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1 Introduction

Historically, for a major part of twentieth century, only semi-controlled power switches,
such as mercury arc rectifiers, gas tubes (thyratrons), and silicon-controlled recti-
fiers (SCRs), had been available for power-conditioning purposes [Trz16, p. 19].

Since the 1980s, insulated-gate bipo-
lar transistors (IGBTs) have been dom-
inating the field of the most common,
low- and medium-power converters due
to their desirable switching characteris-
tics [Trz16, p. 87].

Recently, wide-bandgap (WBG) semi-
conductor devices, such as those based
on silicon carbide (SiC) and gallium ni-
tride (GaN), are emerging as compelling
alternatives to silicon-based devices be-
cause of their tolerance of high voltages
and high operating temperatures, their
high switching frequencies, as well as
their lower power losses [FP19].

Figure 1 sketches the evolution of power
semiconductor devices.
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Five generations of power electronics. AI, artificial intelligence; ASIC, application-specific

integrated circuit; BJT, bipolar junction transistor; DSPs, digital signal processors; GTO,

gate turn-off thyristor; IGBT, insulated gate bipolar transistor; IGCT, integrated gate-

commutated thyristor; MOS, metal oxide semiconductor; MOSFET, metal oxide

semiconductor field-effect transistor; PEBB, power electronic building block; PIC, power

integrated circuit.
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• DIODE (1955)

• THYRISTOR (1958)

• TRIAC (1958)

• GATE TURN-OFF THYRISTOR (GTO) (1980)

• BIPOLAR POWER TRANSISTOR (BPT or BJT) (1975)  

• POWER MOSFET (1975)

• INSULATED GATE BIPOLAR TRANSISTOR
  (IGBT) (1985)  

• INTEGRATED GATE-COMMUTATED
   THYRISTOR (IGCT) (1996) 

• WIDE BANDGAP DEVICES
SILICON CARBIDE (SiC) (2010)

GALLIUM NITRIDE (GaN) (2015)
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Evolution of power semiconductor devices. MOSFET, metal oxide semiconductor field-

effect transistor.
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Figure 1: Evolution of power semiconductor devices [Bos20, FIGURE 1.35, FIG-
URE 2.1].

Our coverage of power semiconductor devices is split into three lectures.

• In this lecture, we will be establishing a standard taxonomy for switching
devices; revising some basic concepts of the p-n junction and of the simplest
device with a p-n junction, i.e., the diode; studying some basic facts about
wide-bandgap devices.

• The second lecture on power semiconductor devices will cover transistors.
• The third lecture on power semiconductor devices will come after DC-DC con-

version, and we will be studying thyristors.

2 Classifications

Back in Lecture 1, we hypothesized the use of a single-pole double-throw (SPDT)
switch to perform DC-DC buck conversion, as shown in Figure 2(a).
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Fig. 4.2 Buck converter: (a) containing SPDT switch, (b) containing two SPST switches
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Fig. 4.3 A single-quadrant switch is capable of
conducting currents of a single polarity, and of
blocking voltages of a single polarity

In inverter circuits, two-quadrant switches
are required. The output current is ac, and hence
is sometimes positive and sometimes negative.
If this current flows through the switch, then its
current is ac, and the semiconductor switch re-
alization is more complicated. A two-quadrant
SPST switch can be realized using a transistor
and diode. The dual case also sometimes oc-
curs, in which the switch current is always posi-
tive, but the blocking voltage is ac. This type of
two-quadrant switch can be constructed using a
different arrangement of a transistor and diode.
Cycloconverters generally require four-quadrant
switches, which are capable of blocking ac volt-
ages and conducting ac currents. Realizations of
these elements are also discussed in this chapter.

Next, the synchronous rectifier is examined.
The reverse-conducting capability of the metal-
oxide-semiconductor field-effect transistor (MOSFET) allows it to be used where a diode would
normally be required. If the MOSFET on-resistance is sufficiently small, then its conduction
loss is less than that obtained using a diode. Synchronous rectifiers are sometimes used in low-
voltage high-current applications to obtain improved efficiency. Several basic references treating
single-, two-, and four-quadrant switches are listed in the bibliography [4, 18–25].
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is sometimes positive and sometimes negative.
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current is ac, and the semiconductor switch re-
alization is more complicated. A two-quadrant
SPST switch can be realized using a transistor
and diode. The dual case also sometimes oc-
curs, in which the switch current is always posi-
tive, but the blocking voltage is ac. This type of
two-quadrant switch can be constructed using a
different arrangement of a transistor and diode.
Cycloconverters generally require four-quadrant
switches, which are capable of blocking ac volt-
ages and conducting ac currents. Realizations of
these elements are also discussed in this chapter.

