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Introduction

Semiconductor devices have revolutionized the way we work and live. Transistors are
thought of as one of the most important developments of the twentieth century and they
have given rise to the computer age as well as to compact, reliable electronics found in
everything from televisions to cell phones.

An even more fundamental semiconductor device exists, however. It is the semiconductor
diode or p-n junction diode. Diodes had been developed before the transistor and were
used for rectification whereby alternating current can be converted to direct current by
employing the unidirectional property of diodes: current normally only flows efficiently
in one direction through a diode, and current flow is blocked in the opposite direction.
This property of diodes is exploited in power supplies as well as in many other circuits
such as those found in radios and limiters. Since an understanding of diodes is required to
explain the principles of transistors, diodes are frequently presented as a stepping stone to
the transistor.

In the twenty-first century, however, two new major industries are undergoing very rapid
developments based directly on the p-n junction diode. Photovoltaic (PV) solar cells and
light emitting diodes (LEDs) are both p-n junctions that are designed and optimized to
either absorb or emit light. In both cases, an energy conversion process between photons
and electrons occurs within a p-n junction.

The consequences of this development constitute a revolution in two major industrial
sectors:

1. Energy production has relied on hydrocarbons and nuclear power, and although these
will continue to be important, the direct conversion of solar radiation into useful power is
the key to a long-term, sustainable energy supply. Ninety-seven percent of all renewable
energy on earth is in the form of solar radiation. The beginning of the twenty-first century
has seen the abrupt growth of a global solar photovoltaic industry in conjunction with the
involvement of governments worldwide, and unprecedented growth in PV production
and deployment is now underway. The worldwide consumption of silicon semiconductor
material for the entire microelectronics industry is being overtaken by its use for solar
cells alone.

2. Electric lighting was achieved by the incandescent lamp in the early twentieth century.
In the second half of the twentieth century a significant movement to fluorescent lamps
and discharge lamps in which a gas is excited into a plasma that radiates energy more
efficiently than a tungsten filament occurred. The twenty-first century will give rise
to the virtual displacement of both incandescent lamps and fluorescent lamps by LED
lamps. In preparation for this revolution, the world’s major lighting companies have
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acquired LED research, development and production capabilities. LEDs have already
achieved lower power consumption and longer life in small, rugged packages than either
incandescent or fluorescent lamps. They also eliminate heavy metals such as mercury
used in fluorescent lamps.

The purpose of this book, therefore, is to introduce the physical concepts required
for a thorough understanding of p-n junctions starting with semiconductor fundamentals
and extending this to the practical implementation of semiconductors in both PV and
LED devices. The treatment of a range of important semiconductor materials and device
structures is also presented.

The book is aimed at senior undergraduate levels (years three and four). An introduc-
tory background in quantum mechanics is assumed, together with general knowledge of
junior mathematics, physics and chemistry; however, no background in electronic mate-
rials is required. As such this book is designed to be relevant to all engineering students
with an interest in semiconductor devices and not specifically to electrical or engineering
physics/engineering science students only. This is intentional since solar cells and LEDs
involve a wide range of engineering disciplines and should not be regarded as belonging to
only one branch of engineering.

In Chapter 1, the physics of solid state electronic materials is covered in detail starting
from the basic behaviour of electrons in crystals. The quantitative treatment of electrons and
holes in energy bands is presented along with the important concepts of excess carriers that
become significant once semiconductor devices are either connected to sources of power
or illuminated by light. A series of semiconductor materials and their important properties
is also reviewed. The behaviour of semiconductor surfaces and trapping concepts are also
introduced since they play an important role in solar cell and LED device performance.

In Chapter 2, the basic physics and important models of a p-n junction device are
presented. The approach taken is to present the diode as a semiconductor device that can be
understood from the band theory covered in Chapter 1. Various types of diode behaviour,
including tunnelling, metal-semiconductor contacts and heterojunctions, are presented as
well as reverse breakdown behaviour.

Chapter 3 introduces the theory of photon emission and absorption, a topic that books
on semiconductor devices frequently pay less attention to. The standard description that
a photon is created when an electron and a hole recombine, or a photon is absorbed
when an electron and a hole are generated, is not adequate for a deeper understanding of
photon emission and absorption processes. In this chapter the physics of photon creation
is explained with a minimum of mathematical complexity, and these concepts are much
better understood by following radiation theory and describing the oscillating dipole both
classically and using simple quantum mechanics. A section of Chapter 3 describes the
exciton relevant to inorganic semiconductors as well as the molecular exciton for organic
semiconductors. In addition lineshapes predicted for direct-gap semiconductors are derived.
Finally the subject of photometric units introduces the concepts of luminance and colour
coordinates that are essential to a discussion of organic and inorganic light emitting diodes.

Chapter 4 covers inorganic solar cells. The concepts regarding the p-n junction introduced
in Chapter 2 are further developed to include illumination of the p-n junction and the simplest
possible modelling is used to illustrate the behaviour of a solar cell. Then a more realistic
solar cell structure and model are presented along with the attendant surface recombination
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and absorption issues that must be understood in practical solar cells. A series of solar cell
technologies are reviewed starting with bulk single and multicrystalline silicon solar cell
technology. Amorphous silicon materials and device concepts are presented. Solar cells
made using other semiconductors such as CdTe are introduced followed by multijunction
solar cells using layered, lattice-matched III-V semiconductor stacks.

Chapter 5 on inorganic LEDs considers the basic LED structure and its operating prin-
ciples. The measured lineshape of III-V LEDs is compared with the predictions of Chapter
3. LEDs must be engineered to maximize radiative recombination, and energy loss mech-
anisms are discussed. The series of developments that marked the evolution of current,
high-efficiency LED devices is presented starting from the semiconductors and growth
techniques of the 1960s, and following trends in succeeding decades that brought better ma-
terials and semiconductor growth methods to the LED industry. The double heterojunction
is introduced and the resulting energy well is analysed on the basis of the maximum current
density that can be accommodated before it becomes saturated. LED optical outcoupling,
which must also be maximized to achieve overall efficiency, is modelled and strategies to
optimize outcoupling are discussed. Finally the concept of spectral down-conversion using
phosphor materials and the white LED are introduced.

Chapter 6 introduces new concepts required for an understanding of organic semicon-
ductors in general, in which conjugated molecular bonding gives rise to & bands and
HOMO and LUMO levels in organic semiconductors. The organic LED is introduced by
starting with the simplest single active layer polymer-based LED followed by successively
more complex small-molecule LED structures. The roles of the various layers, including
electrodes and carrier injection and transport layers, are discussed and the relevant candi-
date molecular materials are described. Concepts from Chapter 3, including the molecular
exciton and singlet and triplet states are used to explain efficiency limitations in the light
generation layer of small-molecule OLEDs. In addition the opportunity to use phosphores-
cent host-guest light emitting layers to improve device efficiency is explained. The organic
solar cell is introduced and the concepts of exciton generation and exciton dissociation are
described in the context of the heterojunction and the bulk heterojunction. The interest in
the use of fullerenes and other related nanostructured materials is explained for the bulk
heterojunction.

All the chapters are followed by problem sets that are designed to facilitate familiarity
with the concepts and a better understanding of the topics introduced in the chapter. In
many cases the problems are quantitative and require calculations; however, a number of
more conceptual problems are presented and are designed to give the reader experience in
using the Internet or library resources to look up further information. These problems are
of particular relevance in Chapters 4, 5 and 6, in which developments in solar cells and
LEDs are best understood by referring to the recent literature once the basic concepts are
understood.

Adrian Kitai
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2 Principles of Solar Cells, LEDs and Diodes

Objectives

1. Understand semiconductor band theory and its relevance to semiconductor de-
vices.

2. Obtain a qualitative understanding of how bands depend on semiconductor mate-
rials.

3. Introduce the concept of the Fermi energy.

4. Introduce the concept of the mobile hole in semiconductors.

5. Derive the number of mobile electrons and holes in semiconductor bands.

6. Obtain expressions for the conductivity of semiconductor material based on the
electron and hole concentrations and mobilities.

7. Introduce the concepts of doped semiconductors and the resulting electrical char-
acteristics.

8. Understand the concept of excess, non-equilibrium carriers generated by either
illumination or by current flow due to an external power supply.

9. Introduce the physics of traps and carrier recombination and generation.

10. Introduce alloy semiconductors and the distinction between direct gap and indirect

gap semiconductors.

1.1 Introduction

A fundamental understanding of electron behaviour in crystalline solids is available using
the band theory of solids. This theory explains a number of fundamental attributes of
electrons in solids including:

(i) concentrations of charge carriers in semiconductors;
(ii) electrical conductivity in metals and semiconductors;
(iii) optical properties such as absorption and photoluminescence;
(iv) properties associated with junctions and surfaces of semiconductors and metals.

The aim of this chapter is to present the theory of the band model, and then to exploit
it to describe the important electronic properties of semiconductors. This is essential for a
proper understanding of p-n junction devices, which constitute both the photovoltaic (PV)
solar cell and the light-emitting diode (LED).

1.2 The Band Theory of Solids

There are several ways of explaining the existence of energy bands in crystalline solids.
The simplest picture is to consider a single atom with its set of discrete energy levels for
its electrons. The electrons occupy quantum states with quantum numbers n, [, m and s
denoting the energy level, orbital and spin state of the electrons. Now if a number N of
identical atoms are brought together in very close proximity as in a crystal, there is some
degree of spatial overlap of the outer electron orbitals. This means that there is a chance that
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any pair of these outer electrons from adjacent atoms could trade places. The Pauli exclusion
principle, however, requires that each electron occupy a unique energy state. Satisfying the
Pauli exclusion principle becomes an issue because electrons that trade places effectively
occupy new, spatially extended energy states. The two electrons apparently occupy the
same spatially extended energy state.

In fact, since outer electrons from all adjacent atoms may trade places, outer electrons
from all the atoms may effectively trade places with each other and therefore a set of
outermost electrons from the N atoms all appear to share a spatially extended energy state
that extends through the entire crystal. The Pauli exclusion principle can only be satisfied
if these electrons occupy a set of distinct, spatially extended energy states. This leads to
a set of slightly different energy levels for the electrons that all originated from the same
atomic orbital. We say that the atomic orbital splits into an energy band containing a set of
electron states having a set of closely spaced energy levels. Additional energy bands will
exist if there is some degree of spatial overlap of the atomic electrons in lower-lying atomic
orbitals. This results in a set of energy bands in the crystal. Electrons in the lowest-lying
atomic orbitals will remain virtually unaltered since there is virtually no spatial overlap of
these electrons in the crystal.

The picture we have presented is conceptually a very useful one and it suggests that
electrical conductivity may arise in a crystal due to the formation of spatially extended
electron states. It does not directly allow us to quantify and understand important details of
the behaviour of these electrons, however.

We need to understand the behaviour in a solid of the electrons that move about in the
material. These mobile charge carriers are crucially important in terms of the electrical
properties of devices. An electron inside an infinitely large vacuum chamber is a free
electron, but a mobile electron in a solid behaves very differently.

We can obtain a more detailed model as follows. The mobile electrons in a crystalline
semiconductor are influenced by the electric potential in the material. This potential has a
spatial periodicity on an atomic scale due to the crystal structure. For example, positively
charged atomic sites provide potential valleys to a mobile electron and negatively charged
atomic sites provide potential peaks or barriers. In addition, the semiconductor is finite in
its spatial dimensions and there will be additional potential barriers or potential changes at
the boundaries of the semiconductor material.

The quantitative description of these spatially extended electrons requires the use of
wavefunctions that include their spatial distribution as well as their energy and momentum.
These wavefunctions may be obtained by solving Schrodinger’s equation. The following
section presents a very useful band theory of crystalline solids and the results.

1.3 The Kronig-Penney Model

The Kronig—Penney model is able to explain the essential features of band theory.

First, consider an electron that can travel within a one-dimensional periodic potential
V(x). The periodic potential can be considered as a series of regions having zero potential
energy separated by potential energy barriers of height Vy, as shown in Figure 1.1, forming
a simple periodic potential with period a + b. We associate a + b also with the lattice
constant of the crystal. Note that the electric potential in a real crystal does not exhibit the
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V(x)

-b 0 aatb X

Figure 1.1 Simple one-dimensional potential V(x) used in the Kronig—Penney model

idealized shape of this periodic potential; however, the result turns out to be relevant in
any case, and Schrodinger’s equation is much easier to solve starting from the potential of
Figure 1.1.

In order to obtain the electron wavefunctions relevant to an electron in the crystalline
solid, V(x) is substituted into the time-independent form of Schrodinger’s equation:

_ Py
2m  dx?

+ V(x) = E¥(x) (1.1)

where V(x) is the potential energy and E is total energy.
For 0 < x < a we have V = 0 and the general solution to Equation 1.1 yields:

V(x) = Ae’® + Be K~ (1.22)

where

hK?
E = . (1.2b)
For —b < x < 0 we have

Y(x) = Ce?* + De™9* (1.3a)

where

h2 2

Vo— E = 25 (1.3b)

Boundary conditions must be satisfied such that ¥ (x) and % are continuous functions.
At x = 0, equating (1.2a) and (1.3a), we have

A+B=C+D (1.42)
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and equating derivatives of (1.2a) and (1.3a),
iK(A— B)=Q(C - D) (1.4b)

An important additional constraint on the required wavefunctions results from the peri-
odicity of the lattice. The solution to Equation 1.1 for any periodic potential must also have
the form of a Bloch function:

Y(x) = up(x)e’™ (1.5)

Here, k is the wavenumber of a plane wave. There are no restrictions on this wavenumber;
however, u;(x) must be a periodic function with the same periodicity as the lattice.

Consider two x-values separated by one lattice constant, namely x = —b and x = a. Now,
Equation 1.5 states that ¥ (x + a + b) = ¥ (x)e'* @+ At x = —b this may be written as:
V(@) = Y=yt (1.6)

The boundary conditions to satisfy ¥ (x) and % being continuous functions at x = a
may now be written by substituting v from Equations 1.2 and 1.3 into Equation 1.6:

Ae* + Be K = (Ce™ 9" + De)ete D (1.7a)
and substituting the corresponding derivatives:
iK(Ae'K® — Be='Ka) = 0(Ce™ 2" + DeCP)ekath) (1.7b)

Equations 1.4a, 1.4b, 1.7a and 1.7b constitute four equations with four unknowns A, B,
C and D. A solution exists only if the determinant of the coefficients of A, B, C and D is
zero (Cramer’s rule). This requires that

2 K2
Q27 sinh OB sin Ka 4 cosh Qb cos Ka = cos k(a + b) (1.7¢)

This may be simplified if the limit » — 0 and V, — oo is taken such that bV} is constant
(see Problem 1.1). We now define

2
b
e
2
Since Q > K and Ob < 1 we obtain
sin Ka
coska = P + cos Ka (1.8)
a

Here k is the wavevector of the electron describing its momentum p = hk and
1
K = - 2mE (1.9)

which means that K is a term associated with the electron’s energy.

Now, Equation 1.8 only has solutions if the righthand side of Equation 1.8 is between
—1 and +1, which restricts the possible values of Ka. The righthand side is plotted as a
function of Ka in Figure 1.2.
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sinKa

P + cosKa
Solutions  exist Solutions  exist
— - -~ S
o iii ii i i ii iii
»Ka
-1
-3 -2 —T 0 .4 2 3

Figure 1.2 Graph of righthand side of Equation 1.8 as a function of P for P = 2

Since K and E are related by Equation 1.9, these allowed ranges of Ka actually describe
energy bands (allowed ranges of E) separated by energy gaps (forbidden ranges of E). Ka
may be re-plotted on an energy axis, which is related to the Ka axis by the square root
relationship of Equation 1.9. It is convenient to view E on a vertical axis as a variable
dependent on k. Note that k = “* for integer values of n at the edges of each energy band
where the left side of Equation 1.8 is equal to 1. These critical values of k occur at the
boundaries of what are called Brillouin zones. A sketch of E versus k is shown in Figure
1.3, which clearly shows the energy bands and energy gaps.

Let us now plot the free electron graph for E versus k. Solving Equation 1.1 for a free
electron with V = 0 yields the solution

1p_(x) — Aeikx +B€7ikx

E
A

Figure 1.3 Plot of E versus k showing how k varies within each energy band and the existence
of energy bands and energy gaps. The vertical lines at k = nZ are Brillouin zone boundaries
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Figure 1.4 Plot of E versus k comparing the result of the Kronig—Penney model to the free
electron parabolic result

where

R2k2
E=— (1.10)

This parabolic E versus k relationship is plotted superimposed on the curves from Figure
1.3. The result is shown in Figure 1.4.
Taking the limit P — 0, and combining Equations 1.8 and 1.9, we obtain:
h*k?
E —

2m

which is identical to Equation 1.10. This means that the dependence of E on k in Figurel.4
approaches a parabola as expected if the amplitude of the periodic potential is reduced
to zero. In fact, the relationship between the parabola and the Kronig—Penney model is
evident if we look at the solutions to Equation 1.4 within the shaded regions in Figure
1.4 and regard them as portions of the parabola that have been broken up by energy gaps
and distorted in shape. For a weak periodic potential (small P) the solutions to Equation
1.4 would more closely resemble the parabola. We refer to Equation 1.10 as a dispersion
relation — it relates energy to the wavenumber of a particle.

At this point, we can draw some very useful conclusions based on the following result:
The size of the energy gaps increases as the periodic potential increases in amplitude in a
crystalline solid. Periodic potentials are larger in amplitude for crystalline semiconductors
that have small atoms since there are then fewer atomically bound electrons to screen
the point charges of the nuclei of the atoms. In addition, periodic potentials increase in
amplitude for compound semiconductors as the ionic character of the crystal bonding
increases. This will be illustrated in Section 1.10 for some real semiconductors.

