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Preface 

People come to technical books with a vast array of different needs and 
requirements 1 arising from their differing educational backgrounds, profes­
sional orientations and career objectives. This is particularly evident in the 
field of semiconductors, which stands at the juncture of physics, chemistry1 

electronic engineering, material science and mathematics. No longer just 
an academic discipline, this field is at the heart of an ongoing revolution in 
communications) computation and electronic device applications, that inno­
vate many fields and change modern life in myriad ways) large and small. Its 
profound impact and further potential command interest and attention from 
all corners of the earth1 and from a wide variety of students and researchers. 

The clear need to address a broadly diversified and variously motivated 
readership has weighed heavily in the authors' considerations. It poses a 
pedagogical problem faced by many teachers of intermediate level courses 
on semiconductor physics. Generally speaking, every student has previously 
studied about half of the course material The difficulty lies in the fact that 
each student's exposure is likely to have been to a different half, depend­
ing on which lower level courses and teachers they have had, and where the 
emphasis lay. To accommodate readers with varied backgrounds we start 
from first principles and provide fully detailed explanations and proofs, as­
suming only that the reader is familiar with the Schrodinger equation. This 
intensively tutorial treatment of the electronic properties of semiconduc­
tors includes recent fundamental developments and is carried through to the 
physical principles of device operation, to meet the needs of readers inter­
ested in engineering aspects of semiconductors, as well as those interested in 
basic phys.ics. Clarity of explanatfon and breadth of exposure relating to the 
electronic properties of semiconductors, from first principles to modern de-­
vices, are our principal objectives in this frankly pedagogical book. We offer 
full mathematical derivations to strengthen understanding and discuss the 
physical significance of results, avoiding reliance on 'hand waving arguments 
alone. 

To support the reader's introduction to the physics of semiconductors, we 
provide a thorough grounding in the basic principles of solid state physics, 
assuming no prior knowledge of the field on the part of the reader. An ele­
mentary discussion of the crystal structure, chemical nature and macroscopic 
properties characterizing semiconductors is given in Chapter 1. Moreover, 
we also include an extensive appendix to guide the reader through group 
theory and its applications in connection with the symmetry properties of 
semiconductors, which are of major importance. Beside spatially homoge­
neous bulk semiconductors, we undertake a full exposition of inhomogeneoll8 
semiconductor junctions and heterostructures because of their crucial role 
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Chapter 6 

Seiniconductor junctions in 
thermodynamic equilibriuin 

The distinguished role of semiconductors in the modern world stems from 
devices which can be fabricated from these materials and, like transistors 
and semiconductor lasers, have opened the door to the present computer 
and communication technologies. The operation of semiconductor devices 
depends largely on effects which occur at semiconductor junctions, in ad­
dition to the properties . of homogeneous semiconductors which have been 
treated almost exclusively in this book thus far. A semiconductor junction 
is understood as a structure composed of two interconnected layers, of which 
at least one is a semiconductor material. Various semiconductor junctions 
are shown in Figure 6.1 schematically. In case (a) the two layers are made 
of the same semiconductor material, e.g. silicon, but one of the layers is 
p-doped and the other n-doped. This is called a pn-junction. In case (b) 
two layers of different semiconductor materials are connected. The doping 
type may, but need not be different. This structure is called a semiconductor 
heterojunction. We encountered such semiconductor heterostructures above 
in section 3. 7. If a semiconductor layer is combined with a metal layer, 
then one has a metal-semiconductor junction, and if it is connected with 
an insulator layer it is an insulator-semiconductor junction. Formally, one 
can also include semiconductor surfaces here, which correspond to vacuum­
semiconductor junctions. 

Each of the semiconductor junctions identified above is associated with 
an important physical discovery. Several of these discoveries were even hon­
ored with Nobel prizes. Moreover, each of these junctions plays a role in 
electronic devices, and in most cases a semiconductor junction is crucial 
for operation of the device. Electric rectification at a metal-semiconductor 
junction, the so-called Schottky contact, was historically the first semicon­
ductor junction to be used technologically. In this particular case, funda-
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a) 

Semic. 
p-type 

b) 
Semic. 