Next, the synchronous rectifier is examined.
The reverse-conducting capability of the metal-
oxide-semiconductor field-effect transistor (MOSFET) allows it to be used where a diode would
normally be required. If the MOSFET on-resistance is sufficiently small, then its conduction
loss is less than that obtained using a diode. Synchronous rectifiers are sometimes used in low-
voltage high-current applications to obtain improved efficiency. Several basic references treating
single-, two-, and four-quadrant switches are listed in the bibliography [4, 18–25].

Figure 2: (a) A buck converter containing one SPDT switch. (b) A buck converter
containing two SPST switches [EM20, Fig. 4.2].
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In reality, power semiconductor devices behave as single-pole single-throw (SPST)
switches, so the circuit in Figure 2(b), where the SPDT switch has been replaced
with two SPST switches, is more realistic.
How an ideal switch can be realized using semiconductor devices depends on
the polarity of the voltage that the devices must block in their OFF state, and
the polarity of the current that the devices must conduct in their ON state [EM20,
p. 67]. Based on these polarities, Krein [Ras18, p. 10] defined the concept of the
restricted switch:

Definition 1: Restricted switch [Ras18, p. 10]

A restricted switch is an ideal switch with the addition of restrictions on the
direction of current flow and voltage polarity.

Table 1 shows the different types of restricted switches.

Table 1: Types of restricted switches [Ras18, TABLE 1.2]. Except for the first, all
restricted switches require a gate terminal to determine their state.

ideal switch, it is an important switching device. Other real
devices operate with polarity limits on current and voltage
and have corresponding ideal counterparts. It is convenient
to define a special type of switch to represent this behavior,
the restricted switch:

DEFINITION A restricted switch is an ideal switch with
the addition of restrictions on the direction of current
flow and voltage polarity. The ideal diode is one example
of a restricted switch.

The diode always permits current flow in one direction,
while blocking flow in the other direction. It therefore repre-
sents a forward-conducting reverse-blocking restricted switch
and operates in one quadrant on a graph of device current
versus voltage. This unipolar function is automatic; the two
diode terminals provide all the necessary information for
switch action. Other restricted switches require a third gate-
terminal to determine their state. Consider the polarity possi-
bilities given in Table 1.2. Additional functions such as
bidirectional-conducting reverse-blocking can be obtained by
reverse connection of one of the five types in the table.

The quadrant operation shown in the table indicates polar-
ities. For example, the current in a diode will be positive when
on, and the voltage will be negative when off. This means diode
operation is restricted to the single quadrant comprising the
upper vertical (current) axis and the left horizontal (voltage)
axis. Other combinations appear in the table. Symbols for
restricted switches can be built up by interpreting the diode’s
triangle as the current-carrying direction and the bar as the
blocking direction. Five types of symbols can be drawn as
shown in Table 1.2. These symbols are used infrequently but

are useful for showing the polarity behavior of switching
devices. A circuit drawn with restricted switches represents
an idealized power converter.

Restricted switch concepts guide the selection of devices. For
example, consider an inverter intended to deliver ac load cur-
rent from a dc voltage source. A switch matrix built to perform
this functionmust be able to manipulate ac current and dc volt-
age. Regardless of the physical arrangement of the matrix,
we would expect bidirectional-conducting forward-blocking
switches to be useful for this conversion. This is a correct result:
modern inverters operating from dc voltage sources are built
with field effect transistors (FETs) or with IGBTs packaged
with reverse-parallel diodes. As new power devices are intro-
duced to the market, it is straightforward to determine what
types of converters will use them.

1.5.4 Resolving the Software Problem—

Switching Functions

The physical m�n switch matrix can be associated with a
mathematical m�n switch state matrix. Each element of this
matrix, called a switching function, shows whether the corre-
sponding physical device is on or off:

DEFINITION A switching function, q(t), has a value of 1
when the corresponding physical switch is on and 0 when
it is off. Switching functions are discrete-valued functions
of time, and control of switching devices can be repre-
sented with them.