To extend our understanding of energy bands we now need to turn to another picture of
electron behaviour in a crystal.
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1.4 The Bragg Model

Since electrons behave like waves, they will exhibit the behaviour of waves that undergo
reflections. Notice that in a crystal with lattice constant a, the Brillouin zone boundaries
occur at

which may be rearranged to obtain
2a = n\

The well-known Bragg condition relevant to waves that undergo strong reflections when
incident on a crystal with lattice constant a is

2asinf = ni
Now, if the electron is treated as a wave incident at & = 90° then we have
2a = n\

which is precisely the case at Brillouin zone boundaries. We therefore make the following
observation: Brillouin zone boundaries occur when the electron wavelength satisfies the
requirement for strong reflections from crystal lattice planes according to the Bragg con-
dition. The free electron parabola in Figure 1.4 is similar to the Kronig—Penney model in
the shaded regions well away from Brillouin zone boundaries; however, as we approach
Brillouin zone boundaries, strong deviations take place and energy gaps are observed.

There is therefore a fundamental connection between the Bragg condition and the forma-
tion of energy gaps. The electrons that satisfy the Bragg condition actually exist as standing
waves since reflections will occur equally for electrons travelling in both directions of the
x axis, and standing waves do not travel. Provided electrons have wavelengths not close
to the Bragg condition, they interact relatively weakly with the crystal lattice and behave
more like free electrons.

The E versus k dependence immediately above and below any particular energy gap is
contained in four shaded regions in Figure 1.4. For example, the relevant shaded regions
for E, in Figure 1.4 are labelled a, b, ¢ and d. These four regions are redrawn in Figure 1.5.
Energy gap Eg, occurs at k = :I:ZT”. Since this is a standing wave condition with both
electron velocity and electron momentum p = hk equal to zero, Ey; is redrawn at k = 0 in
Figure 1.5. Since we are only interested in relative energies, the origin of the energy axis
is moved for convenience, and we can arbitrarily redefine the origin of the energy axis.
Figure 1.5 is known as a reduced zone scheme.

1.5 Effective Mass

We now introduce the concept of effective mass m™* to allow us to quantify electron
behaviour. Effective mass changes in a peculiar fashion near Brillouin zone boundaries,
and generally is not the same as the free electron mass m. It is easy to understand that the
effective acceleration of an electron in a crystal due to an applied electric field will depend
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Figure 1.5 Plot of E versus k in reduced zone scheme taken from regions a, b, ¢ and d in
Figure 1.4

strongly on the nature of the reflections of electron waves off crystal planes. Rather than
trying to calculate the specific reflections for each electron, we instead modify the mass
of the electron to account for its observed willingness to accelerate in the presence of an
applied force.

To calculate m™ we start with the free electron relationship

1
E = Emvé
where vy is the group velocity of the electron. Upon differentiation with respect to &,
dE dv,
— = —= 1.11
AT (1.11)
Since p = hk = mv, we can write
d h
Yo _ Q% _ 1 (1.12)
k dk m
Combining Equations 1.11 and 1.12 we obtain
dE
E = Ugh
or
1 dE (1.13)
Vg = —— .
£ hodk

Note that the group velocity falls to zero at the Brillouin zone boundaries where the slope
of the E versus k graph is zero. This is consistent with the case of a standing wave.
Now, using Newton’s law,
dp dk

F=—=h"— 1.14
dt dt ( )
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From Equations 1.13 and 1.14, we can write
dv, 1 d’E B ldzEdk_ F &E
dr hdkd:  hdk* dr K2 dik?
If we assign m™ to represent an effective electron mass, then Newton’s law tells us that
dv, F
dr m*

Upon examination Equation 1.15 actually expresses Newton’s law provided we define

(1.15)

%
m =g (1.16)
x>
Since ?127[25 is the curvature of the plot in Figure 1.5, it is interesting to note that m™ will

be negative for certain values of k. This may be understood physically: if an electron that
is close to the Bragg condition is accelerated slightly by an applied force it may then
move even closer to the Bragg condition, reflect more strongly off the lattice planes, and
effectively accelerate in the direction opposite to the applied force.

We can apply Equation 1.16 to the free electron case where E = % and we immediately
see that m™ = m as expected. In addition at the bottom or top of energy bands illustrated in
Figure 1.5, the shape of the band may be approximated as parabolic for small values of k and
hence a constant effective mass is often sufficient to describe electron behaviour for small
values of k. This will be useful when we calculate the number of electrons in an energy band.

1.6 Number of States in a Band

The curves in Figure 1.5 are misleading in that electron states in real crystals are discrete
and only a finite number of states exist within each energy band. This means that the curves
should be regarded as closely spaced dots that represent quantum states. We can determine
the number of states in a band by considering a semiconductor crystal of length L and
modelling the crystal as an infinite-walled potential box of length L with a potential of zero
inside the well. See Example 1.1.

Example 1.1

An electron is inside a potential box of length L with infinite walls and zero potential
in the box. The box is shown below.

V = co 4— —» ) =

v
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(a) Find the allowed energy levels in the box.
(b) Find the wavefunctions of these electrons.

Solution

(a) Inside the box, from Schrodinger’s equation, we can substitute V (x) = 0 and we
obtain
h? d*y(x)
2m  dx?2

= EY(x)

Solutions are of the form

i 2mE

i 2mE —
! m X+BCXPZTX

Y(x) = Aexp

In regions where V = oo the wavefunction is zero. In order to avoid discontinu-
ities in the wavefunction we satisfy boundary conditions at x = O and at x = L
and require that ¢ (0) = 0 and ¥ (L) = 0. These boundary conditions can be
written

O=A+BorB=-A

and

iv2mE —iv2mE
0= Aexp W —

L + Bexp -

i/ 2mE —i~2mE v2mE
=A<expl hm L—exp%L):Csin ;in

I

where C is a constant. Now siné is zero provided 6 = ny where n is an integer

and hence
2mE
L =nm
h
A discrete set of allowed energy values is obtained by solving for E to obtain
n’*n?h?
"7 2mL?

(b) The corresponding wavefunctions may be found by substituting the allowed
energy values into Schrodinger’s equation and solving:

R? d%y(x) . n?m?h?
2m dx2  2mL?

Y(x)

11
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now
d>yr(x) . n’m?
dx2 L2

Y(x)
and hence

Ym(x) = A sin <%x)

From Example 1.1 we obtain
. nmw
Ya(x) = A sin T (1.17)
where n is a quantum number, and
nmw

k=—,n=1,2,3...
L

As n increases we will inevitably reach the k value corresponding to the Brillouin zone
boundary from the band model

T
k=—
a
This will occur when
nwo_
L  a

and therefore n = % The maximum possible value of n now becomes the macroscopic
length of the semiconductor crystal divided by the unit cell dimension, which is simply the
number of unit cells in the crystal, which we shall call N. Since electrons have an additional
quantum number s (spin quantum number) that may be either 3 or —31, the maximum

number of electrons that can occupy an energy band becomes
n=2N

Although we have considered a one-dimensional model, the results can readily be ex-
tended into two or three dimensions and we still obtain the same result. See Problem 1.3.

We are now ready to determine the actual number of electrons in a band, which will
allow us to understand electrical conductivity in semiconductor materials.

1.7 Band Filling

The existence of 2N electron states in a band does not determine the actual number of
electrons in the band. At low temperatures, the electrons will occupy the lowest allowed
energy levels, and in a semiconductor like silicon, which has 14 electrons per atom, several
low-lying energy bands will be filled. In addition, the highest occupied energy band will
be full, and then the next energy band will be empty. This occurs because silicon has an
even number of valence electrons per unit cell, and when there are N unit cells, there will
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Figure 1.6 The degree of filling of the energy bands in (a) semiconductors, (b) insulators and
(c) metals at temperatures approaching 0 K. Available electron states in the hatched regions
are filled with electrons and the energy states at higher energies are empty

be the correct number of electrons to fill the 2N states in the highest occupied energy band.
A similar argument occurs for germanium as well as carbon (diamond) although diamond
is an insulator due to its large energy gap.

Compound semiconductors such as GaAs and other III-V semiconductors as well as CdS
and other II-VI semiconductors exhibit the same result: The total number of electrons per
unit cell is even, and at very low temperatures in a semiconductor the highest occupied
band is filled and the next higher band is empty.

In many other crystalline solids this is not the case. For example group III elements Al,
Ga and In have an odd number of electrons per unit cell, resulting in the highest occupied
band being half filled since the 2N states in this band will only have N electrons to fill them.
These are metals. Figure 1.6 illustrates the cases we have described, showing the electron
filling picture in semiconductors, insulators and metals.

In Figure 1.6a the highest filled band is separated from the lowest empty band by an
energy gap E, that is typically in the range from less than 1eV to between 3 and 4eV in
semiconductors. A completely filled energy band will not result in electrical conductivity
because for each electron with positive momentum p = hk there will be one having negative
momentum p = —hk resulting in no net electron momentum and hence no net electron
flux even if an electric field is applied to the material.

Electrons may be promoted across the energy gap E, by thermal energy or optical energy,
in which case the filled band is no longer completely full and the empty band is no longer
completely empty, and now electrical conduction occurs.

Above this range of E, lie insulators (Figure 1.6b), which typically have an E, in the
range from about 4eV to over 6 eV. In these materials it is difficult to promote electrons
across the energy gap.

In metals, Figure 1.6¢c shows a partly filled energy band as the highest occupied band. The
energy gap has almost no influence on electrical properties whereas occupied and vacant
electron states within this partly filled band are significant: strong electron conduction takes
place in metals because empty states exist in the highest occupied band, and electrons may
be promoted very easily into higher energy states within this band. A very small applied
electric field is enough to promote some electrons into higher energy states that impart a
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net momentum to the electrons within the band and an electron flow results, which results
in the high electrical conductivity in metals.

1.8 Fermi Energy and Holes

Of particular interest is the existence in semiconductors, at moderate temperatures such as
room temperature, of the two energy bands that are partly filled. The higher of these two
bands is mostly empty but a number of electrons exist near the bottom of the band, and the
band is named the conduction band because a net electron flux or flow may be obtained in
this band. The lower band is almost full; however, because there are empty states near the
top of this band, it also exhibits conduction and is named the valence band. The electrons
that occupy it are valence electrons, which form covalent bonds in a semiconductor such
as silicon. Figure 1.7 shows the room temperature picture of a semiconductor in thermal
equilibrium. An imaginary horizontal line at energy Ey, called the Fermi energy, represents
an energy above which the probability of electron states being filled is under 50%, and
below which the probability of electron states being filled is over 50%. We call the empty
states in the valence band holes. Both valence band holes and conduction band electrons
contribute to conductivity.

In a semiconductor we can illustrate the valence band using Figure 1.8, which shows a
simplified two-dimensional view of silicon atoms bonded covalently. Each covalent bond
requires two electrons. The electrons in each bond are not unique to a given bond, and
are shared between all the covalent bonds in the crystal, which means that the electron
wavefunctions extend spatially throughout the crystal as described in the Kronig—Penney
model. A valence electron can be thermally or optically excited and may leave a bond to
form an electron-hole pair (EHP). The energy required for this is the bandgap energy of the

\\ E //
\\\ “ /I/
\ /
\ /
\ /
\ /
AY /
\\ I/
N\ / conduction band
L
_______________________ E¢ (Fermi energy)
/, tialence band
+— >k
_T 0 z
a

Figure 1.7 Room temperature semiconductor showing the partial filling of the conduction
band and partial emptying of the valence band. Valence band holes are formed due to electrons
being promoted across the energy gap. The Fermi energy lies between the bands. Solid lines
represent energy states that have a significant chance of being filled
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Figure 1.8 Silicon atoms have four covalent bonds as shown. Although silicon bonds are
tetrahedral, they are illustrated in two dimensions for simplicity. Each bond requires two
electrons, and an electron may be excited across the energy gap to result in both a hole in the

valence band and an electron in the conduction band that are free to move independently of
each other

semiconductor. Once the electron leaves a covalent bond a hole is created. Since valence
electrons are shared, the hole is likewise shared among bonds and is able to move through
the crystal. At the same time the electron that was excited enters the conduction band and
is also able to move through the crystal resulting in two independent charge carriers.

In order to calculate the conductivity arising from a particular energy band, we need to
know the number of electrons n per unit volume of semiconductor, and the number of holes
p per unit volume of semiconductor resulting from the excitation of electrons across the
energy gap E,. In the special case of a pure or intrinsic semiconductor, we can write the
carrier concentrations as n; and p; such that n; = p;

1.9 Carrier Concentration

The determination of n and p requires us to find the number of states in the band that have
a significant probability of being occupied by an electron, and for each state we need to
determine the probability of occupancy to give an appropriate weighting to the state.

We will assume a constant effective mass for the electrons or holes in a given energy
band. In real semiconductor materials the relevant band states are either near the top of the
valence band or near the bottom of the conduction band as illustrated in Figure 1.7. In both
cases the band shape may be approximated by a parabola, which yields a constant curvature
and hence a constant effective mass as expressed in Equation 1.16.

In contrast to effective mass, the probability of occupancy by an electron in each en-
ergy state depends strongly on energy, and we cannot assume a fixed value. We use the
Fermi-Dirac distribution function, which may be derived from Boltzmann statistics as fol-
lows. Consider a crystal lattice having lattice vibrations, or phonons, that transfer energy
to electrons in the crystal. These electrons occupy quantum states that can also transfer
energy back to the lattice, and a thermal equilibrium will be established.
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Consider an electron in a crystal that may occupy lower and higher energy states Ef
and ES respectively, and a lattice phonon that may occupy lower and higher energy states
E {’ and Elz) respectively. Assume this electron makes a transition from energy EY to ES by
accepting energy from the lattice phonon while the phonon makes a transition from Eg to
EY. For conservation of energy,

ES—ES=E)— EP (1.18)

The probability of these transitions occurring can now be analysed. Let p(E®) be the
probability that the electron occupies a state having energy E°. Let p(EP) be the probability
that the phonon occupies an energy state having energy EP. For a system in thermal
equilibrium the probability of an electron transition from E} to ES is the same as the
probability of a transition from Ef to Ef, and we can write

p(ES)p(ES)(1 = p(E3)) = p(ET)p(ES)(1 - p(EY)) (1.19)

because the probability that an electron makes a transition from Ef to E7 is proportional to
the terms on the lefthand side in which the phonon at E} must be available and the electron at
E7 must be available. In addition, the electron state at £5 must be vacant because electrons,
unlike phonons, must obey the Pauli exclusion principle, which allows only one electron
per quantum state. Similarly the probability that the electron makes a transition from ES to
ES is proportional to the terms on the righthand side.

From Boltzmann statistics (see Appendix 3) for phonons or lattice vibrations we use the
Boltzmann distribution function:

E
P(E) o< exp (—k—T) (1.20)

Combining Equations 1.19 and 1.20 we obtain
p

exp (~ 2 ) lE1)(1 = p(£5) = 0 (1 ) p(ES)(1 = p(E0)

which may be written

P p

P(ED)(1 = p(E5) = exp (22 ) plES)(1 = p(ET)

Using Equation 1.18 this can be expressed entirely in terms of electron energy levels as

e_

p(E9)(1 = p(E5) = exp (250 ) p(ED)(1 = p(ED)

Rearranging this we obtain

p(ET)_exp<ET) _ ﬂexp<E5> (1.21)

1-— p(E?) kT) 11— p(ES) kT

The left side of this equation is a function only of the initial electron energy level and
the right side is only a function of the final electron energy level. Since the equation must
always hold and the initial and final energies may be chosen arbitrarily we must conclude
that both sides of the equation are equal to an energy-independent quantity, which can only
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be a function of the remaining variable 7. Let this quantity be f(7'). Hence using either the
left side or the right side of the equation we can write

p(E) E\
- pE) P (k_T> =/

where E represents the electron energy level.
Solving for p(E) we obtain

p(E) = , 3

_— (1.22)
1+ 77y €XP (ﬁ)

We now formally define the Fermi energy E; to be the energy level at which p (E) = %

and hence
1 E;
—exp| —= ) =1
f(T) kT

1 (-Ef>
—_ = exp _
£(T) kT

Under equilibrium conditions the final form of the probability of occupancy at temper-
ature T for an electron state having energy E is now obtained by substituting this into
Equation 1.22 to obtain

or

1

F(E)= —————
( ) l+exp(E]:TEr)

(1.23)

where F(E) is used in place of p(E) to indicate that this is the Fermi—Dirac distribution
function. This function is graphed in Figure 1.9.

F(E)
A

1.0

)

Figure 1.9 Plot of the Fermi-Dirac distribution function F(E), which gives the probability of
occupancy by an electron of an energy state having energy E. The plot is shown for two
temperatures Ty > T, as well as for 0 K. At absolute zero, the function becomes a step function
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Figure 1.10 A semiconductor band diagram is plotted along with the Fermi-Dirac distribution
function. This shows the probability of occupancy of electron states in the conduction band as
well as the valence band. Hole energies increase in the negative direction along the energy axis.
The hole having the lowest possible energy occurs at the top of the valence band. This occurs
because by convention the energy axis represents electron energies and not hole energies. The
origin of the energy axis is located at E, for convenience

F(E)is0.5at E = E;provided T > 0K, and at high temperatures the transition becomes
more gradual due to increased thermal activation of electrons from lower energy levels to
higher energy levels. Figure 1.10 shows F(E) plotted beside a semiconductor band diagram
with the energy axis in the vertical direction. The bottom of the conduction band is at E,
and the top of the valence band is at E,. At Ey there are no electron states since it is in the
energy gap; however, above E. and below E, the values of F(E) indicate the probability of
electron occupancy in the bands. In the valence band the probability for a hole to exist at
any energy level is 1 — F(E).