1 
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d) 

Semic. Insulator 

e) 

Semic. Vacuum 

Figure 6.1: The various semiconductor junctions. 

mental general laws of semiconductor junctions were first recognized, par­
ticularly by Schottky and Mott. It is thus astonishing that, in this case of 
the metal-semiconductor junction, a complete microscopic understanding is 
elusive even now. The pn-junction, more precisely the combination of a pn­

and a np-junction, underlies the bipolar transistor, for which the inventors 
Shockley, Bardeen and Brattain received the Nobel prize for physics in 1956. 
Also, the tunnel diode, for which the Japanese physicist Esaki earned the 
Nobel prize in 1973, rests on the pn-junction. This device employs electron 
tunneling between the valence and conduction bands of such a junction. The 
unipolar field effect transistor (MOSFET) contains, beside a pn-junction, 
also an insulator-semiconductor junction as an active structural element. In 
experimental studies of the 2-dimensional electron gas in specially tailored 
silicon MOSFET's, the quantized Hall effect was discovered by von Klitz­
ing. This accomplishment was honored with the Nobel prize for physics in 
1985. The 2-dimensional electron gas and the quantized Hall effect may also 
be observed in semiconductor heterojunctions. Combining heterojunctions 
with pn-junctions, efficient light emitting diodes (LEDs) and semiconductor 
injection lasers may be fabricated. Heterojunctions also form the key struc­
tural elements of which the super lattices and quantum wells of section 3. 7 are 
composed. The advent of these systems has opened a completely new and 
fruitful area in semiconductor physics and electronics, that of semiconductor 
microstructures. 

In general terms, the operation of electronic devices based on semicon­
ductors may be described as follows: The thermodynamic equilibrium of a 
semiconductor junction is disturbed by an external perturbation, for exam-
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ple, by applying a voltage or by exposing the sample to light. The result 
of the perturbation are large changes of some properties of the junction, 
for example, its electric resistivity. These changes are the effects employed 
to advantage in semiconductor devices. To understand the perturbation of 
an equilibrium state of a semiconductor junction, one must first deal with 
the equilibrium state itself. This will be done in the present chapter. Non­
equilibrium processes will be treated in Chapter 7. To initiate discussion of 
the equilibrium state, we start with the pn-junction. 

6.1 pn-junction 

pn-junctions are fabricated such that either the surface region of a homog~ 
neously doped n (or p)-type sample, is p (or n)-doped by means of diffusion 
or ion implantation, or that a p (or n)-type layer is deposited on a n (or 
p )-type substrate by means of epitaxy. In the particular case of Si, neutron 
bombardment may also be used. Due to the nuclear reaction i~Si + n ----+ 

Usi + I - r!P + (3, a previously p-doped sample becomes n-doped in the 
surface region exposed to the neutrons. 

In the following theoretical description of the pn-junction we assume 
homogeneously doped p- and n-regions left and right of the plane normal 
to the x-axis of a Cartesian coordinate system (see Figure 6.2a). The p­

region extends to -oo and the n-region to +oo. The transition from the p­

to the n-region takes place abruptly at x = 0. We refer to this position as 
the 'nominal transition'. In the transverse plane normal to the x-axis, the 
two semi-infinite semiconductor samples are taken to extend to infinity in 
all directions. Thus, there are no dependencies on y and z, provided the 
semiconductor materials are homogeneous in the transverse plane, which we 
take to be the case. With this, the problem is effectively one dimensional. 
The carrier concentration distribution along the x-axis before equilibrium is 
established is shown schematically in Figure 6.2a. Conceptually, this corrEr 
sponds to the instant at which the junction is formed, so that the carrier 
distribution has not yet had enough time to adjust to form a new equilibrium 
state. Considering that the p-region also has electrons which are minority 
carriers in it, and that then-region also has holes as minority carriers there, 
one must distinguish the region in which these concentrations are meant. 
We indicate this by affixing a subscript to n and p. The concentrations in 
the n-region will be denoted by nn and Pn, and those in the p-region by np 

and Pp• Thus, nn and Pp are majority carrier concentrations, while np and 
Pn are minority carrier concentrations. The different values of the charge 
carrier concentrations in the n- and p-regions are related to different values 
E Fn and E Fp of the bulk Fermi energies in these regions, such that 
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Chapter 6. Semiconductor junctions in thermodynamic equilibrium 

nn p{x) -------

EFn 

Pn 

-e<p lx) 

I 
I 
I 
I 
p(x) 

tR~combi-
I 
I 

nation I 
I 

I I 
I I 
I I 

nix) 

------

µ(x) 

I 
n(xl 

I 
I 

I 

n(x) 