Fig. 1.15 shows a typical switching function. It is periodic,
with period T, representing the likely repetitive switch action
in a power converter. For convenience, it is drawn on a relative
time scale that begins at 0 and draws out the square wave period
by period. The actual timing is arbitrary, so the center of the
first pulse is defined as a specified time t0 in the figure. In many
converters, the switching function is generated as an actual
control voltage signal that might drive the gate of an FET
or IGBT.

The timing of switch action is the only alternative for control
of a power converter. Because switch action can be represented
with a discrete-valued switching function, timing can be

TABLE 1.2 The types of restricted switches

Action Device Quadrants

Restricted
switch
symbol

Device
symbol

Carries current in one
direction, blocks in the
other (forward-
conducting reverse-
blocking)

Diode

Carries or blocks current in
one direction (forward-
conducting forward-
blocking)

BJT, IGBT

Carries in one direction or
blocks in both directions
(forward-conducting
bidirectional-blocking)

GTO

Carries in both directions
but blocks only in one
direction (bidirectional-
conducting forward-
blocking)

FET-diode
pair

Fully bidirectional Ideal switch

Absolute time reference

Relative time period T
0 DTt0 T T + DT 2T 3T 4T 5T

0

1

FIG. 1.15 A generic switching function with period T, duty ratio D, and
time reference t0.

10 P. T. Krein

• The “Quadrants” column indicates polarities in a coordinate system where the
vertical axis represents the ON-state current, while the horizontal axis repre-
sents the OFF-state voltage, as shown in Figure 3.
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• If, for all intended converter operat-
ing points, the current and blocking
voltage lie in a single quadrant of the
plane, then the switch is a single-
quadrant switch.

• For example, the diode is a single-
quadrant switch whose ON-state cur-
rent is positive and OFF-state voltage
is negative (see Figure 3).

• The diode conducts current in its
forward direction with a negligible
voltage when ON, but has a nega-
tive voltage and conducts no current
when OFF — it therefore represents
a forward-conducting reverse-blocking
restricted switch.

• For another example, in Figure 2(b),
switch 𝐴 must block positive voltage
𝑉 in its OFF state, and must con-
duct positive current 𝑖 in its ON
state, i.e., switch 𝐴 must be forward-
conducting forward-blocking. Table 1
suggests switch 𝐴 can be realized us-
ing the IGBT, which is another single-
quadrant switch (see Figure 3).

ON-state current

OFF-state voltage

\cite[Fig. 4.3]{erickson2020fundamentals}

Diode BJT, IGBT

Figure 3: Single-quadrant switching
operations: diode is forward-conducting
reverse-blocking, while BJT, IGBT are
forward-conducting forward-blocking.

Use of single-quadrant switches is
common in DC–DC converters [EM20,
p. 67].

Inverters need two-quadrant switches,
whereas cycloconverters need four-
quadrant switches [EM20, p. 68].

• Additional functions (e.g., bidirectional-conducting reverse-blocking) can be ob-
tained by reverse connection of one of the five types in Table 1.

• Symbols for restricted switches can be built up by interpreting the diode’s trian-
gle as the current-carrying direction and the bar as the blocking direction.

• These symbols are used infrequently but are useful for showing the polarity be-
havior of switching devices.

• A circuit diagram drawn with restricted switches represents an idealized power
converter, and serves to guide the selection of devices. Think of “restricted switches”
as roles assigned to switches.

• For example, consider an inverter intended to deliver AC load current from a DC
voltage source.

A switch matrix built to perform this function must be able to manipulate AC
current and DC voltage.
Regardless of the physical arrangement of the matrix, we would expect bidirectional-
conducting forward-blocking switches to be useful for this conversion.
This is a correct result: modern inverters operating from DC voltage sources
are built with either field-effect transistors (FETs) or IGBTs, packaged with
reverse-parallel diodes [Ras18, p. 10].

• As new power devices are introduced to the market, it is usually straightforward
to determine what types of converters will use them.

At this point, we have seen one classification — in terms of “roles” — of power semi-
conductor devices. Here is another classification — in terms of “controllability” —
we partially covered at the beginning of this lecture [Trz16, Sect. 2.1]:
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1. switches are those that lack a control electrode (called gate), e.g.,
power diode.

2. switches are those that have a control electrode for turning on
but not turning off, e.g., thyristor (including SCR), triac.