The distribution of available energy levels in an energy band is found by knowing the
density of states function D(E), which gives the number of available energy states per unit
volume over a differential energy range. It is needed in order to calculate the number of
carriers in an energy band. Knowing the probability of occupancy of the states in a band is
not sufficient; the density of available energy levels is also required. Once we have all this
information we can obtain the total number of electrons in a band by summing up all the
electrons in each energy level within the energy band. The probability of each energy level
being occupied by an electron is taken into account in the summation.

The density of states function may be derived by solving Schrodinger’s equation for an
infinite-walled potential box in which the wavefunctions (Equation 1.17) must be expressed
in three dimensions. In three dimensions, Schrodinger’s equation is:

n [ d? d? d?
_% (@ + d_y2 + d_Z2> K[f(x, Vs Z)+ V(.X, Vs Z)I/f(x, Vs Z) = EV’(X, Vs Z)

Consider a box of dimensions a, b and ¢ in three-dimensional space in which V =0
inside the box when 0 < x < a,0 <y < b,0 < z < ¢. Outside the box, assume V = oo.
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Inside the box using Schrédinger’s equation:

n [ d? d? a?
M L€ Ty v o) = Evix, v, 1.24
2m (dx2 dy? dz2) (. .2) Yoy (124

If welet ¥ (x, y,z) = X(x)Y (v) Z (z) then upon substitution into Equation 1.24 and after
dividing by ¥ (x, v, z) we obtain:

_h_2< 1 &EXx) 1 &Yy 1 dZZ(z))_E
2m \X(x) dx? ' Y(y) dy? | Z(z) d2 )

Since each term contains an independent variable, we can apply separation of variables
and conclude that each term is equal to a constant that is independent of x, y and z.
Now, we have three equations

1 d*X(x)
=—-C 1.25
X(x) de2 ! (1:252)
1 d*y
. (Zy) -G (1.25b)
Y(y) dy
and
1 d*Z()
—_— =-C 1.25¢
Z(z) dz2 ’ (1:259)
where
hz
E=—(C+C+C) (1.26)
2m
The general solution to Equation 1.25a is
X(x) = A exp(ikx) + A, exp(—ikx) (1.27)

To satisfy boundary conditions such that X(x) = 0 at x = 0 and at x = a we obtain
X(x) = Asink,x

where

with n, a positive integer quantum number and

Nymw\2
= ()
a
Repeating a similar procedure for Equations 1.25b and 1.25c, and using Equation 1.26
we obtain:

Y(x,y,2) = X(X)Y(y)Z(z) = ABC sin(k,x) sin(k, y) sin(k.z)

P () (G ()

and
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Figure 1.11 Reciprocal space lattice. A cell in this space is shown, which is the volume
associated with one lattice point. The cell has dimensions 15, %, % and volume ;E' This space
may readily be transformed into k-space by multiplying each axis by a factor of 2x. It may also
readily be transformed into p-space (momentum space) by multiplying each axis by a factor
ofh

If more than one electron is put into the box at zero kelvin the available energy states will
be filled such that the lowest energy states are filled first.

We now need to determine how many electrons can occupy a specific energy range in the
box. Itis very helpful to define a three-dimensional space with coordinates ==, % and 7. In
this three-dimensional space there are discrete points that are defined by these coordinates
with integer values of n,, n, and n; in what is referred to as a reciprocal space lattice,
which is shown in Figure 1.11. Note that reciprocal space is related to another important
conceptual space known as k-space by multiplying each axis of reciprocal space by a factor
of 2.

From Equation 1.28 it is seen that an ellipsoidal shell in reciprocal space represents
an equal energy surface because the general form of this equation is that of an ellipsoid
in reciprocal space. The number of reciprocal lattice points that are contained inside the
positive octant of an ellipsoid having a volume corresponding to a specific energy E will be
the number of states smaller than E. The number of electrons is actually twice the number of
these points because electrons have an additional quantum number s for spin and s = :l:%.
The positive octant of the ellipsoid is illustrated in Figure 1.12.

Rearranging Equation 1.28,
ny\2 ny\2 n,\2 2mkE

) (_>) n (_) i 1.29

( a ) b c R2m? (129)

The number of reciprocal lattice points inside the ellipsoid is the volume of the ellipsoid

divided by the volume associated with each lattice point shown in Figure 1.11. The volume
of the ellipsoid is

4
V= 57{ (product of semi-axes of ellipsoid).
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n,/c

Figure 1.12  The positive octant of an ellipsoid of revolution in reciprocal space corresponding
to an equal energy surface. The number of electron states below this energy is twice the number
of reciprocal lattice points inside the positive octant of the ellipsoid

n/a

The semi-axis of length L, along the “* direction is obtained by setting ny, = n, = 0 and
solving for 2= in Equation 1.29, and we obtain

2mE

Le=yVmm

By repeating this for each semi-axis we obtain:

o 2mE\?
= —7T _—
3 h2m?

Now if the volume of the ellipsoid is much larger than the volume associated with
one lattice point then, including spin, the number of electrons having energy less than E
approaches two times one-eighth of the volume of the ellipsoid (positive octant) divided by
the volume associated with one lattice point, or:

S(1)4 2mE\?
8 ) 3" \n2n2
T

abc

number of electrons =

We define n(E) to be the number of electrons per unit volume of the box and therefore

oo (L4 (2mEN
k)= (é)ﬁ”(%)

We also define D(E) to be the density of states function where

dn(E)
D(E) = 3B
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and finally we obtain

71(2111)g |
D(E) = — E> (1.30)

2 \ h?m?

This form of the density of states function is valid for a box having V = 0 inside the
box. In an energy band, however, V is a periodic function and the density of states function
must be modified. This is easy to do because rather than the parabolic E versus k dispersion
relation (Equation 1.10) for free electrons in which the electron mass is m, we simply use
the E versus k dependence for an electron near the bottom or top of an energy band as
illustrated in Figure 1.7, which may be approximated as parabolic for small values of k but
using the appropriate effective mass. It is important to remember that the density of states
function is based on a density of available states in k-space or reciprocal space, and that
for a certain range of k-values in k-space the corresponding range of energies along the
energy axis is determined by the slope of the E versus k graph. The slope of E versus k in
a parabolic band depends on the effective mass (see Section 1.5). Using Equation 1.10 the
relevant dispersion curve is now

k>
- 2m*
As aresult
ee_ 1w
dk2 m*

and the second derivative or curvature of the E versus k curve is constant as required.

As aresult the density of states function in a conduction band is given by Equation 1.30,
provided the effective mass m™ is used in place of m. The point E = 0 should refer to the
bottom of the band. We now have

T [ 2m* H 1

Since E, is defined as zero as in Figure 1.10 for convenience then the conduction band starts
at E. = E, and D(E — E,) tells us the number of energy states available per differential
range of energy within the conduction band, and we obtain

3
T 2m* \ 2 1
D@—EQ=E<W;)(E—@V (1.31b)

The total number of electrons per unit volume in the band is now given by

Ermax
n= / D(E — Eg)F(E)E (1.32)
Eg
where Ep,y is the highest energy level in the energy band that needs to be considered as
higher energy levels have a negligible chance of being occupied.
The integral may be solved analytically provided the upper limit of the integral is allowed

to be infinity. This is justifiable because the argument of the integrand is virtually zero above
Emax-
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From Equation 1.23, since E > E, and E; — Ef > kT, we can use the Boltzmann
approximation:

F(E) ~ exp —(E-Ep (1.33)
kT
Hence from Equations 1.31, 1.32 and 1.33,
_x(2mp) Er fE (E — Ey)? Elae
"Ta\wx2) P Tkr )y " XP T
3
m [ 2m*\? E, — E; /°° L E
== - E —— |dE
2 <h2n2> eXp[ kT ] | (Erexp|
From standard integral tables and because E. = E, we obtain
—(E.—E
ng = N.exp <%> (1.34a)
where
3
2rmikT \?
N. =2 (”’Z_z> (1.34b)

Here m: is the effective mass of electrons near the bottom of the conduction band. The
subscript on n indicates that equilibrium conditions apply. The validity of Equation 1.34 is
maintained regardless of the choice of the origin on the energy axis since from Equation 1.34
the important quantity for determining the electron concentration is the energy difference
between the conduction band edge and the Fermi energy.

The same procedure may be applied to the valence band. In this case we calculate the
number of holes p in the valence band. The density of states function must be written as
D(-E) since from Figure 1.10 energy E is negative in the valence band and hole energy
increases as we move in the negative direction along the energy axis. We can use Equation
1.31a to obtain

7 (2m* : 1
D(‘E):E<ﬁznz> (—E)}

The probability of the existence of ahole is 1 — F(E), and from Equation 1.23 if £y — E >

kT we obtain
1 — F(E) = E-E
— = €X
AT

and now
—Emax
p:/ D(—E)(1 — F(E))dE
0

In an analogous manner to that described for the conduction band, we therefore obtain

- (Ef - Ev))

1.
T (1.35a)

po = Nyexp (
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where

2mikT \?
Ny=2( =2 (1.35b)

and m: , the hole effective mass, is a positive quantity.

Equation 1.35 shows that the important quantity for the calculation of hole concentration
in Equation 1.16 is the energy difference between the Fermi energy and the valence band
edge. Again the subscript on p indicates that equilibrium conditions apply.

We can now determine the position of the Fermi level and will again set E, = 0 for
convenience as illustrated in Figure 1.10. Since n; = p; for an intrinsic semiconductor we
equate Equations 1.34 and 1.35 and obtain

—(E;— E —E¢
N¢ exp (%) = N, exp (k_Tt>
or
E, kT N,

=y Sy 136
=L T (1.36)

The second term on the right side of Equation 1.36 is generally much smaller than % and
we conclude that the Fermi energy lies approximately in the middle of the energy gap.
From Equations 1.34 and 1.35 we can also write the product

—E
np = NNy exp (k—Tg) (1.37a)

and for an intrinsic semiconductor with n; = p;

—E
ni = pi = v/ NcNy exp (—g) (1.37b)

2kT

which is a useful expression for carrier concentration as it is independent of Ef.

Example 1.2

(a) Calculate n; = p; for silicon at room temperature and compare with the com-
monly accepted value.
(b) Calculate n; = p; for gallium arsenide at room temperature.

Solution

(a) Using Appendix 2 to obtain silicon values m? = 1.08m and E, = 1.11 eV,

N> 2mmikT %_2 27 x (1.08x9.11 x 1073 kg) x (0.026x 1.6 10712 J) :
o h? B (6.625x 10~34 J 5)2
=284x10"m>? =2.84x10" cm™3
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h2
=1.06x10® m™3 = 1.06x 10" cm™3

(6.625 x 10-34] 5)?

Now,

—E
ni = pi=+/NcNy exp <—g> = /2.84x10'° x 1.06 x 1019

2kT

—1.11eV o 3
X exp| —————— ) =9.31x10°cm
2x0.026 eV

The commonly accepted value is n; = p; = 1.5x10'° cm™3. The discrepancy
relates mainly to three-dimensional aspects of the effective mass value, and the
method and temperature at which effective mass is measured. We will continue
to use the commonly accepted effective mass unless otherwise noted.

(b) For GaAs from Appendix 2, m} = 0.067 and E, = 1.42 eV. Hence

N _ o ((FEmekT : _ 5 (37 x(0.067x9.11x 107> kg) x(0.026x 1.6 107" J) :
< h? B (6.625x 10734 J 5)2
=4.38x10” m— = 4.38x 10" cm™

and

N -2 2amikT 2 _, 27 % (0.48 x 9.11 x 103! kg) x (0.026 x 1.6 x 1079 J)
v h? a (6.625 x 10-34 J 5)2

=84x10"m> =84 x10% cm™>

Now,

E
ni = pi = +/ NcNy exp <—g) = /4.38x 107 x8.4x 10'8 exp (

—1.42eV
2kT 2 x 0.026 eV

=2.65x10° cm™

N (Zﬂmsz)g i <2n %(0.56x9.11 x 1073 kg) x (0.026 x 1.6 x 1019J));

3
2

)

1.10 Semiconductor Materials

The relationship between carrier concentration and £, has now been established and we ¢

an

look at examples of real semiconductors. A portion of the periodic table showing elements
from which many important semiconductors are made is shown in Figure 1.13, together
with a list of selected semiconductors and their energy gaps. Note that there are the group
IV semiconductors silicon and germanium, a number of III-V compound semiconductors



26 Principles of Solar Cells, LEDs and Diodes

Group I |11 | IV |V | VI
B|C[N]|O

Element Al |Si| P | S
Zn | Ga | Ge | As | Se
Cd| In [ Sn | Sb | Te

Group vV v v | 1OI-v | 1-V | OI-V | I-V | 1I-V | TI-V | 1I-VI | 1I-VI
Element(s) C |Si Ge Sn | GaN | AIP | GaP | AlAs | GaAs | InSb | ZnSe | CdTe
Energy gap (V) |6 | 1.11 [ 0.67 |0 |34 245 1226 |216 | 143 |0.18 |27 1.58

Figure 1.13 A portion of the periodic table containing some selected semiconductors com-
posed of elements in groups Il to VI

having two elements, one from group III and one from group V respectively, and a number of
II-VI compound semiconductors having elements from group II and group VI respectively.

A number of interesting observations may now be made. In group IV crystals, the bonding
is purely covalent. Carbon (diamond) is an insulator because it has an energy gap of 6eV.
The energy gap decreases with atomic size as we look down the group IV column from
C to Si to Ge and to Sn. Actually Sn behaves like a metal. Since its energy gap is very
small, it turns out that the valence band and conduction band effectively overlap when
a three-dimensional model of the crystal is considered rather than the one-dimensional
model we have discussed. This guarantees some filled states in the conduction band and
empty states in the valence band regardless of temperature. Sn is properly referred to as a
semi-metal (its conductivity is considerably lower than metals like copper or silver). We
can understand this group IV trend of decreasing energy gaps since the periodic potential
of heavy elements will be weaker than that of lighter elements due to electron screening as
described in Section 1.3.

As with group IV materials, the energy gaps of III-V semiconductors decrease as we go
down the periodic table from AIP to GaP to AlAs to GaAs and to InSb. The energy gaps of
II-VI semiconductors behave in the same manner as illustrated by ZnSe and CdTe. Again,
electron screening increases for heavier elements.

If we compare the energy gaps of a set of semiconductors composed of elements from the
same row of the periodic table but with increasingly ionic bonding such as Ge, GaAs and
ZnSe, another trend becomes clear: Energy gaps increase as the degree of ionic character
becomes stronger. The degree of ionic bond character increases the magnitude of the
periodic potential and hence the energy gap.

The carrier concentration as a function of temperature according to Equation 1.18 is
plotted for three semiconductors in Figure 1.14. Increasing energy gaps result in lower
carrier concentrations at a given temperature.

1.11 Semiconductor Band Diagrams

The semiconductors in Figure 1.10 crystallize in either cubic or hexagonal structures. Fig-
ure 1.15a shows the diamond structure of silicon, germanium (and carbon), which is cubic.
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Figure 1.14  Plot of commonly accepted values of n as a function of 1 for intrinsic germanium
(E; = 0.7 eV), silicon (E; = 1.1 eV), and gallium arsenide (Eg = 1.43 eV)

Figure 1.15b shows the zincblende structure of a set of III-V and II-VI semiconductors,
which is also cubic. Figure 1.15¢ shows the hexagonal structure of some additional com-
pound semiconductors.

These three structures have features in common. Each atom has four nearest neighbours
in a tetrahedral arrangement. Some crystals exhibit distortions from the ideal 109.47-degree
tetrahedral bond angle; however, since all the compounds have directional covalent bonding
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001] [001]
[010] [010]
[100] (100]
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@
_

Figure 1.15 (a) The diamond unit cell of crystal structures of C, Si and Ge. The cubic unit
cell contains eight atoms. Each atom has four nearest neighbours in a tetrahedral arrangement.
Within each unit cell, four atoms are arranged at the cube corners and at the face centres in
a face-centred cubic (FCC) sublattice, and the other four atoms are arranged in another FCC
sublattice that is offset by a translation along one quarter of the body diagonal of the unit cell.
(b) The zincblende unit cell contains four ‘A” atoms (black) and four ‘B” atoms (white). The ‘A’
atoms form an FCC sublattice and the ‘B” atoms form another FCC sublattice that is offset by a
translation along one quarter of the body diagonal of the unit cell. (c) The hexagonal wurtzite
unit cell contains six ‘A" atoms and six ‘B” atoms. The ‘A” atoms form a hexagonal close-packed
(HCP) sublattice and the ‘B” atoms form another HCP sublattice that is offset by a translation
along the vertical axis of the hexagonal unit cell. Each atom is tetrahedrally bonded to four
nearest neighbours. A vertical axis in the unit cell is called the c-axis
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to some degree, bond angles do not vary widely. Both the cubic (111) planes and the wurtzite
(1000) planes normal to the c-axis have close-packed hexagonal atomic arrangements.

The energy gap and effective mass values for a given semiconductor are not sufficient in-
formation for optoelectronic applications. We need to re-examine the energy band diagrams
for real materials in more detail.