I 

X 

X 

X 

I )( 

I 
I 

Figure 6.2: Non-equilibrium state of a pn-junction (a), from which the establish­
ment of thermodynamic equilibrium develops (b,c). 
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6.1.1 Establishment of thermodynamic equilibrium 

539 

(6.1) 

(6.2) 

The situation shown in Figure 6.2a certainly does not represent an equilib­
rium state. The charge carrier concentrations are spatially varying functions 
n(x) and p(x), and because np ~ nn and Pn ~ Pp, strong gradients of n(x) 

and p(x) exist in the vicinity of the nominal transition x = 0. They cause 
electrons to diffuse to the left into the p-region, and holes to the right into 
the n-region (Figure 6.2b ). Consequently, the n-region becomes positively 
charged, and the p-region negatively. In the terminology of Chapter 5, one 
can say that a space charge region is formed. It has an associated electric 
field E(x) and an electric potential rp(x). The dependence of these quantities 
on x is shown in Figure 6.2b (right column), illustrating results which will 
actually be obtained later by detailed analysis. For our immediate consid­
erations, only their qualitative behavior is important. In Figure 6.2b the 
band edges are shown as position-dependent quantities. This representa­
tion is surprising initially, since the band edges are energy eigenvalues of 
the Schrodinger equation, and as such they do not depend on space coor­
dinates. Such a representation in terms of position-dependent band edges 
is nevertheless meaningful in the present case, based on the fact that rp(x) 
is a smoothly varying potential in the sense of section 3.3. Therefore, the 
effective mass equation can be applied. For the envelope function Xc(x) of 
the conduction band electrons this equation reads 

[-2:~ d~2 + Ee - «p(x)] Xc(x) = EXc(x), (6.3) 

and for the envelope function Xv(x) of the valence band holes it has the 
form 

h:t::2 + e<p(x)] Xv(x) = (-E)Xv(x). (6.4) 

According to equation (6.3), the electrons at the conduction band edge ex­
hibit a potential energy Ee - erp(x), and the holes at the valence band edge 
exhibit a potential energy erp(x ). These energy functions are depicted in 
Figure 6.2b. In this, one has to recognize that the energy e<p(x) of the holes 
counts negatively, so that on the positive electron energy scale one must 
therefore plot -erp(x ). 

The electric field in the space charge region drives a current in the direction 
opposite to that of the diffusion current (Figure 6.2b ). The concentrations 
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(7.119) 

With U ~ 5 V, this yields (dn 8 /dU) ~ 1013 cm-2v-1. A voltage increase 
of 1 V results in about 1013 electrons being induced into the inversion layer 
per cm2. 

Electrons in an inversion layer have been the subject of many physical 
investigations. Like carriers at a semiconductor heterojunction ( see section 
6.2), these electrons are confined in a ·potential well. Just above the bottom 
('.:::::'. 0.1 eV), the width of this well is still smaller than L. Thus, carriers 
of such energy are freely mobile only parallel to the well. One has a quasi 
2-dimensional electron gas. In it, confinement effects, like the formation of 
subbands, can be observed. By means of an applied voltage, the density of 
the electron gas can be varied. In this context, the accumulation layer at the 
interface between Si02 and Si has been of particular interest. Historically, it 
was the 2D gas of this layer in which carrier confinement effects were studied 
first, and in which the quantized Hall effect was discovered. 

'7 .4.3 MOSFET 

Whether or not the charge density of a semiconductor inversion layer suffices 
to cause a resistance change of sufficient magnitude to function as a transis­
tor, depends (among other things) mainly on the specific resistivity of the 
semiconductor material in the absence of an applied voltage. This must be 
as high as possible. The highest possible resistivity, or the smallest conduc­
tivity, of a semiconductor material is observed when it is in its intrinsic state. 
This fact is used to advantage in the most important type of field effect tran­
sistor, the so-called MISFETs (Metal Insulator Semiconductor Field Effect 
Transistor). Here, one exploits the fact that in a pn-junction a depletion 
region is formed wherein the charge carrier concentrations have intrinsic val­
ues. The p-region is embedded between two n-regions, as shown in Figure 
7.22. If one applies a positive voltage between the left n-region (source) and 
the right n-region (drain) (Figure 7.22), then the left pn-junction is biased in 
the flow direction, and the right in the blocking direction. Between the two 
n-regions, one therefore has a p-region which is almost completely depleted 
of holes. In the theory developed above, this may be taken into account 
formally by adding a positive prevoltage Uv to the voltage U applied to the 
insulator-semiconductor junction from outside, i.e. by the replacement 

u- u+uv. (7.120) 

For U = 0, the semiconductor region between source and drain, the so-called 
channel, has high intrinsic resistivity. If a positive voltage U = Uc is applied 
between the bulk of the p-semiconductor (substrate) and the metal layer on 

NXP Semiconductors N.V. Ex. 1008



7.4. Insulator-semiconductor junction in an external voltage 621 

al bl 

Metal 
T 

Gate 

Source Drain 

p 
Substrot 

Figure 7.22: Structure of a MISFET (a). In part (b) the switching scheme of the 
MISFET is shown. 