3. switches are those that have a control electrode with both
turn-on and turn-off capabilities, e.g., gate turn-off thyristor (GTO), integrated
gate-commutated thyristor (IGCT), power bipolar junction transistor (power BJT),
power metal-oxide-semiconductor field-effect transistor (power MOSFET), insulated-
gate bipolar transistor (IGBT).

In all switches, including the fully controlled ones, the speed of response to control
signals is finite, depending on the type and size of the switch.

• The maximum allowable switching frequencies of practical power switches vary
from about 1 kHz for large SCRs and GTOs to more than 1 MHz for small power
MOSFETs.

• Power electronics is increasingly used in applications that require compact gate
driver circuits with advanced control, high speed and high efficiency. Conse-
quently, gate driver integrated circuits have become widely available [Ras14, p.
159]. See for example products from Infineon, ON Semiconductor and STMicro-
electronics.

• Regardless of the type of the switch, energy is lost during transitions from one
state to another, because for a short time both the transient voltage and current
are not negligible. Each switching is thus associated with energy loss, and the
higher the switching frequency is, the higher the power loss becomes. So there
is a practical limit to switching frequency.

One more classification before we learn about individual devices — see Figure 4,
but note different authors have slightly different classifications.
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44      Chapter 1        Introduction

Silicon carbide electrons need almost three times more energy to reach the conduc-
tion band as compared to silicon. As a result, SiC-based devices withstand far higher volt-
ages and temperatures than their silicon counterparts. A SiC-based device can have the 
same dimensions as a silicon device but can withstand 10 times the voltage. Also, a SiC 
device can be less than a tenth the thickness of a silicon device but carry the same volt-
age rating. These thinner devices are faster and boast less resistance, which means less 
energy is lost to heat when a silicon carbide diode or transistor is conducting electricity.

Research and development has led to the characterization of 4H-SiC power 
MOSFETs for blocking voltages of up to 10 kV at 10 A [13, 14]. When compared with the 
state-of-the-art 6.5-kV Si IGBT, the 10-kV SiC MOSFETs have a better performance [12]. 

Power semiconductors

Silicon

Diodes Thyristors
Diodes

Transistors

Silicon carbide
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MOSFETSchottky-Diode
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Low importance on market
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Bipolar Junction
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Figure 1.14

Classification of the power semiconductors. [Ref. 2, S. Bernet]
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Figure 4: A classification of power semiconductors [Ras14, FIGURE 1.14].

In the subsequent sections, we will look at the physics of the p-n junction which
provides the foundational knowledge for understanding semiconductor devices, be-
fore we look at the diode family, the transistor family (next lecture), and the thyris-
tor family (two more lectures later) in turn, based loosely on the classification in
Figure 4.

3 p-n junction

A p-n junction is essential to most semiconductor devices. To get there, we shall
start with the atomic structure.
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In an atom, the electrons orbit around the nu-
cleus in bands.
• The top of the highest filled band is called the

valence band.
• The bottom of the vacant band just above the

valence band is the conduction band. Elec-
trons in this band are responsible for electrical
conduction.

The energy required for an electron to jump from
the valence band to the conduction band is called
the energy gap or band gap (often “bandgap”), as
shown in Figure 5(a).

The difference between a semiconductor and an
insulator is that the energy gap for the former
is several times smaller than that of the latter,
e.g., silicon has an energy gap of 1.1 eV whereas
diamond has an energy gap of 5.5 eV.
• In silicon, not diamond, there is a real possi-

bility that thermal agitation at room tempera-
ture will cause electrons to jump the gap from
valence to conduction band.

Charge carriers in silicon arise only because, at
thermal equilibrium, thermal agitation causes
a certain (very small) number of valence-band
electrons to jump the energy gap into the con-
duction band, leaving an equal number of unoc-
cupied energy states, called holes, in the valence
band, as shown in Figure 5(b).

Semiconductors
If you compare Fig. 41-9a with Fig. 41-4, you can see that the band structure of 
a semiconductor is like that of an insulator. The main difference is that the semi-
conductor has a much smaller energy gap Eg between the top of the highest filled 
band (called the valence band) and the bottom of the vacant band just above it 
(called the conduction band). Thus, there is no doubt that silicon (Eg = 1.1 eV) is 
a semiconductor and diamond (Eg = 5.5 eV) is an insulator. In silicon—but not 
in diamond—there is a real possibility that thermal agitation at room tempera-
ture will cause electrons to jump the gap from valence to conduction band.