The Kronig—Penney model involves several approximations. A one-dimensional periodic
potential instead of a three-dimensional periodic potential is used. The periodic potential
is simplified, and does not actually replicate the atomic potentials in real semiconductor
crystals. For example, silicon has a diamond crystal structure with silicon atoms as shown
in Figure 1.15a. Not only are three dimensions required, but also there is more than one
atom per unit cell.

In addition charges associated with individual atoms in compound semiconductors de-
pend on the degree of ionic character in the bonding. This will affect the detailed shape of
the periodic potential. Also effects of electron shielding have not been accurately modelled.
There are also other influences from electron spin and orbital angular momentum that
influence energy bands in real crystals.

E versus k diagrams for various directions in a semiconductor crystal are often pre-
sented since the one-dimensional periodic potentials vary with direction. Although three-
dimensional modelling is beyond the scope of this book the results for cubic crystals of
silicon, germanium, gallium arsenide, gallium phosphide, gallium nitride and cadmium
telluride as well as for wurtzite GaN are shown in Figure 1.16a—g. For cubic crystals these
figures show the band shape for an electron travelling in the [111] crystal direction on the
left side and for the [100] direction on the right side. It is clear that the periodic poten-
tial experienced by an electron travelling in various directions changes: the value of a in
ur(x) = up(x + a) appropriate for use in the Bloch function (Equation 1.5) for the [100]
direction is the edge length of the cubic unit cell of the crystal. For the [111] direction
a must be modified to be the distance between the relevant atomic planes normal to the
body diagonal of the unit cell. For wurtzite crystals the two directions shown are the [0001]
direction along the c-axis and the (1100) directions along the a-axes.

Note that there are multiple valence bands that overlap or almost overlap with each
other rather than a single valence band. These are sub-bands for holes, which are due to
spin—orbit interactions that modify the band state energies for electrons in the valence band.
The sub-bands are approximately parabolic near their maxima. Because the curvatures of
these sub-bands vary, they give rise to what are referred to as heavy holes and light holes
with ™ as described by Equation 1.16. There are also split-off bands with energy maxima
below the valence band edge.

1.12 Direct Gap and Indirect Gap Semiconductors

In Figure 1.16 the conduction bands generally exhibit two energy minima rather than one
minimum. Each local minimum can be approximated by a parabola whose curvature will
determine the effective mass of the relevant electrons.

Referring to Figure 1.16c, we can see that the bandgap of GaAs is 1.43 eV where the
valence band maximum and conduction band minimum coincide at k=0. This occurs
because the overall minimum of the conduction band is positioned at the same value of
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Energy 300 K Eg=1.1¢V
4 Er=2.0eV
Ex=12eV
Ego=0.044 eV
5 Er1=34eV
Erp=42eV
Er Er
c EpL
<100> | BX 0 |E <111>
i C~__ Wave vector
Eso Heavy holes
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Split-off band

(a) Silicon

Figure 1.16 Band structures of selected semiconductors. (a) silicon, (b) germanium, (c)
GaAs, (d) GaP, (e) cubic GaN, (f) CdTe and (g) wurtzite GaN. Note that GaN is normally
wurtzite. Cubic GaN is not an equilibrium phase at atmospheric pressure;however, it can be
prepared at high pressure and it is stable once grown. Note that symbols are used to describe
various band features. T' denotes the point where k = 0. X and L denote the Brillouin zone
boundaries in the (100) and (111) directions respectively in a cubic semiconductor. In (g) ki
and k, denote the a and c directions respectively in a hexagonal semiconductor. See Figure
1.15c. Using the horizontal axes to depict two crystal directions saves drawing an additional
figure; it is unnecessary to show the complete drawing for each k-direction since the positive
and negative k-axes for a given k-direction are symmetrical. There are also energy gaps shown
that are larger than the actual energy gap, the actual energy gap is the smallest gap. These
band diagrams are the result of both measurements and modelling results. In some cases
the energy gap values differ slightly from the values in Appendix 2. (a—d) Reprinted from
Levinstein, M., Rumyantsev, S., and Shur, M., Handbook Series on Semiconductor Parameters
vol. 1. ISBN 9810229348. Copyright (1996) with permission from World Scientific, London.
(e, g) Reprinted from Morkoc, H., Handbook of Nitride Semiconductors and Devices, Vol. 1,
ISBN 978-3-527-40837-5. Copyright (2008) WILEY-VCH Verlag GmbH & Co. KGaA Weinheim.
(f) Reprinted from Chadov, S., et al., Tunable multifunctional topological insulators in ternary
Heusler compounds, Nature Materials 9, 541-545. Copyright (2010) with permission from
Nature Publishing Group. DOI: doi:10.1038/nmat2770



Semiconductor Physics

Energy 300K Eg=0.66eV
4 Ex=12eV
Er;=0.8¢eV
Erpy=322¢eV
AE=0.85eV
¥ / Eso=029 eV
L —1
P Er 3
X AE ES
<100> ' 'E“ By | <111>
ESOA / Wave vector
¥ / Heavy holes
\ Light holes
Split-off band
(b) Germanium
Energy
300K Eg=143eV
X-valley I-valley EL=17lev
\§ Ex=1.90eV
L-Vf-llle} Eso =0.34 eV
Ex
EL
<100> Egl 1o <111>
/ \ Wave vector
Eso Heavy holes
Light holes
Split-off band

(c) Gallium Arsenide

Figure 1.16 (Continued)
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k as the valence band maximum and this results in a direct gap semiconductor. In Figure
1.16 GaAs, GaN and CdTe are direct gap semiconductors. In contrast to GaAs, silicon in
Figure 1.16a has a valence band maximum at a different value of & than the conduction band
minimum. That means that the energy gap of 1.1eV is not determined by the separation
between bands at k = 0, but rather by the distance between the overall conduction band
minimum and valence band maximum. This results in an indirect gap semiconductor.

ESO

Light holes

Split-off band
(e) Gallium Nitride (cubic)

Figure 1.16 (Continued)

Another indirect gap semiconductor in Figure 1.16 is the III-V material GaP.
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Figure 1.16 (Continued)
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The distinction between direct and indirect gap semiconductors is of particular signifi-
cance for photovoltaic and LED devices because processes involving photons occur in both
cases, and photon absorption and generation properties differ considerably between these
two semiconductor types.

An electron-hole pair (EHP) may be created if a photon is absorbed by a semiconductor
and causes an electron in the valence band to be excited into the conduction band. For
example, photon absorption in silicon can occur if the photon energy matches or exceeds
the bandgap energy of 1.11eV. Since silicon is an indirect gap semiconductor, however,
there is a shift along the k axis for the electron that leaves the top of the valence band and
then occupies the bottom of the conduction band. In Section 1.3 we noted that p = hk
and therefore a shift in momentum results. The shift is considerable as seen in Figure 1.16a,
and it is almost the distance from the centre of the Brillouin zone at k = 0 to the zone
boundary at k = 7 yielding a momentum shift of

Ap =~ KL (1.38)
a

During the creation of an EHP both energy and momentum must be conserved. Energy is
conserved since the photon energy hw satisfies the condition iw = E,. Photon momentum
p= % is very small, however, and is unable to provide momentum conservation. This is
discussed further in Section 4.2. This means that a lattice vibration, or phonon, is required
to take part in the EHP generation process. The magnitudes of phonon momenta cover a
wide range in crystals and a phonon with the required momentum may not be available to
the EHP process. This limits the rate of EHP generation, and photons that are not absorbed
continue to propagate through the silicon.

If electromagnetic radiation propagates through a semiconductor we quantify absorp-
tion using an absorption coefficient o, which determines the intensity of radiation by the
exponential relationship

1) o
— =
Iy

where [ is the initial radiation intensity and /(x) is the intensity after propagating through
the semiconductor over a distance x. Efficient crystalline silicon solar cells are generally
at least ~100 pum thick for this reason due to their relatively low absorption coefficient. In
contrast, GaAs (Figure 1.16¢), is a direct gap semiconductor and has a much higher value of
o (see Section 4.2). The thickness of GaAs required for sunlight absorption is only >~1 um.
The value of « is an important parameter in PV semiconductors since sunlight that is not
absorbed will not contribute to electric power generation. It is interesting to note that in
spite of this difficulty silicon has historically been the most important solar cell material
owing to its large cost advantage over GaAs.

In LEDs the process is reversed. EHPs recombine and give rise to photons, which
are emitted as radiation. The wavelength range of this radiation may be in the infrared,
the visible, or the ultraviolet parts of the electromagnetic spectrum, and is dependent on
the semiconductor energy gap. Silicon is a poor material for LEDs because for an EHP
recombination to create a photon, one or more phonons need to be involved to achieve
momentum conservation. The probability for this to occur is therefore much smaller and
competing mechanisms for electron-hole pair recombination become important. These are
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known as non-radiative recombination events (see Section 1.19). In contrast to silicon,
GaAs can be used for high-efficiency LEDs and was used for the first practical LED
devices due to its direct gap.

1.13 Extrinsic Semiconductors

The incorporation of very small concentrations of impurities, referred to as doping, allows
us to create semiconductors that are called extrinsic to distinguish them from intrinsic
semiconductors, and we can control both the electron and hole concentrations over many
orders of magnitude.

Consider the addition of a group V atom such as phosphorus to a silicon crystal as shown
together with a band diagram in Figure 1.17. This results in an n-type semiconductor. The
phosphorus atom substitutes for a silicon atom and is called a donor; it introduces a new
spatially localized energy level called the donor level Ej.

Because phosphorus has one more electron than silicon this donor electron is not required
for valence bonding, is only loosely bound to the phosphorus, and can easily be excited
into the conduction band. The energy required for this is E. — E4 and is referred to as the
donor binding energy. If the donor electron has entered the conduction band, it is no longer
spatially localized and the donor becomes a positively charged ion. The donor binding
energy may be calculated by considering the well-known hydrogen energy quantum states
in which the ionization energy for a hydrogen atom is given by

_mq4
ERydberg = —862//12 =13.6eV (1.39)
0

O -0=¢ T

7
Q
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T
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Figure 1.17 The substitution of a phosphorus atom in silicon (donor atom) results in a
weakly bound extra electron occupying new energy level E4 that is not required to complete
the covalent bonds in the crystal. It requires only a small energy E. — E4 to be excited into
the conduction band, resulting in a positively charged donor ion and an extra electron in the
conduction band
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and the Bohr radius given by
ay= ——— =0.529 A (1.40)

Now, two variables in Equations 1.39 and 1.40 must be changed. Whereas the hydrogen
electron moves in a vacuum, the donor is surrounded by semiconductor atoms, which
requires us to modify the dielectric constant from the free space value € to the appropriate
value for silicon by multiplying by the relative dielectric constant €,. In addition the free
electron mass m must be changed to the effective mass m: . This results in a small binding
energy from Equation 1.39 compared to the hydrogen atom, and a large atomic radius from
Equation 1.40 compared to the Bohr radius. For n-type dopants in silicon the measured
values of binding energy are approximately 0.05 eV compared to 13.6 eV for the Rydberg
constant, and an atomic radius is obtained that is an order of magnitude larger than the
Bohr radius of approximately 0.5 A. Since the atomic radius is now several lattice constants
in diameter, we can justify the use of the bulk silicon constants we have used in place of
vacuum constants.

Consider now the substitution of a group III atom such as aluminium for a silicon atom
as illustrated in Figure 1.18. This creates a p-type semiconductor. The aluminium atom
is called an acceptor and it introduces a new spatially localized energy level called the
acceptor level E,. Because aluminium has one fewer electron than silicon it can accept an
electron from another valence bond elsewhere in the silicon, which results in a hole in the
valence band. The energy required for this is E, — E, and is referred to as the acceptor
binding energy. If an electron has been accepted, the resulting hole is no longer spatially

P
@
5
©

s
—— 0
a

RIA

Figure 1.18 The substitution of an aluminium atom in silicon (acceptor atom) results in an
incomplete valence bond for the aluminium atom. An extra electron may be transferred to fill
this bond from another valence bond in the crystal. The spatially localized energy level now
occupied by this extra electron at E, is slightly higher in energy than the valence band. This
transfer requires only a small energy E, — E, and results in a negatively charged acceptor ion
and an extra hole in the valence band
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localized and the acceptor becomes a negatively charged ion. The binding energy may be
estimated in a manner analogous to donor binding energies.

The introduction of either donors or acceptors influences the concentrations of charge
carriers, and we need to be able to calculate these concentrations. The position of the Fermi
level changes when dopant atoms are added, and it is no longer true that n = p; however,
the Fermi—Dirac function F(E) still applies. A very useful expression becomes the product
of electron and hole concentrations in a given semiconductor. For intrinsic material, we
have calculated n; p; and we obtained Equation 1.37a; however, Equations 1.34 and 1.35
are still valid and we can also conclude that

.y
nopo =n; = p; = N.Ny exp < kTg) (1.41)

which is independent of Ey, and therefore is also applicable to extrinsic semiconductors.
Here n( and py refer to the equilibrium carrier concentrations in the doped semiconductor.
We now examine the intermediate temperature condition where the following apply:

(a) The ambient temperature is high enough to ionize virtually all the donors or acceptors.

(b) The concentration of the dopant is much higher than the intrinsic carrier concentration
because the ambient temperature is not high enough to directly excite a large number
of electron-hole pairs.

Under these circumstances, there are two cases. For donor doping in an n-type semicon-
ductor we can conclude that

no >~ Ny (142)

and combining Equations 1.41 and 1.42 we obtain

n?

= L 1.43
Do N, (1.43)

where Ny is the donor concentration in donor atoms per unit volume of the semiconductor.
For acceptor doping in a p-type semiconductor we have

Po = N, (1.44)
and we obtain
2
n.
= L 1.45
no N, (1.45)

The Fermi energy levels will change upon doping, and may be calculated from Equations
1.34 and 1.35. In the case of n-type silicon the Fermi level will lie closer to the conduction
band. In the case of p-type silicon the Fermi level will lie closer to the valence band (see
Figure 1.19). In Example 1.3 we calculate some specific values of the Fermi energy position.

Consider n-type silicon at room temperature. The mobile electrons in the n-type silicon
are called majority carriers, and the mobile holes are called minority carriers. We can also
consider p-type silicon with mobile holes called majority carriers and mobile electrons
called minority carriers.
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Figure 1.19 The band diagrams for n-type silicon with a donor doping concentration of
1x 107 em= and p-type silicon with an acceptor doping concentration of 1x 10" cm=.
Note that the Fermi energy rises to the upper part of the energy gap for n-type doping and
drops to the lower part of the energy gap for p-type doping

Example 1.3

Assume a silicon sample at room temperature.

(a) Calculate the separation between E. and E; for n-type silicon having a phos-
phorus impurity concentration of 1 x 10'7 cm~3. Find both electron and hole
concentrations.

(b) Calculate the separation between E. and E; for p-type silicon having an alu-
minium impurity concentration of 1 x 10'7 cm~3. Find both electron and hole
concentrations.

Solution

(a) Using the intermediate temperature approximation ng = 1 x 10'7 cm™3. From
example 1.2 n; = 1.5 x 10'° cm? and hence

ni (1.5 x10" cm™)?

po= —

= =225% 10> cm™
no I x 107 cm™3

and

kT
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Solving for E. — Ey,

N,
E.— Ef=kT1ln— =0.026eV In

2.84 x 10" cm™3
no

- )=015eV
1 x 107 cm—3 )

0.15 eV Eg: 1.1eV

E, v
(b) Using the intermediate temperature approximation, py = 1 x 10'7 cm™ and
hence
”12 (1.5 x 10'° cm3)? s 3
ngp=— = =2.25 x 10° cm
Do 1 x 107 cm—3
and
—(Ef — Ey)
Po = Nyexp (TV

Solving for E; — E,

N, 1.06 x 10" cm™3
Ef—E,=kTln— =0.026eV In( —————— ) =0.12¢eV
no 1x10"" cm=3
EC r'y
E¢
0.12 eV| Eg=1.1¢eV
E, — v

At low ambient temperatures, the dopant atoms are not necessarily ionized. In this case
there will be a combination of neutral and ionized dopant atoms. At high ambient tempera-
tures, the intrinsic electron-hole pair concentration may be significant and may exceed the
doping concentration. In this case the semiconductor carrier concentrations can be similar
to intrinsic material. These cases are illustrated in Figure 1.20. Of particular technological
importance is the intermediate temperature region since the carrier concentrations are rel-
atively independent of temperature and therefore semiconductor devices can operate over
wide temperature ranges without significant variation in carrier concentrations.
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Figure 1.20 Carrier concentration as a function of temperature for an n-type extrinsic semi-
conductor. In the high-temperature region behaviour is intrinsic-like. In the intermediate-
temperature region carrier concentration is controlled by the impurity concentration and virtu-
ally all the dopant atoms are ionized. At low temperatures there is not enough thermal energy
to completely ionize the dopant atoms

1.14 Carrier Transport in Semiconductors

The electrical conductivity of semiconductors is controlled by the concentrations of both
holes and electrons as well as their ability to flow in a specific direction under the influence
of an electric field. The flow of carriers is limited by scattering events in which carriers
having a high instantaneous velocity frequently scatter off lattice vibrations (phonons),
defects and impurities, and we can denote a scattering time or characteristic mean time
between scattering events for this, referred to as t. The resulting net flow velocity or
drift velocity of a stream of carriers is much lower than their instantaneous velocity. The
experimental evidence for this is summarized by Ohm’s law, or

J=o0¢

which is a collision-limited flow equation that relates the current flow to the applied electric
field. To understand this we consider Figure 1.21 showing the flow of carriers in a solid
cylinder of cross-sectional area A in the x direction.

