







RC ≃ 625Ω

RB ≃ 116.25kΩ

VCC ≃ 10V
.

3.5.4.2 BJT Amplifier Gain, Input and Output Impedance (Low Fre-
quency Model)

VCC

+

−

IC

+

−
VCCVi Vo

IB

I Bhfehie

CB

R R
B C

E

Figure 3.14: BJT basic amplifier using the low frequency model (gray box). The
parameters h f e = βFand hie are provided by the manufacturer

Because the emitter-base junction is forward biased, the input impedance
seen from the points B and E is quite low. This consideration with the fact
that the BJT approximates a CCCS is sufficient enough to define a model
for the BJT transistor response for the low frequency region. Figure 3.14
shows the model applied to the basic amplifier. The resistance hie is indeed
the dynamic input impedance of the forward biased emitter-base junction.

From Figure 3.14 we can easily calculate the amplifier voltage gain,
which is

|Av| =
RC IC

hie IB
= h f e

RC

hie
(βF = h f e)

Considering that the ideal current source is an open circuit and the
ideal voltage source is a short circuit, we will have

Ri ≃ RB|| hie, Ro ≃ RC .
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Thermal fluctuations can substantially change the response of the BJT. A
way to avoid such kind of behavior is to add a feedback network. Es-
sentially, a feedback network samples the output and sends it back to the
input with negative sign minimizing the output fluctuations. For example,
if the amplifier gain increases because of a temperature increase, the feed-
back signal will increase as well reducing the input signal by the amount
necessary to keep the gain constant. Feedback networks can create insta-
bilities due phase delays in the loop (the feedback signal can change sign).
It is indeed necessary to satisfy stability criterion to avoid oscillations. A
detailed explanation of feedback theory can be found in [2] and [3].

3.5.5 BJT as Switch

vi

vo

vo
vi

t0 t1t1t0

RB

+

−

R

CC

C

+V

+

−
t t

Figure 3.15: BJT as a switch

Figure 3.15 shows a npn BJT configured as a switch. In this case, the
function of the two resistors RB and RC are just to limit the current flowing
through the transistor junctions.

The input voltage vi control the output state of the switch. For sake
of simplicity let’s neglect the reverse currents components to study the
circuit.

• If vi = 0, The emitter-base junction is reverse biased and no current
flows through the circuit. This implies that vo ≃ VCC and (BJT in
cutoff state).
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• If vi = V and supposing that this voltage forward bias both junctions
we will have vo ≃ 0 (BJT in saturation).

Let’s consider now the BJT reverse currents.

• If vi = 0, we will have iC = ICO and vo = VCC − ICORC. Because
ICO ∼ 1nA ICORC is negligible and v0 = VCC.

• If vi = V, then v0 is essentially the voltage drop VBEof the forward
biased base-emitter junction vo = 0.7V.

3.5.6 BJT as Diode

Q 

Figure 3.16: BJT as diode.

Figure 3.16 shows the typical configuration used to make a BJT work-
ing as simple diode. The emitter-base junction acts as a simple semicon-
ductor diode. Short circuiting the collector-base ensures that the collector-
base junction is always reverse biased.

3.5.7 Current Mirror

Let’s consider the left circuit shown in Figure 3.17 where VCCforward bias
the emitter-base junction. From the KVL obtain

IR =
VCC − VBE

R
.

If VCC and R are kept constant (VBE = 0.7, typically ) then IR is constant
as well. Applying the KCL to node we obtain

IR = IC + IB
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Figure 3.17: BJT as diode.

and considering that
Ic = βIB

we will finally have

IR =

(

1 +
1
β

)

IC. ⇒ IC ≃ IR.

The collector current IC is indeed constant if VCCand R are kept con-
stant.

Let’s now consider the circuit on the right-hand side of Figure 3.17.
Because of the KVL we will have

VBE1 = VBE2

Supposing that the two transistors Q1 and Q2 are perfectly identical
and because they have the same VBEwe must have

IC1 = IC2.

We will have indeed that the output IC2 will work as a constant current
source.

Let’s analyze the stability of the circuit for a change on the transistor
parameter β. From the KVL and KCL we have

IR =
VCC − VBE

R
IR = IC + 2IB
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After some simple algebra and considering that IC = βIBwe will have

IC =
β

β + 2
VCC − VBE

R

Studying the fluctuation of the transistor we will have

∆IC

IC
≃ 2

∆β

β2 .