In Table 41-1 we compared three basic electrical properties of copper, our proto-
type metallic conductor, and silicon, our prototype semiconductor. Let us look again 
at that table, one row at a time, to see how a semiconductor differs from a metal.

Number Density of Charge Carriers n
The bottom row of Table 41-1 shows that copper has far more charge carriers 
per unit volume than silicon, by a factor of about 1013. For copper, each atom 
contributes one electron, its single valence electron, to the conduction process. 
Charge carriers in silicon arise only because, at thermal equilibrium, thermal agi-
tation causes a certain (very small) number of valence-band electrons to jump 
the energy gap into the conduction band, leaving an equal number of unoccupied 
energy states, called holes, in the valence band. Figure 41-9b shows the situation.

Both the electrons in the conduction band and the holes in the valence band 
serve as charge carriers. The holes do so by permitting a certain freedom of 
movement to the electrons remaining in the valence band, electrons that, in the 
absence of holes, would be gridlocked. If an electric field E

→
 is set up in a semi-

conductor, the electrons in the valence band, being negatively charged, tend to 
drift in the direction opposite E

→
. This causes the positions of the holes to drift in 

the direction of E
→

. In effect, the holes behave like moving particles of charge +e.
It may help to think of a row of cars parked bumper to bumper, with the 

lead car at one car’s length from a barrier and the empty one-car-length distance 
being an available parking space. If the leading car moves forward to the barrier, 
it opens up a parking space behind it. The second car can then move up to fill that 
space, allowing the third car to move up, and so on. The motions of the many cars 
toward the barrier are most simply analyzed by focusing attention on the drift of 
the single “hole” (parking space) away from the barrier.

In semiconductors, conduction by holes is just as important as conduction by 
electrons. In thinking about hole conduction, we can assume that all unoccupied 
states in the valence band are occupied by particles of charge +e and that all  
electrons in the valence band have been removed, so that these positive charge 
carriers can move freely throughout the band.

Resistivity ρ
Recall from Chapter 26 that the resistivity ρ of a material is m/e2nτ, where m is 
the electron mass, e is the fundamental charge, n is the number of charge car-
riers per unit volume, and τ is the mean time between collisions of the charge 
carriers. Table 41-1 shows that, at room temperature, the resistivity of silicon is 
higher than that of copper by a factor of about 1011. This vast difference can be 
accounted for by the vast difference in n. Other factors enter, but their effect on 
the resistivity is swamped by the enormous difference in n.

Temperature Coefficient of Resistivity α
Recall that α (see Eq. 26-17) is the fractional change in resistivity per unit change 
in temperature:

	 α =
1
ρ  

dρ
dT

.� (41-10)

1262 CHAPTER 41  CONDUCTION OF ELECTRICITY IN SOLIDS

Figure 41-9  (a) The band–gap pattern for  
a semiconductor. It resembles that of an 
insulator (see Fig. 41‑4) except that here 
the energy gap Eg is much smaller; thus 
electrons, because of their thermal agita-
tion, have some reasonable probability of 
being able to jump the gap. (b) Thermal 
agitation has caused a few electrons to 
jump the gap from the valence band to the 
conduction band, leaving an equal number 
of holes in the valence band.

Eg

Conduction
band

Valence
band

Semiconductor

Conduction
band

Valence
band

Eg

(b)

(a)

Figure 5: (a) A semiconductor
has a small band gap 𝐸 . (b)
Thermal agitation can cause
electrons to jump the gap, leav-
ing an equal number of holes in
the valence band [HRW18, Fig-
ure 41-9].

Both the electrons in the conduction band and the holes in the valence band serve
as charge carriers. The holes do so by permitting a certain freedom of movement
to the electrons remaining in the valence band, i.e., electrons that in the absence
of holes would be gridlocked.

If an electric field ⃗𝐸 is set up in a semiconductor, the electrons in the valence band,
being negatively charged, tend to drift in the direction opposite to ⃗𝐸. This causes
the positions of the holes to drift in the direction of ⃗𝐸. In effect, the holes behave
like positively charged particles.