If the carrier concentration is n and each carrier carrying charge ¢ moves a distance dx in
time dr then the amount of charge dQ passing across a given plane in the cylinder in time
dtis dQ = ngAdx. The carrier drift velocity is given by & = %, and we can conclude that

k dr’
the current is

_dQ  ngAdx
T odr - dr

1
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Figure 1.21 Current (1) flows along a solid semiconductor rod of cross-sectional area A

We also define the current density J = % and hence we obtain Ohm’s law or
J =nqv=o¢

This is known as the drift current and it requires the existence of an electric field.

The application of an electric field can also be viewed using energy band diagrams.
The well-known electrostatic relationship between electric field and electric potential and
energy is given by

dv  1dE

e(x) = o gdr (1.46)
which states that an electric field causes a gradient in electric potential V and in addition
an electric field causes a gradient in the potential energy E of a charged particle having
charge ¢.

We can represent the conduction and valence bands in an applied electric field by showing
the situation where the conduction and valence bands are separated by the energy gap. In
Figure 1.7 this occurs at £ = 0. We introduce spatial dependence by using the x-axis to
show the position in the x direction of the semiconductor as in Figure 1.22. If there is no
applied field the bands are simply horizontal lines. If a constant electric field is present the
energy bands must tilt since from Equation 1.46 there will be a constant gradient in energy
and the carriers in each band will experience a force F' of magnitude g¢ in the directions
shown and will travel so as to lower their potential energies. The Fermi energy does not tilt,
since the electric field does not change the thermodynamic equilibrium.

We can now describe the flow of electrons. Since v o & we write U = e where u is the
carrier mobility, and we also conclude from Ohm’s law that o = nqpu.

In order to confirm the validity of Ohm’s law we can start with Newton’s law of motion
for an electron in an electric field

F o gqe dv

m* — m* T dt
The treatment of carrier collisions requires adding the well-known damping term % where T
is the scattering time that results in a terminal velocity. This can be pictured by the example
of a terminal velocity reached by a ping-pong ball falling in air. We now have
F e dv D
. LA + 2 (1.47)

m*  om*  dr T
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Figure 1.22 Spatial dependence of energy bands in an intrinsic semiconductor. If there is no
electric field (a) the bands are horizontal and electron and hole energies are independent of
location within the semiconductor. If an electric field ¢ is present inside the semiconductor
the bands tilt. For an electric field pointing to the right (b), electrons in the conduction band
experience a force to the left, which decreases their potential energy. Holes in the valence
band experience a force to the right, which decreases their potential energy. This reversed
direction for hole energies is described in Figure 1.10

We can demonstrate the validity of the equation in steady state where % = 0 and hence

_ qrte
V= —5
m*

and
_qr
/“L_m*

which are consistent with Ohm’s law.
In addition, we can examine the case where ¢ = 0. Now from Equation 1.47 we obtain
dt
which has solution & (1) = ¥ (0) exp (—£). Carrier drift velocity will decay upon removal

T
of the electric field with characteristic time constant equal to the scattering time 7.
In order to consider the contribution of both electrons and holes, we write the total drift

current as

Jaite = Jn + Jp = q(”ﬂn + p/"“p)8 (1.48)
where
qt
MUn = %
and
_4qr
Hp = e

p
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A Ohmic
behaviour
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Figure 1.23 Dependence of drift velocity on electric field for a semiconductor

Separate mobility values ., and p, are needed for electrons and holes since they flow

in different bands and may have different effective masses m: and m: respectively. The
valence band has negative curvature, and Equation 1.16 shows that valence band electrons
have negative effective mass; however, to ensure that uy, is a positive quantity we define
the effective mass of holes m: to be a positive quantity equal in magnitude to this negative
effective mass.

The validity of Ohm’s law has a limit. If the electric field is large, carrier velocity will
usually saturate, as shown in Figure 1.23 and will no longer be linearly proportional to
the electric field. This occurs because energetic electrons transfer more energy to lattice
vibrations. The magnitude of the electric field that results in saturation effects depends on
the semiconductor.

Mobility values for a range of semiconductors are shown in Appendix 2. These are
tabulated for intrinsic materials at room temperature; however, defects and impurities as
well as higher temperatures have a substantial effect on mobility values since they decrease
scattering times. Both undesirable impurities as well as intentionally introduced dopant
atoms will cause scattering times and mobility values to decrease.

1.15 Equilibrium and Non-Equilibrium Dynamics

The carrier concentrations we have been discussing until now are equilibrium concentra-
tions, and are in thermodynamic equilibrium with the semiconductor material. In equilib-
rium, both EHP generation and EHP recombination occur simultaneously; however, the net
EHP concentration remains constant. We can express this using rate constants defined as
follows:

G = thermal EHP generation rate (EHP cm™? s’l)
R = EHP recombination rate (EHP cm™? s7h

In equilibrium Gy, = R.

It is easy to cause a non-equilibrium condition to exist in a semiconductor. For example,
we can illuminate the semiconductor with photons whose energy exceeds its energy gap of
the semiconductor. We can also cause electric current to flow through the semiconductor
by attaching two or more electrodes to the semiconductor and then connecting them across
a voltage source.
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In an ideal direct gap semiconductor the value of R depends on carrier concentrations.
If, for example, the electron concentration n is doubled, R will double since the probability
for an electron to reach a hole has doubled. If both n and p are doubled then R will
increase by a factor of four since the hole concentration has also doubled. We can state
this mathematically as R o« np. We remove subscripts on carrier concentrations when
non-equilibrium conditions are present.

If a steady optical generation rate G, is abruptly added to the thermal generation rate
by illumination that begins at time ¢ = 0, the total generation rate increases to Gy + Gop.
This will cause the EHP generation rate to exceed the recombination rate and carrier
concentrations will exceed the equilibrium concentrations and will become time dependent.
We shall designate §n(t) and ép () to be the time-dependent carrier concentrations in excess
of equilibrium concentrations ny and py.

Consider a direct gap n-type semiconductor in which ny > py. We shall also stipulate
that §n(t) < ng, which states that the excess carrier concentration is small compared to
the equilibrium majority carrier concentration. This is referred to as the low-level injection
condition. We can approximate n to be almost constant and essentially independent of the
illumination. Hence the rate of increase of p is determined by the optical generation rate
as well as a hole recombination rate term that is linearly proportional to §p(¢) and we can
write the simple differential equation:

dsp(r) . 8p@®)

=G, (1.49)
dr : T

The solution to this is

Sp(t) = Ap [1 —exp <_—’>] (1.50)

Tp
which is sketched in Figure 1.24.
After a time t > 1, a steady-state value of excess carrier concentration Ap exists. If
Equation 1.50 is substituted into Equation 1.49 we obtain

Ap = Gopr (1.51a)

The time constant 7, for this process is called the recombination time. Recombination
time is often the same as the minority carrier lifetime but should not be confused with
the scattering time of Section 1.14, which is generally orders of magnitude shorter than
the recombination time. From Equation 1.50, if we know the optical generation rate and

App-———————oa

ap(e)

v

t

Figure 1.24  Plot of excess hole concentration as a function of time. A constant optical gener-
ation rate starts at t = 0 and continues indefinitely
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the characteristic recombination time for a semiconductor, we can calculate the steady-
state excess minority carrier concentration. There is also a small steady-state change in the
majority carrier concentration because An = Ap; however, this is neglected in low-level
injection since An < no. Note that 7, o¢ .

The same argument can be applied to a p-type semiconductor, and we would obtain the
increase in minority carrier concentration thus:

An = Gty (1.51b)

Electron-hole recombination may also occur via indirect processes in indirect gap semi-
conductors such as silicon. This is discussed in section 1.19.

1.16 Carrier Diffusion and the Einstein Relation

Free carriers that are produced in a spatially localized part of a semiconductor are able to
diffuse and thereby move to other parts of the material. The carrier diffusion process is
functionally similar to the diffusion of atoms in solids. At sufficiently high temperatures
atomic diffusion occurs, which is described as net atomic motion from a region of higher
atomic concentration to a region of lower atomic concentration. This occurs due to random
movements of atoms in a concentration gradient. There is no preferred direction to the
random movement of the atoms; however, provided the average concentration of atoms is
not uniform, the result of random movement is for a net flux of atoms to exist flowing from
a more concentrated region to a less concentrated region. Fick’s first law applies to the
diffusion process for atoms as presented in introductory materials science textbooks, and
is also applicable to electrons.

As with atomic diffusion, the driving force for carrier diffusion is the gradient in electron
concentration. For free electrons diffusing along the x-axis, Fick’s first law applies and it
can be written
dn(x)

dx

where ¢, is the flux of electrons (number of electrons per unit area per second) flowing
along the x-axis due to a concentration gradient of electrons. The negative sign in Equation
1.52 indicates that diffusion occurs in the direction of decreasing electron concentration.
For holes, Fick’s first law becomes

Pn(x) = —Dy

(1.52)

dp(x)
Pdx
Since the flow of charged particles constitutes an electric current, we can describe
diffusion currents due to holes or electrons. These are distinct from drift currents described
in Section 1.14 because no electric field is involved. Equations 1.52 and 1.53 may be
rewritten as currents:

¢p(x) = =D

(1.53)

dn(x)
Jn(x)diffusion = an d (1543.)
X
dp(x)
Jp(X)diftusion = —¢q D, L (1.54b)

Pdx
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Note that there is no negative sign in the case of electrons because electrons carry a negative
charge that cancels out the negative sign in Fick’s first law.

An interesting situation occurs when both diffusion and drift currents flow. An electric
field is present as well as a carrier concentration gradient. The total current densities from
Equations 1.48 and 1.54 become

dn(x)
In(X)drife-+diffusion = ¢ UnP(X)e(x) + g Dy o (1.55a)
and
dp(x)
Jp () drift-+ditfusion = g Up P(X)e(xX) — g Dy lc)lx (1.55b)

In semiconductor diodes, both drift and diffusion occur and it is important to become
familiar with the situation where drift and diffusion currents coexist in the same part of the
semiconductor.

One way to establish an electric field is to have a gradient in doping level by spa-
tially varying the doping concentration in the semiconductor. Consider the example in
Figure 1.25. The dopant concentration varies across a semiconductor sample that is in ther-
mal equilibrium. On the left side, the semiconductor is undoped, and an acceptor dopant
gradually increases in concentration from left to right. This causes the Fermi energy to
occupy lower positions in the energy gap until it is close to the valence band on the right

Increasing acceptor concentration

v

Semiconductor sample

A
EC
By drift
: -— high hole concentration
E
/'
Ey—==7"_2" 4
! £(x) —»
\ diffusion
low hole concentration

v

X

Figure 1.25 The energy bands will tilt due to a doping gradient. Acceptor concentration
increases from left to right in a semiconductor sample. This causes a built-in electric field, and
the hole concentration increases from left to right. The field causes hole drift from left to right,
and there is also hole diffusion from right to left due to the concentration gradient
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side of the sample. The Fermi energy does not tilt because it is a thermodynamic quantity
and the sample is in equilibrium; however, the valence and conduction bands do tilt as
shown.

There will now be a high concentration of holes in the valence band on the right side
of the semiconductor, which decreases to a low hole concentration on the left side. Hole
diffusion will therefore occur in the negative-x direction. At the same time, the tilting of
the energy bands means that an electric field is present in the sample. This is known as
a built-in electric field since it is caused by a spatial concentration variation within the
semiconductor material rather than by the application of an applied voltage. The built-in
field causes a hole drift current to flow in the positive-x direction. Since the semiconductor
is in equilibrium, these two hole currents cancel out and the net hole current flow will be
zero. A similar argument can be made for the electrons in the conduction band and the net
electron current will also be zero.

A useful relationship between mobility and diffusivity can now be derived. Since the net
current flow illustrated in Figure 1.25 is zero in equilibrium we can write for hole current

dp(x)
Iy )ustsatsion = AHpP(X)e(x) = g Dp=-=> = 0 (1.56)
From Equations 1.46 and 1.56 we have
1dE dp(x)
—— —¢D =0
qupp(X)q 1P

We now calculate p(x). Since the valence band energy E, is now a function of x we can
rewrite Equation 1.35 as

— (Ef — Ey(x))
= N, _ 1.57
p(x) exp ( T (1.57)
and we obtain
N ex —(Ef — E\(x)\ dE,(x) o.M (= (Er — Ev(x)) | dEv(x) _ 0
HpvExP kT dx kT P kT dx
which simplifies to
D, kT
£ - (1.58a)
M“p q
and a similar derivation may be applied to electrons yielding
D kT
_ = (1.58b)
n q

Equation 1.58 is known as the Einstein relation. At a given temperature this tells us that
mobility and diffusivity are related by a constant factor, which is not unexpected since both
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quantities express the degree of ease with which carriers move in a semiconductor under a
driving force.

1.17 Quasi-Fermi Energies

If a semiconductor is influenced by incident photons or an applied electric current the
semiconductor is no longer in equilibrium. This means that we cannot use Equations 1.34
and 1.35 to determine carrier concentrations. In addition Fermi energy Ef is no longer a
meaningful quantity since it was defined for a semiconductor in equilibrium in Section
1.8 and the Fermi—Dirac distribution function of Figure 1.9 is also based on equilibrium
conditions.

For convenience, we define two new quantities, F,, and F, p» known as the quasi-Fermi
energy for electrons and the quasi-Fermi energy for holes, respectively. The quantities may
be used even if a semiconductor is not in equilibrium and there are excess carriers. F;, and
F, are defined for a semiconductor with excess carriers from the following equations:

-N - (Ec - Fn) 1.59
n = N.exp <k—T) (1.59a)
and
_ _(Fp - Ev)
p = Nyexp <—kT ) (1.59b)

Note the similarity between Equation 1.59 and Equations 1.34 and 1.35. Subscripts for n
and p are absent in Equation 1.59 because these carrier concentrations are not necessarily
equilibrium values. It follows that if the semiconductor is in equilibrium, the electron and
hole quasi-Fermi energies become equal to each other and identical to the Fermi energy.
The electron and hole quasi-Fermi levels in an n-type semiconductor will behave very
differently upon excess carrier generation, as shown in Figure 1.26. This is examined in
Example 1.4.

v

X

Figure 1.26  The quasi-Fermi levels F, and F,, for an n-type semiconductor with excess carriers
generated by illumination. Note the large change in F, due to illumination and note that F, is
almost the same as the value of E; before illumination
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Example 1.4

An n-type silicon sample has a donor concentration of 1 x 10'7 cm™3. In Exam-
ple 1.3a we obtained ny = 1 x 10" cm™3, py =2.25 x 10*> cm™ and E. — E; =
0.15eV. We now illuminate this sample and introduce a uniform electron-hole pair
generationrate of Gop = 5 x 10?°cm™ s~!. Assume a carrier lifetime of 2 x 107°s.

(a) Calculate the resulting electron and hole concentrations.
(b) Calculate the quasi-Fermi energy levels.

Solution
(a)
Ap = GopTp =35 X 10 cm 3 s ' x2x10°%s=1x 10" cm™
and
An = GopTy =5 X 10°ecm3 s ' x2x10°%s=1x 10" cm™
Hence

p=po+Ap=225x100cm >3 +1x10%cm™> =1 x 10"° cm™*
and
n=ng+An=1x10"ecm>+1x 10° em™ = 1.01 x 10" cm™>

Therefore the carrier concentrations may be strongly affected by the illumination:
the hole concentration increases by approximately 12 orders of magnitude from
a very small minority carrier concentration to a much larger value dominated by
the excess hole concentration.

The electron concentration, however, only increases slightly (by 1%) due to
the illumination since it is a majority carrier. This is therefore an example of
low-level injection since the majority carrier concentration is almost unchanged.

(b) The quasi-Fermi level for holes may be found from:

_(Fp - Ev))

=N,
p exp < T

Solving for F, — E, we obtain

N, 1.06 x 10" cm™3
Fy—Ey=kTIn(— ) =0.026¢eV In( —————— ) =024 eV
1 x 10 cm—3

P
The quasi-Fermi level for electrons may be found from
- (Ec — F n)
= N —_—
n c exp ( T
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Solving for E. — F;, we obtain

N, 2.84 x 10" cm—3
EC—F;=kTm(—%>=00%mV1n(——li—rfl—)=027af
n 1.01 x 10" cm—3
0.27 eV
E, v
Fo=E; B S—
By oo L
E, T

Note that with illumination F, is almost identical to the original value of
E;¢ but F, moves significantly lower. This is a consequence of the large excess
carrier concentration compared to the equilibrium hole concentration. If a similar
problem were solved for a p-type semiconductor then with illumination F, would
move significantly higher and F;, would remain almost identical to the original
value of E.

The separation between F,, and F, is a measure of the product of excess carrier concen-
trations divided by the product of equilibrium carrier concentrations since from Equations
1.59 and 1.41 we have

Fy— F, — Eg Fo—F,
np = N¢Ny exp — T = nopo exp T (1.60a)
and hence
a-&g:kTm<”p> (1.60b)
1o po

1.18 The Diffusion Equation

We have introduced carrier recombination as well as carrier diffusion separately; however,
carriers in semiconductors routinely undergo both diffusion and recombination simultane-
ously.