8 12 16 20 24 

UG/V 

6 
5 

4 
3 
2 
1 

Uso/v-. 
Figure 7.23: Influence of the gate voltage Uc on the lsn - versus - U SD current­
voltage characteristics for a n-channel MOSFET of enhancement-type. ( After Volz, 

1986.) 

top of the insulator (gate), large enough to create an inversion layer, then 
the channel becomes a good conductor. The current in the source-drain 
circuit can be tuned by the voltage Uc of the gate-substrate circuit since the 
electron density of the inversion layer depends on Uc. The voltage Uc is 
called gate voltage, and the minimum gate voltage Uc necessary to a achieve 
inversion is the threshold voltage. If one also includes a working resistor 
in the source-drain circuit and compares the power changes in this resistor 
with those in the gate-substrate circuit, one finds that the former exceeds the 
latter appreciably. In this sense, the MISFET operates as an amplifier, just 
like the bipolar transistor. Because of the insulating layer below the gate 
electrode, the MISFET has a much larger input resistance than the bipolar 

NXP Semiconductors N.V. Ex. 1008



622 Chapter 7. Semiconductor junctions under non-equilibrium conditions 

transistor. The output resistance of the MISFET, i.e. that of the source­
drain circuit, is small because of the accumulation layer between source and 
drain. 

If the MISFET is realized using Si as the semiconductor material and 
SiO2 as the insulator, one has the Metal Oxide Semiconductor Field Effect 
Transistor, abbreviated MOSFET, which is by far the most important MIS­
FET. The basic requirement that the electrons of the inversion layer shall 
not be captured by interface states, are met by the MOSFET extremely 
well. Just as the base of a bipolar transistor can be made either of p- or 
n-material, one also has two possibilities in the case of the unipolar MOS­
FET - the charge carriers in the conducting channel can either be electrons, 
as has been assumed thus far, or holes. In the first case one speaks of a 
n-channel MOSFET, and in the second of p-channel MOSFET. The prevolt­
age Uv, which was introduced above only formally to simulate the intrinsic 
state, can really exist for various reasons, e.g., because of positively charged 
centers within the oxide arising during its formation. The prevoltage can 
take such large values that inversion exists even without an applied gate 
voltage. Then the transistor is already in its conducting state at zero gate 
voltage. To switch it into its blocking state, one must apply a negative gate 
voltage in the case of the n-channel MOSFET, and a positive gate voltage 
in the case of the p-channel MOSFET. One says that the transistor oper­
ates in the depletion mode. If the transistor is blocked without an applied 
voltage and changes into the conducting state by applying a positive (for 
n-channel) or negative (for p-channel) gate voltage, one has the enhance­
ment mode. The current-voltage characteristics of the source-drain circuit 
of a n-channel-enhancement-mode MOSFET are shown in Figure 7.23 for 
different gate voltages. One recognizes how the source-drain current at a 
fixed value of U SD increases with increasing gate voltage Uc. Somewhat 
unexpectedly, for a fixed gate voltage Uc, the current saturates at higher 
source-drain voltages U SD• This is a consequence of the fact that the effec­
tive gate voltage in the vicinity of the drain electrode becomes smaller and 
smaller as the drain potential grows larger. This creates a 'pinch off' of the 
inversion layer, making the current stay constant. 

The MOSFET represents the most important electronic component of 
digital circuits in microelectronics. Here it is used as an electrically control­
lable switch, meaning that its control function is reduced to two states only, 
one with maximum output power, corresponding to a binary 'l', and another 
having minimum output power, corresponding to a binary '0'. Today, MOS­
FETs can be made as small that millions can be integrated in one single 
Si chip, more than of any other electronic component. It is this ultra-large 
scale integration (ULSI) technique which has made modern computer and 
communication technologies possible. 
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