The usefulness of semiconductors in technology can be greatly improved by intro-
ducing a small number of suitable replacement atoms (called impurities) into the
semiconductor lattice — a process called doping. Typically, only about 1 silicon
atom in 10 is replaced by a dopant atom in the doped semiconductor.
• All modern semiconducting devices are based on doped material, of which there

are two types, namely and .
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Type n As shown in Figure 6, if the im-
purity atom, say phosphorus, has a va-
lence of 5. 4 of the valence electrons of
the phosphorus atom form bonds with
the 4 surrounding silicon atoms. The
5th “extra” electron is only loosely bound
to the phosphorus atom.

Type p As shown in Figure 7, if the im-
purity atom, say aluminum, has a va-
lence of 3. 3 of the valence electrons of
the aluminum atom bond with only 3 sil-
icon atoms, so there is now a hole in one
aluminum-silicon bond.

126341-2  SEMICONDUCTORS AND DOPING

The resistivity of copper increases with temperature (that is, dρ/dT > 0) because 
collisions of copper’s charge carriers occur more frequently at higher tempera-
tures. Thus, α is positive for copper.

The collision frequency also increases with temperature for silicon. How-
ever, the resistivity of silicon actually decreases with temperature (dρ/dT < 0) 
because the number of charge carriers n (electrons in the conduction band and 
holes in the valence band) increases so rapidly with temperature. (More electrons 
jump the gap from the valence band to the conduction band.) Thus, the fractional 
change α is negative for silicon.

Doped Semiconductors
The usefulness of semiconductors in technology can be greatly improved by 
introducing a small number of suitable replacement atoms (called impurities) 
into the semiconductor lattice—a process called doping. Typically, only about  
1 silicon atom in 107 is replaced by a dopant atom in the doped semiconduc-
tor. Essentially all modern semiconducting devices are based on doped material. 
Such materials are of two types, called n-type and p-type; we discuss each in turn.

n-Type Semiconductors
The electrons in an isolated silicon atom are arranged in subshells according to 
the scheme

1s2  2s2  2p6  3s2  3p2,

in which, as usual, the superscripts (which add to 14, the atomic number of silicon) 
represent the numbers of electrons in the specified subshells.

Figure 41-10a is a flattened-out representation of a portion of the lattice 
of pure silicon in which the portion has been projected onto a plane; compare 
the figure with Fig. 41-1b, which represents the unit cell of the lattice in three 
dimensions. Each silicon atom contributes its pair of 3s electrons and its pair of 
3p electrons to form a rigid two-electron covalent bond with each of its four near-
est neighbors. (A covalent bond is a link between two atoms in which the atoms 
share a pair of electrons.) The four atoms that lie within the unit cell in Fig. 41-1b 
show these four bonds.

The electrons that form the silicon–silicon bonds constitute the valence band 
of the silicon sample. If an electron is torn from one of these bonds so that it 
becomes free to wander throughout the lattice, we say that the electron has been 
raised from the valence band to the conduction band. The minimum energy 
required to do this is the gap energy Eg.

Because four of its electrons are involved in bonds, each silicon “atom” is 
actually an ion consisting of an inert neon-like electron cloud (containing 10 
electrons) surrounding a nucleus whose charge is +14e, where 14 is the atomic 
number of silicon. The net charge of each of these ions is thus +4e, and the ions 
are said to have a valence number of 4.

In Fig. 41-10b the central silicon ion has been replaced by an atom of 
phosphorus (valence = 5). Four of the valence electrons of the phosphorus 
form bonds with the four surrounding silicon ions. The fifth (“extra”) elec-
tron is only loosely bound to the phosphorus ion core. On an energy-band 
diagram, we usually say that such an electron occupies a localized energy state 
that lies within the energy gap, at an average energy interval Ed below the bot-
tom of the conduction band; this is indicated in Fig. 41-11a. Because Ed ⪡ Eg, 
the energy required to excite electrons from these levels into the conduction 
band is much less than that required to excite silicon valence electrons into 
the conduction band.