In order to describe this, consider a long semiconductor bar or rod in Figure 1.27 in
which excess holes are generated at x = 0 causing an excess of holes Ap to be maintained
at x = 0. The excess hole concentration drops off to approach an equilibrium concentration
at the other end of the rod. The excess holes will diffuse to the right and if an electric
field is present there will also be a drift current component. Some of these holes recombine
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[p(x)
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Figure 1.27 A solid semiconductor rod of cross-sectional area A has a hole current |,(x)
flowing in the positive x direction. Due to recombination the hole current is dependent on x.
Atsurfaces x = a and x = b, 1,(x) changes due to the recombination that occurs between these
of the rod surfaces within volume Adx

with electrons during this process. We can consider a slice of width dx as shown in
Figure 1.27. The hole current I, (x = a) will be higher than the hole current I, (x = b) due
to the rate of recombination of holes in volume Adx between x = a and x = b. Volume
Adx contains Adxdp(x) excess holes. Since @ is the recombination rate this may be
expressed mathematically:

3p(x)

I,(x =a)—I,(x =b) = —qAdx . (1.61)
P
This may be rewritten as
h=a) = h&=b )
dx 7
or
dh) _ o0
dx T
In terms of current density we have
dJ, 8
X 7
and applying the same procedure to electrons we obtain
dJn(x) _ dn(x) (1.62b)
dx T ’

If the current is entirely due to the diffusion of carriers, we rewrite the expression for
diffusion current from Equation 1.54 for excess carriers §p(x):

ddp(x)
dx

Jp(X)ditusion = —q Dy (1.63)
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Substituting this into Equation 1.62a we obtain

d3p(x) _ sp(x)
dx? Dy,

(1.64a)
This is known as the steady state diffusion equation for holes, and the corresponding
equation for electrons is:

d%sn(x) _én(x)
dx2 T Dy1,

(1.64b)

The general solution to Equation 1.64a is

5p(x) = Aexp (\A—%) + Bexp (%) (1.652)
PP PP

However, considering our boundary conditions, the function must decay to zero for large
values of x and therefore B = 0 yielding

—X
1) =Ape
p(x) p XP( Dpfp)

which may be written

5p(x) = Ap exp (Z—x> (1.65b)
P

where

Ly, = /Dp1p

is known as the diffusion length. The latter determines the position on the x-axis where
carrier concentrations are reduced by a factor of e, as shown in Figure 1.28.

v

X

Figure 1.28 Plot of excess hole concentration in a semiconductor as a function of x in a
semiconductor rod where both diffusion and recombination occur simultaneously. The decay
of the concentration is characterized by a diffusion length L,
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Jp(0) = qDyAp/Ly ko--------mmm----e-
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X

Figure 1.29 Hole current density as a function of x for a semiconductor rod with excess
carriers generated at x = 0

The hole current density at any point x may be determined by substituting Equation 1.65b
into Equation 1.63, and we obtain

T oA (‘x)
p(X)diffusion = ¢ 75— AP €Xp | ——
LP LP

This may also be written
Dy
Jp(x)diffusion =q dp(x)
Ly

which shows that both current density and hole concentration have the same exponential
form. Figure 1.29 plots current density J,(x)disusion as a function of x. Both diffusion and
recombination occur simultaneously, which lowers the diffusion current exponentially as
x increases. This is reasonable since the number of holes that have not recombined drops
exponentially with x and therefore L, also represents the position on the x-axis where
current density J,(x) is reduced by a factor of e.

1.19 Traps and Carrier Lifetimes

Carrier lifetimes in many semiconductors including indirect gap silicon are really deter-
mined by trapping processes instead of ideal direct gap electron-hole recombination. Traps
are impurity atoms or native point defects such as vacancies, dislocations or grain bound-
aries. There are also surface traps due to the defects that inherently occur at semiconductor
surfaces, and interface traps that form at a boundary between two different material regions
in a semiconductor device.

In all cases, traps are physical defects capable of trapping conduction band electrons
and/or valence band holes and affecting carrier concentrations, carrier flow and recom-
bination times. This is different from a normal electron-hole pair recombination process
because a specific defect is involved. After being trapped a carrier may again be released to
the band it originated from or it may subsequently recombine at the trap with a carrier of the
opposite sign that also gets attracted to the same trap. This is known as trap-assisted carrier
recombination and is one of the most important phenomena that limits the performance of
both direct and indirect gap semiconductors used for solar cells and LEDs.
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Intentionally introduced n-type and p-type dopants actually are traps, and are referred
to as shallow traps because they are only separated from either a conduction band or a
valence band by a small energy difference that may be overcome by thermal energy. This
means that the trap is easy to ionize and the carrier is very likely to be released from the
trap. Also since dopants are normally ionized, they do not trap carriers of the opposite sign.
For example, phosphorus in silicon is an n-type dopant. Once it becomes a positive ion
after donating an electron to the conduction band it has a small but finite probability of
recapturing a conduction band electron. Since it spends almost all its time as a positive ion,
it has essentially no chance of capturing a hole, which is repelled by the positive charge,
and therefore shallow traps generally do not cause trap-assisted carrier recombination.

The traps that we must pay careful attention to are deep traps, which exist near the
middle of the bandgap. These traps are highly effective at promoting electron-hole pair
recombination events. Since their energy levels are well separated from band edges, carriers
that are trapped are not easily released. Imagine a deep trap that captures a conduction band
electron and is then negatively charged. In this state the negatively charged trap cannot
readily release its trapped electron and may therefore attract a positive charge and act as an
effective hole trap. Once the hole is trapped it recombines with the trapped electron and the
trap is effectively emptied and is again available to trap another conduction band electron.
In this manner, traps become a new conduit for electrons and holes to recombine. If the
deep trap density is high the average trap-assisted recombination rate is high.

The analysis of deep trap behaviour requires that we know the probabilities of the trap
being filled or empty. This may be understood in equilibrium conditions by knowing the
trap energy level and comparing it to the Fermi energy level. If the trap energy level E;
is above Ey then the trap is more likely to be empty than full. If E, is below Ey it is more
likely to be filled. The terms ‘filled’ and ‘empty’ refer specifically to electrons because the
Fermi—Dirac function describes the probability that an electron fills a specific energy level.
If we wish to describe the probabilities for a trap to be occupied by holes, we must subtract
these probabilities from 1.

We will simplify the treatment of traps by focusing on a very specific situation. Consider
a trap at the Fermi energy and near mid-gap in a semiconductor. Both E; and E¢ will be
at approximately the middle of the energy gap. The ionization energy of the trap for either
a trapped electron or a trapped hole is approximately ET as illustrated in Figure 1.30.
The probability that the trap is empty or filled is 50% since it is at the Fermi energy. The
captured electron may be re-released back to the conduction band, or it may be annihilated
by a hole at the trap.

There is a simple argument for assuming the trap is likely to exist at the Fermi level and
near mid-gap. At the surface of a semiconductor, approximately half the bonds normally
formed will be broken or incomplete. This gives rise to electrons that are only held by half
the atoms that they usually are associated with in the interior of a perfect crystal. These

7'y E,
Ey/2 v electron
A Yy - E¢ = E (trap level)
Ey2 hole
A 4 E
%

Figure 1.30 A trap level at the Fermi energy near mid-gap
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Figure 1.31 Surface traps at the surface of a p-type semiconductor comprise electrons held
in dangling bonds. The energy needed to release these electrons is approximately EZE Since
there are large numbers of dangling bond states, some being occupied and some not being
occupied by electrons, the Fermi energy becomes pinned at this energy

dangling bonds therefore comprise electrons that are likely to lie at approximately mid-gap
because the energy required to excite them into the conduction band is only approximately
half as large as the energy E, required to remove an electron from the complete covalent
bond of the relevant perfect crystal.

Now consider a large number of such dangling bonds at a semiconductor surface. Some
of these dangling bonds will have lost electrons and some of them will not. Since the Fermi
level exists between the highest filled states and the lowest empty state, the Fermi level
tends to fall right onto the energy level range of these traps. The Fermi energy gets pinned
to this trap energy at = % Figure 1.31 shows the pinning of a Fermi level due to surface
traps in a p-type semiconductor. Notice that at the semiconductor surface the surface traps
determine the position of the Fermi energy rather than the doping level. An electric field is
established in the semiconductor normal to the surface and band bending occurs as shown.

If the semiconductor had been n-type instead of p-type, then the same reasoning would
still pin the Fermi energy to mid-gap; however, the band bending would occur in the
opposite direction and the resulting electric field would point in the opposite direction, as
illustrated in Figure 1.32.

Since traps are often formed from defects other than free surfaces that also involve
incomplete bonding like a vacancy, a dislocation line, a grain boundary or an interface
between two layers, this simple picture is very useful and will be used in the context of the
p-n junction to explain recombination processes in subsequent sections of this book.

There is a velocity associated with excess minority carriers at a semiconductor surface
or an interface between a semiconductor and another material. For example in Figure 1.31,
which shows a p-type semiconductor, assume that there are excess electrons §n(x) in the
conduction band. The conduction band excess electron concentration decreases towards the

/
E; % E,
/

Figure 1.32 Surface traps at the surface of an n-type semiconductor causing the Fermi level
to be trapped at approximately mid-gap. An electric field opposite in direction to that of Figure
1.28 is formed in the semiconductor
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surface. This causes electrons to diffuse towards the surface, where they recombine. The
diffusion of electrons towards the surface can be expressed as an electron flux

dén
0=y
Flux has units of particles per unit area per unit time. Since we can equivalently define a
flux as the product of concentration and velocity, we can write

dén
Q= —Dna = S.én (1.66a)

where S, is the surface recombination velocity of the electrons, and we evaluate §n and ‘%”
at the semiconductor surface. Note that if S, = 0, we can conclude that % is zero, there is
no band bending and surface states do not form a charged layer. Conversely if S, — oo then
dn = 0 at the surface, which implies that carriers very rapidly recombine at the surface. A
similar situation exists at the surface or at an interface of an n-type semiconductor in which

holes may recombine and we obtain

dép
In both Equations 1.66a and 1.66b we assume that the excess carrier concentrations are

much larger than the equilibrium minority carrier concentrations.

1.20 Alloy Semiconductors

An important variation in semiconductor compositions involves the use of partial sub-
stitutions of elements to modify composition. One example is the partial substitution of
germanium in silicon that results in a range of new semiconductors of composition Si; _,Ge,,
which are known as alloy semiconductors. The germanium atoms randomly occupy lattice
sites normally occupied by silicon atoms, and the crystal structure of silicon is maintained.
Note that Si and Ge are both in the group I'V column of the periodic table and therefore have
chemical similarities in terms of valence electrons and types of bonding. This means that
provided no additional dopant impurities are introduced into the alloy semiconductor, alloy
material with characteristics of an intrinsic semiconductor can be achieved. Of interest in
semiconductor devices is the opportunity to modify the optical and electrical properties
of the semiconductor. Since germanium has a smaller bandgap than silicon, adding ger-
manium decreases bandgap as x increases. In addition, the average lattice constant of the
new compound will increase since germanium is a larger atom than silicon. Since both
germanium and silicon have the same diamond crystal structure, the available range of x is
from O to 1 and the indirect bandgaps of the alloy compositions Si;_,Ge, therefore range
between 1.11eV and 0.067 eV as x varies from O to 1 respectively.

Of more relevance to p-n junctions for solar cells and LEDs, alloy semiconductors may
also be formed from compound semiconductors. For example Ga;_,In,N is a ternary, or
three-component, alloy semiconductor in which a fraction of the gallium atoms in wurtzite
GaN is replaced by indium atoms. The indium atoms randomly occupy the crystalline sites
in GaN that are normally occupied by gallium atoms. Since In and Ga are both group
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IIT elements, the substitution does not act as either an acceptor or a donor. The direct
bandgap decreases as x increases. Forx =0, E;, =3.4eV and forx = 1, E, = 0.77eV.

There are many other III-V alloy semiconductors. In Ga;_,Al,As alloys the bandgap
varies from 1.43 to 2.16eV as x goes from O to 1. In this system, however, the bandgap
is direct in the case of GaAs, but indirect in the case of AlAs. There is a transition from
direct to indirect bandgap at x =0.38. We can understand this transition if we consider
the two conduction band minima in GaAs shown in Figure 1.16c. One minimum forms a
direct energy gap with the highest energy levels in the valence band; however, the second
minimum forms an indirect gap. When x = (.38 these two minima are at the same energy
level. For x < 0.38 the alloy has a direct gap because the global conduction band minimum
forms the direct gap. For x > 0.38 the global conduction band minimum is the minimum
that forms the indirect gap.

A number of III-V alloy systems are illustrated in Figure 1.33a. An additional set of
III-V nitride semiconductors is shown in Figure 1.33b, and a set of II-VI semiconductors
is included in Figure 1.33c.
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Figure 1.33 Bandgap versus lattice constant for (a) phosphide, arsenide and antimonide
11V semiconductors; (b) nitride and other III-V semiconductors neglecting bowing (see
Figure 5.20); (c) sulphide, selenide and telluride II-VI semiconductors and phosphide, ar-
senide and antimonide II-V semiconductors. (a—=b) Reprinted from E. Fred Schubert, Light-
Emitting Diodes, 2e ISBN 978-0-521-86538-8. Copyright (2006) with permission from E. Fred
Schubert. (c) Adapted from http://www.tf.uni-kiel.de/matwis/amat/semitech_en/ Copyright
Prof. Dr. Helmut Féll, Technische Fakultit, Universitit Kiel
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To cover ranges of composition in the III-V alloy system, quaternary alloys may be
formed such as (Al,Ga_,),In;_,P. The use of ternary and quaternary semiconductor alloys
in solar cells and LEDs will be discussed in Chapters 4 and 5.

1.21 Summary

1.1.

1.2.

1.3.

1.4.

1.5.

1.6.

1.7.

1.8.

1.9.

The band theory of solids permits an understanding of electrical and optical properties
including electrical conductivity in metals and semiconductors, optical absorption and
luminescence, and properties of junctions and surfaces of semiconductors and metals.
The band theory of solids requires the use of wavefunctions to describe the spatial dis-
tribution, energy and momentum of electrons. Schrédinger’s equation may be solved
to obtain these wavefunctions by employing a suitable potential energy function in
this equation.

In the Kronig—Penney model a periodic potential leads to energy bands, energy gaps
and Brillouin zones by solving Schrodinger’s equation for electrons in a periodic
potential. The size of the energy gaps increases as the amplitude of the periodic
potential increases. As the ionic character of the bonding in the semiconductor
increases the energy gap increases. As the size of the atoms decreases the energy gap
increases.

The Bragg model identifies Brillouin zone boundaries as satisfying the Bragg con-
dition for strong reflection. This condition is 2a = nA. The reduced zone scheme,
which shows only the first Brillouin zone, simplifies the representation of energy
bands and energy gaps.

The effective mass m* is used to quantify electron behaviour in response to an applied
force. The effective mass depends on the band curvature. Effective mass is constant
if the band shape can be approximated as parabolic.

The number of states in a band n can be determined based on the number of unit cells
N in the semiconductor sample. The result » = 2N is obtained for a one-dimensional,
two-dimensional or three-dimensional case.

The filling of bands in semiconductors and insulators is such that the highest filled
band is full and the lowest empty band is empty at low temperatures. In metals
the highest filled band is only partly filled. Semiconductors have smaller bandgaps
(E; = 0to4eV) than insulators (E; > 4eV).

The Fermi energy E; is defined as the energy level at which an electron state has
a 50% probability of occupancy at temperatures above 0 K. A hole can be created
when an electron from the valence band is excited to the conduction band. The hole
can move independently from the electron.

Carrier concentration in an energy band is determined by (i) finding the probability
of occupancy of the states in a band using the Fermi—Dirac distribution function
F(E), and (ii) finding the density of states function D(E) for an energy band. Then
the integral over the energy range of the band of the product of D(E) and F(E) will
determine the number of carriers in the band. In the conduction band the equilibrium
electron concentration is ng and in the valence band the equilibrium hole concentration
is po. The product ngpy is a constant that is independent of the Fermi energy.
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1.12.

1.13.

1.14.

1.15.

1.16.
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A range of semiconductor materials includes group IV semiconductors, group III-V
semiconductors and group II-VI semiconductors as listed in order of increasing ionic
character. Bandgap energies decrease for larger atoms that are lower down on the
periodic table.

. Most important semiconductor crystals have lattices that are diamond, zincblende

or hexagonal structures. These structures lead to complex band diagrams. The band
shapes in E versus k plots depend on crystallographic directions. In addition there
are sub-bands in the valence band that correspond to distinct hole effective masses.
Bandgaps may be direct or indirect. Conduction bands generally exhibit two min-
ima where one minimum corresponds to a direct gap transition and one minimum
corresponds to an indirect gap transition.

Photon momentum is very small and direct gap transitions in semiconductors are
favourable for photon creation and absorption. In indirect gap transitions the involve-
ment of lattice vibrations or phonons is required. The absorption coefficient « is
higher for direct gap semiconductors and lower for indirect gap semiconductors for
photons above E, in energy. Whereas indirect gap silicon has an effective absorption
depth of =100 um for sunlight the corresponding absorption depth in GaAs is only
= 1 pum.

Pure semiconductors are known as intrinsic semiconductors. The incorporation of
low levels of impurity atoms in a semiconductor leads to extrinsic semiconductors,
in which the electron concentration ny and hole concentration pg are controlled
by the impurity type and concentration. Donor impurities donate electrons to the
conduction band in n-type semiconductors, and acceptor impurities donate holes to
the valence band in p-type semiconductors. New shallow energy levels arise within
the energy gap, which are called donor and acceptor levels. Carrier concentrations are
temperature dependent; however, over a wide intermediate temperature range carrier
concentrations are relatively constant as a function of temperature. Minority carriers
refer to the carriers having a low concentration in a specific semiconductor region,
and majority carriers refer to the carriers having a significantly higher concentration
in the same region.