In other words, the stability of this current source due to the fluctua-
tions of the transistor properties are expected to be remarkably good. In
fact, if we suppose to have β = 100 and change of 100% in β then

{

β = 100
∆β = 100

⇒ ∆IC

IC
≃ 0.02

For their simplicity, current mirror are extensively used in ICs design
where a constant current source is needed.
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3.6 Pre-Laboratory Problems

1. Considering the following Figure, state which cases have the diode
conducting

D1

+3V

+5V

D2

−3V

−5V

D3

−1V

2. Calculate the resistance R needed to limit the current flowing through
a diode to 10mA with a voltage source of Vs = 5V.

3. Adding a Capacitor C in parallel to the the half-wave rectifier load
RL we low-pass filter the rectifier. If the load RL = 1kΩ, what must
be the value of the capacitor C (within 10%) so the voltage output
doesn’t drop more than 90% ( 10% of ripples) at 1kHz?

D

ID

VL

dVVL

Vs

−

+

−

C RL

V

t

(Hint: consider that the capacitor is just discharging through the load
RL).

4. Supposing that we want a maximum current of 1mA going through
the base, and the maximum applied input voltage Vi,max is 5V, de-
termine the value of RB for the BJT switch circuit. Considering that
Vi,max is 5V , what is a possible and practical VCC value that allows
the BJT to work in saturation mode ? Once found such a value of
VCC , determine the RC resistor value to limit the IC current to 1 mA
when the BJT is saturation mode.

5. Estimate the β of the npn transistor 2N2222 in Figure 3.10. Determine
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the values of RB, and RC for the BJT amplifier when VCC = 15 V,
β = 200, and a value of IB between 50 µA and 100 µA.

5 10 15 20 25 30 35 40 45 50 55 60

E

C
B
A

D

Y
Z

G
N

D

−
15V

+
15V

J

H

F

I

G

X
W

Figure 3.18: Electronic circuit breadboard contacts topology and suggested
connections. Power supplies voltage distribution and LED connections are
highlighted with gray boxes. Whenever possible black jacket wires should
be used to connect components to ground (GND) , red jacket wires for
+15V and white jacket wires for −15V. This pragmatism helps debugging
the circuit.

3.7 Procedure

Remember to consult the components data-sheets to properly connect diodes
and transistors leads.

It is good practice to check the power supply connections before turn-
ing generators or sources on.

1. Using the half-wave rectifier circuit and the data acquisition, plot the
volt-ampere characteristic of a silicon, and a germanium diode. Use
channel 1 to measure the voltage drop across the diode and channel
2 for voltage across the resistor. Choose R to limit the current to a
maximum of 10mA.
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2. With a 1kHz sinusoidal signal verify the response of the previously
built half-wave rectifier comparing the rectifier output with the volt-
age source signal. Then connect a capacitor in the proper way to
obtain ripples of about 10% of the maximum output voltage.

3. Build a BJT switch working with the TTL logic levels ON ⇒∼ 5V
and OFF ⇒∼ 0V.
Check the status of the two junctions measuring the voltage drop
across them for the cut-off and the saturation mode.
Connecting two silicon diodes to the BJT switch input in a proper
way implement a NOR GATE, i.e. a circuit with two inputs A and B
and one output C which fulfills the following true table:

A B A OR B C = A OR B

OFF OFF OFF ON
OFF ON ON OFF
ON OFF ON OFF
ON ON ON OFF

Hint: one lead of each diode should be connected to the switch input.
Explain why the diodes are needed.

4. Build the Simple BJT amplifier explained in section 3.5.4 using a
2N2222 transistor, and do the following steps

(a) Check the DC bias VCE and VBE of the two BJT junctions,

(b) measure the transfer function, and find the two cutoff frequen-
cies where the amplitude is -3dB down from the plateau,

(c) download the simulation file from the ph5/105 website for the
circuit, input the proper components values,

(d) run the DC operating point simulation to check the transistor
working point,

(e) run the AC response simulation and find eventual discrepancies
beteween your measurement and the simulation,

(f) run the transient response and compare teh result with the real
response of the circuit
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5. Optional: Build the following common emitter amplifier circuit ( the
circuit is explained in the appendix)

RC

vi

RB

RB27kΩ RE1kΩ

5.1kΩ150kΩ

vo
C

1

2

VCC

2N2222

C

=15V

and do the following steps

(a) Check the DC bias VCE and VBE of the two junctions .

(b) Measure the transfer function, and find the two cutoff frequen-
cies where the amplitude is -3dB down from the plateau.

(c) Verify that the transfer function plateau has a gain |G| ≃ RC/RE.

(d) download the simulation file from the ph5/105 website for the
circuit, input the proper components values,

(e) run the DC operating point simulation to check the transistor
working point,

(f) run the AC response simulation and find eventual discrepancies
beteween your measurement and the simulation,

(g) run the transient response and compare teh result with the real
response of the circuit
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