The phosphorus atom is called a donor atom because it readily donates an 
electron to the conduction band. In fact, at room temperature virtually all the 

Figure 41-10  (a) A flattened-out repre-
sentation of the lattice structure of pure 
silicon. Each silicon ion is coupled to its 
four nearest neighbors by a two-electron 
covalent bond (represented by a pair of 
red dots between two parallel black lines). 
The electrons belong to the bond—not 
to the individual atoms—and form the 
valence band of the sample. (b) One 
silicon atom is replaced by a phosphorus 
atom (valence = 5). The “extra” electron 
is only loosely bound to its ion core and 
may easily be elevated to the conduction 
band, where it is free to wander through 
the volume of the lattice. (c) One silicon 
atom is replaced by an aluminum atom 
(valence = 3). There is now a hole in one 
of the covalent bonds and thus in the 
valence band of the sample. The hole can 
easily migrate through the lattice as elec-
trons from neighboring bonds move in to 
fill it. Here the hole migrates rightward.
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The resistivity of copper increases with temperature (that is, dρ/dT > 0) because 
collisions of copper’s charge carriers occur more frequently at higher tempera-
tures. Thus, α is positive for copper.
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because the number of charge carriers n (electrons in the conduction band and 
holes in the valence band) increases so rapidly with temperature. (More electrons 
jump the gap from the valence band to the conduction band.) Thus, the fractional 
change α is negative for silicon.

Doped Semiconductors
The usefulness of semiconductors in technology can be greatly improved by 
introducing a small number of suitable replacement atoms (called impurities) 
into the semiconductor lattice—a process called doping. Typically, only about  
1 silicon atom in 107 is replaced by a dopant atom in the doped semiconduc-
tor. Essentially all modern semiconducting devices are based on doped material. 
Such materials are of two types, called n-type and p-type; we discuss each in turn.
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of the silicon sample. If an electron is torn from one of these bonds so that it 
becomes free to wander throughout the lattice, we say that the electron has been 
raised from the valence band to the conduction band. The minimum energy 
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electrons) surrounding a nucleus whose charge is +14e, where 14 is the atomic 
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are said to have a valence number of 4.
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tron is only loosely bound to the phosphorus ion core. On an energy-band 
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(c)Figure 6: Lattice structure of an n-
type semiconductor [HRW18, Figure 41-
10(b)].

Figure 7: Lattice structure of a p-
type semiconductor [HRW18, Figure 41-
10(c)].

On an energy-band diagram, such an
electron occupies a localized energy
state that lies within the band gap, at
an average energy interval 𝐸 below the
bottom of the conduction band. Since
𝐸 ≪ 𝐸 , it takes much less energy to
excite electrons from these levels into
the conduction band than to excite sil-
icon valence electrons into the conduc-
tion band.

The aluminum atom readily accepts
an electron from a neighboring bond.
This electron occupies a localized energy
state that lies within the band gap, at an
average energy interval 𝐸 above the top
of the valence band. Since 𝐸 ≪ 𝐸 , va-
lence electrons are easily bumped up to
the acceptor level, leaving holes in the
valence band.
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electrons contributed by the donor atoms are in the conduction band. By adding 
donor atoms, it is possible to increase greatly the number of electrons in the con-
duction band, by a factor very much larger than Fig. 41-11a suggests.

Semiconductors doped with donor atoms are called n-type semiconductors; 
the n stands for negative, to imply that the negative charge carriers introduced 
into the conduction band greatly outnumber the positive charge carriers, 
which are the holes in the valence band. In n-type semiconductors, the elec-
trons are called the majority carriers and the holes are called the minority 
carriers.

p-Type Semiconductors
Now consider Fig. 41-10c, in which one of the silicon atoms (valence = 4) has 
been replaced by an atom of aluminum (valence = 3). The aluminum atom can 
bond covalently with only three silicon atoms, and so there is now a “missing” 
electron (a hole) in one aluminum–silicon bond. With a small expenditure of 
energy, an electron can be torn from a neighboring silicon–silicon bond to fill 
this hole, thereby creating a hole in that bond. Similarly, an electron from some 
other bond can be moved to fill the newly created hole. In this way, the hole can 
migrate through the lattice.

The aluminum atom is called an acceptor atom because it readily accepts 
an electron from a neighboring bond — that is, from the valence band of 
silicon. As Fig. 41-11b suggests, this electron occupies a localized energy state 
that lies within the energy gap, at an average energy interval Ea above the top 
of the valence band. Because this energy interval Ea is small, valence electrons 
are easily bumped up to the acceptor level, leaving holes in the valence band. 
Thus, by adding acceptor atoms, it is possible to greatly increase the number 
of holes in the valence band, by a factor much larger than Fig. 41-11b suggests. 
In silicon at room temperature, virtually all the acceptor levels are occupied 
by electrons.