Carriers move through semiconductors in an electric field ¢ by a drift process, which is
characterized by a drift velocity v and mobility . Drift current density is givenby J =
o e, which is an expression of Ohm’s law. The understanding of Ohm’s law is based
on the concept of a terminal velocity due to scattering events having a characteristic
scattering time t, which depends on impurities, defects and temperature. At high
electric fields drift velocity will eventually saturate.

Carrier concentrations are not necessarily at equilibrium levels. Photons or applied
electric fields can give rise to non-equilibrium excess carrier concentrations, which
will return to equilibrium concentrations once equilibrium conditions are restored.
Electron-hole pair (EHP) generation and recombination processes Gy, or Gop and R
define the resulting rate of generation and recombination. Under equilibrium condi-
tions Gy, = R where R o np. The minority carrier lifetime time constants 7, or 7,
characterize the recombination times of minority carriers.

Carriers diffuse in semiconductors due to a concentration gradient. The diffusion
coefficients D, and D, determine the diffusion current J, and J, respectively. The
net current flow must include both drift and diffusion current. In equilibrium the net
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current is zero; however, drift and diffusion currents may be non-zero. The Einstein
relation is derived from the requirements for equilibrium conditions and allows D,
and D, to be derived from u, and wp.

. In non-equilibrium conditions the Fermi energy is not defined; however, quasi-Fermi

energies I, and F', may be defined to characterize changes in carrier concentrations
due to excess carrier generation.

Combining the concepts of carrier recombination and carrier diffusion the diffusion
equation leads to the calculation of diffusion length L, = </Dy1, and L, = /D1,
and shows that carrier concentration decays exponentially as a function of distance
from a region of excess carrier generation.

Traps can have a large effect on carrier lifetimes. The most important traps are deep
traps that are at or near mid-gap. A high density of such traps occurs at semiconductor
interfaces and defects. This is due to dangling bonds at surfaces and defects. Fermi
level pinning occurs at or near midgap due to dangling bonds. Surface recombination
velocity is a measure of the rate of recombination at semiconductor surfaces.

The bandgap and direct/indirect nature of a semiconductor can be altered by alloying.
Alloying may also change the lattice constant. Industrially important alloy semicon-
ductors exist composed from group IV elements, group III-V elements and group
II-VI elements. Ternary and quaternary compound semiconductors are important for
solar cells and LEDs.
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Problems

1.1 Derive the following relationships in the Kronig-Penney model:
(a) Obtain Equation 1.7¢ from Equations 1.4a, 1.4b, 1.7a and 1.7b.
(b) Obtain Equation 1.8 from Equation 1.7c. Take the limit » — 0 and Vy — oo such
that bV is constant.
Use the definition

_ 0%ba
T2

P

1.2 Using the Kronig—Penney model in Equation 1.8:

(a) If P =2 and a = 2.5 A find the energy range for the two lowest energy bands and
the energy gap between them.

(b) Repeat (a) if P =0.2.

(c) Demonstrate that the energy bands reduce to free electron states as P—0.

1.3 In Section 1.6 we showed that the number of states in an energy band is n = 2N for
a one-dimensional semiconductor. Show that the number of states in an energy band
in a three-dimensional semiconductor is still # = 2N where N is the number of unit
cells in the three-dimensional semiconductor.

Hint: Consider a semiconductor in the form of a rectangular box having N, N, and N,
unit cells along the x, y and z axes. Assume an infinite walled box with V = 0 inside
the box. Use the allowed energy values for an electron in Equation 1.28. Include spin.

1.4 A rectangular semiconductor crystal has dimensions 2 x 2 x 1 mm. The unit cell is
cubic and has edge length of 2 A. Find the number of states in one band of this
semiconductor.

1.5 A rectangular silicon semiconductor bar of length 12 cm and cross-section 1 x 5 mm
is uniformly doped n-type with concentration Ng = 5 x 10'® cm =3,

(a) Assuming all donors are ionized, calculate the room temperature current flow if
contacts are made on the two ends of the bar and 10V is applied to the bar.

(b) Find the electric field in the bar for the conditions of (a).

(c) What fraction of the current flows in the form of hole current for the conditions
of (a)?

(d) Find the resistivity of the silicon.

(e) If the silicon were replaced by gallium phosphide and the doping was still Ng =
5 x 10'® cm~3 repeat (a), (b) and (c).

(f) If the silicon temperature was increased to 120°C, repeat (a), (b) and c). Assume
that carrier mobility and bandgap are not affected by the increase in temperature.

1.6 Now, instead of being uniformly doped, the bar of Problem 1.5 is doped with a linearly
increasing donor doping concentration, such that the left end of the bar (LHS) is doped
with a concentration of 1 x 10'® cm™ and the right end of the bar (RHS) is doped
with a concentration of 1 x 107 cm™—3,

(a) Determine the doping level at three points in the bar:
(i) at 3 cm from the LHS;
(ii) at the midpoint;
(iii) at 9 cm from the LHS.
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(b) Assuming equilibrium conditions (no applied voltage) find the built-in electric
field in the bar at each of positions (i), (ii) and (iii). Hint: Find the gradient in the
doping about each point.

(c) Find the electron drift current flowing in the bar at positions (i), (ii) and (iii).

(d) Explain how the bar can be in equilibrium given the existence of these electric
fields and drift currents.

(e) Find the Fermi level relative to the top of the valence band for each of positions
(1), (i) and (iii).

(f) Sketch the band diagram as a function of position in equilibrium along the length
of the bar showing the location of the Fermi energy.

1.7 A square silicon semiconductor sheet 50 cm? in area and 0.18 mm in thickness is
uniformly doped with both acceptors (N, = 5 x 10'® cm™?) and donors (Ng = 2 x
10'° cm™3).

(a) Assuming all donors and acceptors are ionized, calculate the room tempera-
ture current flow if the silicon is contacted by metal contact strips that run the
full length of two opposing edges of the sheet and 10V is applied across the
contacts.

(b) Repeat (a) but assume that the sheet is 100 cm? in area instead of 50 cm?. Does
the current change with area? Explain.

(c) Is the recombination time t important for the measurement of current flow?
Explain carefully what role recombination plays in the calculation.

1.8 An undoped silicon semiconductor sheet 50 cm? in area and 0.18 mm thick is illumi-
nated over one entire surface and an electron-hole pair generation rate of 10>' cm=3 s~!
is achieved uniformly throughout the material.

(a) Determine the separation of the quasi-Fermi levels. The carrier lifetime is
2% 107°s.

(b) Calculate the room temperature current flow if the silicon is contacted by narrow
metal contact strips that run the full length of two opposing edges of the sheet
and 10V is applied across the contacts under illumination conditions. The carrier
lifetime is 2 x 107s.

(c) Explain how a higher/lower recombination time would affect the answer to (b).
How does the recombination time of 2 x 10~ s compare with the transit time of
the carriers, which is the time taken by the carriers to traverse the silicon sheet from
one side to the other side? This silicon sheet is functioning as a photoconductive
device since its conductivity depends on illumination. If the transit time is small
compared to the recombination time then gain can be obtained since more than
one carrier can cross the photoconductive sheet before a recombination event
takes place on average. Gains of 100 or 1000 may be obtained in practice in
photoconductors. How long a recombination time would be required for a gain of
10 to be achieved?

1.9 A sample of n-type silicon is doped to achieve Er at 0.3 eV below the conduction
band edge at room temperature.

(a) Find the doping level.

(b) The n-type silicon sample is in the form of a square cross-section bar at room
temperature and it carries a current of 3 x 1078 A along its length. If the bar is
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10 cm long and has a voltage difference of 100 V end-to-end, find the cross-section
dimension of the bar.

1.10 A silicon sample is uniformly optically excited such that its quasi-Fermi level for
electrons Fy, is 0.419eV above its quasi-Fermi level for holes F,. The silicon is
n-type with donor concentration Np = 1 x 10'* cm™>. Find the optical generation
rate.

1.11 An n-type silicon wafer is 5.0 mm thick and is illuminated uniformly over its surface
with blue light, which is absorbed very close to the silicon surface. Assume that a
surface generation rate of holes of 3 x 10'® cm™2 s~! is obtained over the illuminated
surface, and that the excess holes are generated at the silicon surface.

(a) Calculate the hole concentration as a function of depth assuming a hole lifetime
of 2 x 107% s. Assume that the hole lifetime is independent of depth.

(b) Calculate the hole diffusion current as a function of depth.

(c) Calculate the recombination rate of holes as a function of depth.

(d) Explain the difference between the surface generation rate of holes and the re-
combination rate of holes near the surface. These two rates have different units.
Your explanation should refer to the distinction between the units employed.

1.12 Find:

(a) The n-type doping level required to cause silicon at room temperature to have
electrical conductivity 100 times higher than intrinsic silicon at room temperature.

(b) The p-type doping level required to cause silicon at room temperature to have
p-type conductivity 100 times higher than intrinsic silicon at room temperature.

1.13 Intrinsic silicon is uniformly illuminated with 10'* photons cm~2 s~! at its surface.
Assume that each photon is absorbed very near the silicon surface, and generates one
electron-hole pair.

(a) Find the flux of electrons at a depth of 3 um. Make and state any necessary
assumptions.

(b) Find the total excess electron charge stored in the silicon, assuming the silicon
sample is very thick.

1.14 If the Fermi energy in an n-type silicon semiconductor at 300°C is 0.08 eV below the
conduction band, and the donor level is 0.02 eV below the conduction band, then find
the probability of ionization of the donors.

1.15 In a hypothetical semiconductor with effective masses of electrons and holes the same
as silicon, and E as in silicon, the conductivity of a rod of the material (measuring
1 mm in diameter and 40 mm in length) from end to end is measured as 4 x 10'?> ohms
at 300 K.

(a) If the electron mobility is five times larger than the hole mobility in this material
then find the electron mobility. Make and state any necessary assumptions.

(b) Find the current flow due to the holes only in the rod if a voltage of 10V is applied
across the ends of the rod. Make and state any necessary assumptions.

1.16 An intrinsic, planar, room-temperature silicon sample is exposed to a steady flux of
light at its surface. The electron concentration as a result of this is measured to be
100 times higher than n;, the intrinsic equilibrium concentration, at a depth of 100 um
below the silicon surface. You may use the low-level injection approximation.

(a) Assuming that the light is all absorbed very near the silicon surface, and that every
incident photon excites one EHP, find the total photon flux.
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(b) Find the quasi-Fermi level for electrons relative to the Fermi level without the flux
of light at a depth of 100 pm.

1.17 A famous experiment that involves both the drift and the diffusion of carriers in a semi-
conductor is known as the Haynes—Shockley experiment. Search for the experimental
details of this experiment and answer the following:

(a) Make a sketch of the semiconductor sample used in the experiment as well as
the location and arrangement of electrodes and the required voltages and currents
as well as the connections of electrodes for the appropriate measurements to be
made.

(b) Sketch an example of the time dependence of the output of the experiment.

(c) Explain how the Einstein relation can be verified using these data.

1.18 A silicon sample is uniformly optically excited such that its quasi-Fermi level for
electrons F, is 0.419eV above its quasi-Fermi level for holes F,. The silicon is
n-type with donor concentration Ng = 1 x 10! cm~3. Find the optical generation
rate.

1.19 A flash of light at time r = 0 is uniformly incident on all parts of a p-type silicon sample
with doping of 5 x 10'7 cm~3. The resulting EHP concentrationis 2 x 10'® EHP cm~3.
Find the time-dependent electron and hole concentrations for time ¢ greater that
Zero.

1.20 Carriers are optically generated at an intrinsic silicon surface. The generation rate is
2 x 10" EHP/cm? s. Assume that all the photons are absorbed very close to the silicon
surface. Find the diffusion current of electrons just below the surface, and state clearly
the assumptions you used to obtain the result.

1.21 A silicon sample is doped with 6 x 10'® donors cm™ and N, acceptors cm™>. If E;
lies 0.4 eV below E; in intrinsic silicon at 300 K, find the value of N,.

1.22 Electric current flows down a silicon rod 1 ¢cm in length and 0.3 mm in diameter. The
silicon is n-type with N, =1 x 107 cm™3. A potential difference of 10V is applied to
the rod end-to-end. How many electrons drift through the rod in 60 seconds?

1.23 Find the energy difference between F, (quasi-Fermi level for electrons) and E if illu-
mination were not present, for a silicon sample in equilibrium containing 10'> donors
cm™3. Assume room temperature. The bar is uniformly optically excited such that
10'8 EHP/cm? s are generated.

1.24 (a) Find the surface recombination velocity of electrons at a p-type silicon semicon-

ductor surface having the following parameters:

po=1x10" cm™

sn = 1 x 10'® cm™3 at the surface.

Use the diffusion constant for silicon in Appendix 2. Make and state any necessary
assumptions.

(b) Sketch a band diagram as a function of distance x from the semiconductor surface
to a few diffusion lengths away from the surface.

(c) Repeat (a) and (b) for a GaAs semiconductor with the same parameters.
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1.25 (a) Find the surface recombination velocity of holes at an n-type silicon semiconductor
surface having the following parameters:

ng=1x 10" cm™3
8p = 1 x 10'7 cm™ at the surface.

Use the diffusion constant for silicon in Appendix 2. Make and state any necessary
assumptions.

(b) Sketch a band diagram as a function of distance x from the semiconductor surface
to a few diffusion lengths away from the surface.

(c) Repeat (a) and (b) for a GaAs semiconductor with the same parameters.
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Objectives

1. Understand the structure of a p-n junction.

2. Obtain a qualitative understanding of diode current flow and the roles of drift and

w

diffusion currents.

. Derive a quantitative model of diode contact potential based on the band model.
. Justify and obtain a quantitative model of the depletion region extending away

from the junction.

. Derive a quantitative model of diode current flow based on carrier drift and

diffusion and a dynamic equilibrium in the depletion region.

Principles of Solar Cells, LEDs and Diodes: The role of the PN junction, First Edition. Adrian Kitai.
© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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6. Understand phenomena involved in reverse breakdown of a diode and introduce
the Zener diode.
7. Understand the tunnel diode based on a band model and its significance in solar
cell applications.
8. Understand generation and recombination currents that exist in the depletion
region of a p-n junction.
9. Introduce the physics of metal semiconductor contacts including the Schottky
diode and ohmic contacts.
10. Introduce the heterojunction, its band structure, and its relevance to optoelectronic
devices such as solar cells and LEDs.
11. Understand p-n junction capacitance and minority charge storage effects relevant
to AC and transient behaviour.

2.1 Introduction

A semiconductor device comprising a p-n junction diode is illustrated in Figure 2.1. There
are several basic features of the diode including the following:

(a) ametal anode contact applied to a p-type semiconductor forming a metal-semiconductor
junction;

(b) a p-type semiconductor;

(c) a p-n semiconductor junction between p-type and n-type semiconductors;

(d) an n-type semiconductor;

(e) a metal cathode contact applied to an n-type semiconductor forming another metal-
semiconductor junction.

The purpose of this chapter is to cover the principles of the p-n junction diode. Originally
the semiconductor diode was used to provide current flow in one direction and current
blocking in the other direction. It found widespread application in early logic circuits as
a clamping device and as a logic adder. It is widely used as a rectifier in power supplies
and as a detector in radio circuits. Two of these circuit applications are illustrated in
Figure 2.1. The applications of specific interest to this book are the more recent derivatives
of the semiconductor diode that have become widely used semiconductor diode devices for
light emission (LEDs) and for solar power generation (solar cells).

The principles underlying diode operation in general will be covered in this chapter.

Solar cells and LEDs can be fabricated from a range of both inorganic and organic
semiconductor diode materials. Chapters 4, 5 and 6 will cover device designs and spe-
cific fabrication methods, and build on these principles to further develop topics that are
specific to solar cells and LEDs based on inorganic as well as organic semiconductors.
A good understanding of all diode-based semiconductor devices requires a fundamental
understanding of the p-n junction diode including the electrical contacts made to the diode.

We will begin with the abrupt junction semiconductor p-n diode in which the transition
from n-type material to p-type material occurs abruptly. This is achieved by a step change
in the doping species on either side of the semiconductor junction. In practice, it is possible
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p-n semiconductor

junction
v
metal p-type n-type metal
anode semiconductor semiconductor cathode
contact contact

Symbol: N

+V

<> % Ao—K—A—p to transistor
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+

Bridge rectifier Logic ‘AND’ function

Figure 2.1 The p-n junction diode showing metal anode and cathode contacts connected
to semiconductor p-type and n-type regions respectively. There are two metal-semiconductor
junctions in addition to the p-n semiconductor junction. The diode symbol and two examples
of diode applications in circuit design are shown. The diode logic gate was used in early
diode-transistor logic solid state computers popular in the 1960s but has been replaced by
transistor-based designs that consume less power and switch faster

to make such a transition over a distance of just one atomic layer of the semiconductor
crystal. The abrupt junction diode is the easiest diode to model and understand; however,
the concepts can be extended to diodes in which the doping transition is gradual rather than
abrupt.

The band model is used to describe electron and hole behaviour for the p-n junction and
is shown for equilibrium conditions in Figure 2.2. Since the n-type and p-type semicon-
ductor regions are in equilibrium with each other, the Fermi energy is constant. Note the
difference in position for the valence and conduction band energies on the two sides of
the junction. There is a transition region in which the energy bands are sloped to provide
a continuous conduction band and a continuous valence band extending from the p-side
to the n-side of the junction. The transition region is present even though the p-n junction
is abrupt.