Semiconductors doped with acceptor atoms are called p-type semiconduc-
tors; the p stands for positive to imply that the holes introduced into the valence 
band, which behave like positive charge carriers, greatly outnumber the electrons 
in the conduction band. In p-type semiconductors, holes are the majority carriers 
and electrons are the minority carriers.

Table 41-2 summarizes the properties of a typical n-type and a typical p-type 
semiconductor. Note particularly that the donor and acceptor ion cores, although 
they are charged, are not charge carriers because they are fixed in place.
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Figure 41-11  (a) In a doped n-type semi-
conductor, the energy levels of donor 
electrons lie a small interval Ed below the 
bottom of the conduction band. Because 
donor electrons can be easily excited to 
the conduction band, there are now many 
more electrons in that band. The valence 
band contains the same small number of 
holes as before the dopant was added. 
(b) In a doped p-type semiconductor, the
acceptor levels lie a small energy interval 
Ea above the top of the valence band. 
There are now many more holes in the 
valence band. The conduction band con-
tains the same small number of electrons 
as before the dopant was added. The ratio 
of majority carriers to minority carriers in 
both (a) and (b) is very much greater than
is suggested by these diagrams.
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Table 41‑2  Properties of Two Doped Semiconductors

Type of Semiconductor	

Property	 n	 p

Matrix material	 Silicon	 Silicon
Matrix nuclear charge	 +14e	 +14e

Matrix energy gap	 1.2 eV	 1.2 eV
Dopant Phosphorus Aluminum
Type of dopant	 Donor	 Acceptor
Majority carriers	 Electrons	 Holes
Minority carriers	 Holes	 Electrons
Dopant energy gap	 Ed = 0.045 eV	 Ea = 0.067 eV
Dopant valence	 5	 3
Dopant nuclear charge	 +15e	 +13e

Dopant net ion charge	 +e	 –e

electrons contributed by the donor atoms are in the conduction band. By adding 
donor atoms, it is possible to increase greatly the number of electrons in the con-
duction band, by a factor very much larger than Fig. 41-11a suggests.

Semiconductors doped with donor atoms are called n-type semiconductors; 
the n stands for negative, to imply that the negative charge carriers introduced 
into the conduction band greatly outnumber the positive charge carriers, 
which are the holes in the valence band. In n-type semiconductors, the elec-
trons are called the majority carriers and the holes are called the minority 
carriers.

p-Type Semiconductors
Now consider Fig. 41-10c, in which one of the silicon atoms (valence = 4) has 
been replaced by an atom of aluminum (valence = 3). The aluminum atom can 
bond covalently with only three silicon atoms, and so there is now a “missing” 
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energy, an electron can be torn from a neighboring silicon–silicon bond to fill 
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they are charged, are not charge carriers because they are fixed in place.
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Table 41‑2  Properties of Two Doped Semiconductors

Type of Semiconductor	

Property	 n	 p

Matrix material	 Silicon	 Silicon
Matrix nuclear charge	 +14e	 +14e

Matrix energy gap	 1.2 eV	 1.2 eV
Dopant Phosphorus Aluminum
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Figure 8: Adding donor atoms signifi-
cantly increases number of electrons in
the conduction band [HRW18, Figure
41-11(a)].

Figure 9: Adding acceptor atoms signif-
icantly increases number of holes in the
valence band [HRW18, Figure 41-11(b)].

The phosphorus atom is called a donor
atom because it readily donates an elec-
tron to the conduction band. Semi-
conductors doped with donor atoms are
called , where
n stands for negative. In n-type semicon-
ductors, electrons are the majority carri-
ers while holes are the minority carriers.

The aluminum atom is called an accep-
tor atom. Semiconductors doped with
acceptor atoms are called

, where p stands for posi-
tive. In p-type semiconductors, holes are
the majority carriers while electrons are
the minority carriers.

Superscripts + and − above 𝑛 or 𝑝 means “heavily doped” and “lightly doped” re-
spectively, e.g., 𝑛 means heavily doped 𝑛-type [Ras14, pp. 61-62].
A is a single semiconducting crystal with one end doped to form
p-type material and the other end doped to form n-type material [HRW18, Sect.
41-3].
• The two types meet at a junction plane, i.e., the transition from one region to the

other is perfectly sharp.
At thermal equilibrium, the following occur at the junction plane, as illustrated in
Figure 10:
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