We have seen in Section 1.14 that band slope is evidence for an electric field within the
semiconductor, which is referred to as a built-in electric field. The origin of this transition
region and the associated electric field will be further described in Section 2.3. The direction
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Transition
region
p-side V' n-side
E, b
U
\ I Eq=qVy
Ef :

Figure 2.2 Band model of p-n junction in equilibrium showing constant Fermi energy and
transition region to allow valence band and conduction band to be continuous

of the field is shown in Figure 2.2 to be consistent with the direction of the band slope (see
Section 1.14). The built-in field drives electron and hole drift currents across the junction.
The change in energy across the p-n junction is labelled £ provided equilibrium conditions
apply and is referred to as an energy barrier. Since the energy gained or lost by a charge
may be obtained by multiplying the change in potential by the charge, we can write

Eo=qVy 2.1

where V) is the contact potential of the p-n junction.

2.2 Diode Current

We can now describe the currents that flow in equilibrium. The built-in field & causes car-
riers in the transition region to drift. In addition there are substantial carrier concentration
gradients across the junction. For electrons, the high electron (majority carrier) concentra-
tion in the n-side falls to a low electron (minority carrier) concentration in the p-side. This
electron concentration gradient as well as an analogous hole concentration gradient drive
diffusion currents across the junction.

There are now four currents to consider:

I arire  Electrons (minority carriers) on the p-side that enter the transition region will drift
to the right towards the n-side. This current is driven by the built-in electric field.

I, aiire  Holes on the n-side (minority carriers) that enter the transition region will drift to
the left towards the p-side. This current is driven by the built-in electric field.

I, giffusion  Electrons on the n-side (majority carriers) will diffuse to the left. This current
is driven by the electron concentration gradient.

I, gitfusion  Holes on the p-side will diffuse to the right. This current is driven by the hole
concentration gradient.
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Figure 2.3 Flow directions of the four p-n junction currents. The two diffusion currents are
driven by concentration gradients of electrons or holes across the junction and the two drift
currents are driven by the electric field. Note that the electron currents flow in the direction
opposite to the flux or flow of electrons. The electron diffusion flux is to the left and the electron
drift flux is to the right

These four currents can be viewed schematically in Figure 2.3. The electron currents are
reversed in direction from the directions of electron flow since electrons carry negative
charge.

If the p-n junction is in equilibrium we can conclude that the following equalities apply:

Ip drift + Ip diffusion = 0 (2221)
I, drift + I, diffusion = 0 (22b)

We will show in Section 2.5 that both drift and diffusion currents may be very large;
however, the net current is the observed diode current.

If we apply a voltage to the diode by connecting an external voltage source to the p-n
junction, the currents will no longer cancel out, and the diode is no longer in an equilibrium
state. This is illustrated in Figure 2.4. This external voltage is called a bias voltage.

Let us first consider the application of a forward bias with V' > 0 in which the p-side is
connected to the positive output of the voltage source and the n-side to the negative output.
The applied voltage V will fall across the transition region of the p-n junction and will
decrease the energy barrier height as well as the electric field ¢ as shown in Figure 2.5. The
decrease in barrier height will result in a net current because the opposing drift current will
no longer be sufficient to cancel out all the diffusion current. The net current flow results
from a net majority carrier diffusion current to become

I = I, gittusion + In diffusion — Ip darit — Inariee > 0 (2.3)
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+ -
P n
metal p-type n-type metal
anode semiconductor  semiconductor cathode
contact contact

Figure 2.4 A p-n junction diode with external voltage source connected. The external bias
voltage will modify the built-in electric field

Note that in Figure 2.3 the electron and hole diffusion currents flow in the same direction
and may therefore be added in together in Equation 2.3 to obtain the total diode current,
whereas hole and electron diffusion fluxes flow in opposite directions but they carry opposite
charge polarities. The electron and hole drift currents also flow in the same direction and
are both negative in Equation 2.3.

If we now consider the application of a reverse bias with V < 0 the applied voltage
will again fall across the transition region of the p-n junction, which will increase the
magnitude of both the potential barrier and ¢, as shown in Figure 2.6. The increase in
the energy barrier will cause drift current to effectively oppose diffusion current. There is,

Transition
region

Figure 2.5 Diode band model with the application of a forward bias. The energy barrier
across the transition region is smaller resulting in much higher currents dominated by diffusion
currents. In the depletion region ¢ will be smaller and drift currents no longer compensate for
diffusion currents. Note that the applied voltage V (in volts) must be multiplied by the electron
charge q (in coulombs) to obtain energy (in joules)
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Figure 2.6 Diode band model with the application of a reverse bias. Since the applied voltage
V' is negative, the energy barrier as well as electric field ¢ become larger across the transition
region virtually eliminating diffusion currents

however, a remaining current due to thermally generated minority carriers. This constitutes
a small net minority carrier drift current and it is assisted by the electric field. The net
current flow is dominated by thermally generated minority carrier drift currents. From
Equation 2.2 we obtain

I = 1}, diftusion + In diffusion — Ip arite — In arite < O

The total current / is now small and virtually independent of applied voltage V because /
is controlled by the supply of thermally generated minority carriers available to drift and
the magnitude of ¢ is not important. This is analogous to varying the height of a waterfall
in a river — the amount of water flowing down the waterfall will depend on the available
flow of the water approaching the waterfall and will not be affected by the height of the
waterfall. The magnitude of this current is known as the reverse saturation current, I, and
hence [ is the net thermally generated drift current supplied by minority carriers.

The diode current may now be plotted as a function of the applied voltage, as shown in
Figure 2.7. We will treat diode current quantitatively in Section 2.5.

2.3 Contact Potential

We can calculate the contact potential V) using our understanding of energy bands. From
Equation 1.35:

Po = NV exp <M)

kT
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I
- -« Forward bias
In eq;/nhb(;rlum ¥ > 0 Net diffusion current flows
I'=1, giffusion + In diffusion — Zp drift
Reverse bias
V' < 0 Net drift current flows
' .
Y - 4

Figure 2.7 Diode current as a function of applied voltage. The reverse drift current saturates
to a small value and is called the reverse saturation current. When V = 0 the drift and diffusion
currents are equal in magnitude and the net current is zero

We can apply Equation 1.35 to both the n-side and the p-side of the junction:
N N,
(Ef — Ey)p—side = kT In (-) =kT In <—) (2.42)
Po Pp
where p,, is the equilibrium hole concentration on the p-side. On the n-side,
Ny Ny
(Ef — Ev)n—sige =kTIn|{ — ) =kT In| — (2.4b)
Po Pn

where p, is the equilibrium hole concentration on the n-side. Subtracting Equation 2.4a
from Equation 2.4b we obtain

p
Ey = (Ev)pfside — (Ey)n—side = kT In (p_p) (2.5

This is illustrated in Figure 2.8.
Now, Equation 2.5 can be expressed in terms of the contact potential V, using Equation
2.1, and therefore

kT
Vo=-——1In <&> (2.6)
q Pn

We can also express this in terms of the doping levels on either side of the junction. From
Equations 1.43, 1.44 and 2.6

kT NyNyg
V() = —1In (27)

2
q ni
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Figure 2.8 The equilibrium p-n junction energy barrier height Ey may be obtained from
(Et = Ey)n—side — (Et — E\)p—side resulting in Equation 2.5

The contact potential may also be obtained using electron concentrations. Since N,Nq =

2
i

2

n; .
pph and n, = and Pn = - We can also write
p’'n p Pp n My

kT Ny kT Dp
Vo=—In|—)=—Ih|— (2.8)
q np q Pn

It is therefore possible to design a p-n junction having a specific built-in potential V| by
controlling the doping levels in the p-type and n-type regions.

Example 2.1

An abrupt silicon p-n junction diode is doped with N, = 1 x 107 cm™> on the p-side
and Ng = 1 x 10'7 cm=3 on the n-side.

Find the built-in potential and sketch the band diagram in equilibrium at room
temperature. Include the Fermi level.

Solution

107 em™3 x 10" cm 3

1.5 x 1010 cm-3)?
( )

kT = [ N,N
Vo = —ln< "‘2‘1) =(0.026V)1n|:
n

=0.817V
q i

On the p-side from Example 1.2,
Ny = 1.06 x 10" cm™3
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Now,

N
(Et — Ev)p_sice = kT In <_v)
Pp

0026 6V) In (L X100 em™N oy
= . (] n\ ————— = U. c
1017 cm—3
p-side n-side
E, ;
1 !
Eg=1lleV
Ef 1
E, A A B
[}
T ‘ Ey=qVy=0817 eV

(Efva)pfside =0.12eV {

2.4 The Depletion Approximation

A detailed view of the transition region of Figure 2.2 is redrawn in Figure 2.9. In the central
part of the transition region the Fermi energy is close to the middle of the energy gap, which
implies that the semiconductor will behave much like intrinsic material even though it is
doped either p-type or n-type. This is shown as a strongly depleted region in Figure 2.9
because the concentration of charge carriers here is very low as it would be in an intrinsic
semiconductor. As we move to the left or right of this region the carrier concentrations
gradually return to their normal p-type or n-type equilibrium values respectively, and the

energy bands become horizontal lines.

Transition
region
~ A
p-side Strongly n-side

Figure 2.9 Depletion occurs near the junction. In order to establish equilibrium conditions,
electrons and holes recombine and the Fermi energy lies close to the middle of the bandgap

in the strongly depleted region



The PN Junction Diode 79

To understand this depletion it is necessary to consider two separate semiconductors,
one n-type and one p-type. If they are brought together, electrons in the n-type material and
holes in the p-type material close to the junction will quickly diffuse across the junction
and annihilate each other by recombination leaving a deficit of holes and electrons. This
diffusion and recombination will be complete after a very short time, and then equilibrium
conditions will be established. Electrons and holes further away from the junction will also
have a chance to diffuse across the junction; however, the electric field that is built up near
the junction opposes this and also causes drift currents and the resulting band diagram now
is correctly described by Figure 2.2. The equilibrium currents that continue to flow are
described by Equation 2.2.

A simplification called the depletion approximation is used to model the depletion of
charges. We assume complete depletion of charge carriers in a depletion region of width
W) at the junction, and then assume that the carrier concentrations abruptly return to their
equilibrium levels on either side of the depletion region as shown in Figure 2.10. Carrier
concentrations do not make abrupt concentration changes in real materials or devices and
instead gradients in carrier concentrations exist; however, the depletion approximation
dramatically simplifies the quantitative model for the p-n junction and the results are highly
relevant to real diodes. In Section 2.5 we will consider a more detailed view of these carrier
gradients.

Normally a doped semiconductor consists of both mobile carriers and non-mobile ionized
dopants as discussed in Section 1.13. The net charge density in the semiconductor is zero
since the dopant ions have a charge density that is equal in magnitude and opposite in sign
to the mobile charges that they provide.

Depletion
region

/_H

W

- -
-

gN4 < Ionized donors

A
Y
=

0 Wy

Ionized acceptors —» —qN,

v

Figure 2.10 A depletion region of width W, is assumed at the junction. Charge density p is
zero outside of the depletion region. Inside the depletion region a net charge density due to
ionized dopants is established. The origin of the x-axis is placed at the junction for convenience
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The semiconductor material within the depletion region of a p-n junction is depleted of
carriers but it is still doped either p-type or n-type and dopant ions are therefore present in
this region. This means that there is a net fixed (non-mobile) charge density in the depletion
region from the ionized dopants.

In the p-side the ions are negative. For example, in silicon with p-type aluminium doping
the aluminium ions are negatively charged having accepted an electron to yield a valence
band hole. In the n-side the ions are positive. Conversely, in silicon with n-type phosphorus
doping the phosphorus ions would be positively charged having donated an electron to the
conduction band. Once these holes and electrons recombine the depletion region will be
left with Al~ ions and P ions having concentrations of N, and Ny respectively.

Charge densities —¢N, and +¢ Ny (coulombs per cm?) will reside on the p-side and
n-side of the depletion region respectively, as indicated in Figure 2.10. The magnitude of
depletion charge on either side of the junction must be the same since one negative and one
positive ion results from each recombination of a hole and an electron. Hence the magnitude
of the charge present on either side of the junction is

Q = qNaWPO A= quWnO A (29)

where Wy, and W are the widths of the depletion regions on the p- and n-sides of the
junction in equilibrium respectively, and A is the cross-sectional area of the diode. From
Equation 2.9 we can write

Woo _ Na (2.10)
WnO Na -

The charged regions in the depletion region give rise to an electric field. This is the same
field that causes the energy bands to tilt in Figure 2.2, and we can now calculate it. Using
Gauss’s law we can enclose the negative charge on the p-side of the depletion region with
a Gaussian surface having surface area A, as shown in Figure 2.11.

Gaussian surface -l

R

T

WA
N

e

o |
-—
0 X
Figure 2.11 A Gaussian surface having volume AW, (shaded) encloses the negative charge
of magnitude Q on the p-side of the depletion region
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Gauss’s law relates the surface integral of electric field ¢ for a closed surface to the
enclosed charge Q or

fa&zg 2.11)
S

€

If we assume our Gaussian volume has a relatively large cross-sectional surface area A,
and a small depth W, then we can approximate the total surface area as 2A. Since there
is symmetry and the two cross-sectional areas A are equivalent, we can use Equation 2.11
to write

Q

€0€r

2epA =

where ¢, is the magnitude of the electric field caused by the depletion charge on the p-side
and ¢, is the relative permittivity of the semiconductor, and therefore

&, = 0
P ZEOErA

The same reasoning may be applied to a Gaussian surface that encloses depletion charge
on the n-side. This will give rise to a field of magnitude

R
T 206, A
Since electric field is a vector quantity the relevant electric field directions are shown in

Figure 2.12, and it is clear that the total field in equilibrium at the junction is the vector
sum of g and &, yielding the equilibrium electric field at the semiconductor junction

Q

oA

2.11a)

2.11b)

&y = —

which may be rewritten using Equation 2.9 as

NqW, N.W
80:_61 dWno :_CI po 2.12)
€0€r €0€r

< >
T T T

— WpO 0 WnO X

Figure 2.12  The electric field directions for the two parts of the depletion region showing that
the fields add at the junction
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The minus sign indicates that the field points in the negative x direction. The field at other
points along the x-axis may also be evaluated. We have assumed that the cross-sectional
area of the junction is very large compared to the depletion width. Since the electric field
due to an infinite plane of charge is independent of the distance from the plane, the vector
quantities in Figure 2.12 will cancel out and the net field will be zero at x = —W and
at x = —Wy. At other x values, the electric field will vary linearly as a function of x and
may be calculated by appropriately applying Gauss’s law (see Problem 2.5). The resulting
electric field will also give rise to a potential

WnO
Vo(x) = —/ e(x)dx (2.13)

Wro

Both ¢(x) and V (x) are shown in Figure 2.13, which also shows that a contact potential
Vo results directly from the depletion model. This contact potential Vj is the same quantity
that we introduced in Section 2.3.

[}
p ' n
[]
[}
[}
[}
[}
[}
[}
|
A
P
b —Wp() Wno V)C
—qN,
|
]
Ag
- >
0
14
Vo
. v .
X

Figure 2.13 The equilibrium electric field ¢(x) and potential V(x) for the p-n junction follow
from the application of Gauss’s law to the fixed depletion charge. Note that V on the n-side is
higher compared to the p-side, whereas in Figure 2.2 the energy levels on the n-side are lower.
This is the case because the energy scale in Figure 2.2 is for electron energy levels; however,
the voltage scale in Figure 2.13 is established for a positive charge by convention
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The integral (Equation 2.13) is the area under the ¢ versus x curve in Figure 2.13, which
may be calculated using the area of a triangle, and we obtain

1 1
VQ = Ebl’l = EWQSO

and using Equation 2.12 to express &y,

_ quWnOW _ qNaWpOW

Vv, =
0 2€0€; 0 2€0€;
Since Wo = Wyo + Wi,
N,N,
)= 2 (2.14)
2¢€0€; Ny + Ny
or
2¢p€: Vi 1 1
Wy = | =S0&to (— + —) (2.15a)
q N, Ny
with
WoNy4
Wyo=—— 2.15b
pO Na +Nd ( )
and
WoNa
Woo = — 2 (2.15¢)
Na + Nd

It is interesting to note that the depletion approximation is consistent with an externally
applied voltage falling across the depletion region. Since the depletion region has high
resistivity, and the neutral regions on either side of it have high conductivities, we are
justified in stating that applied reverse-bias voltages will drop across the depletion region.

Example 2.2

(a) Find the depletion layer width in both the n-side and the p-side of the abrupt
silicon p-n junction diode of Example 2.1 doped with N, = 10'7 cm™ on the
p-side and Ng = 10'7 cm~3 on the n-side. Find the equilibrium electric field at
the semiconductor junction &j. Sketch the electric field and the potential as a
function of position across the junction.

(b) Repeat if the doping in the p-side is increased to N, = 1 x 10'® cm™ and the
doping in the n-side is decreased to Ng = 1 x 10'® cm~3. This is called a p™-n
junction to indicate the heavy doping on the p-side.
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Solution
(a)
2€0€.V, 1 1
o= [ (L, 1)
q Na Nd
2 (8.85 x 1014 x 11.8 ch‘l) (0.817 V) 1 1
- 1.6 x 10-19C 1017 cm=3 107 cm—3
=1.51 x 107 cm = 0.15 um
On p-side:
WoNg 0.15 um x 10" cm =3
PO Na+Ng 107 cm—3 + 10!7 cm—3 wm
On n-side:

WoN, 0.15 pm x 107 cm™3
0 N,+Ng 107 cm=3 4+ 107 cm—3 =

gNeWno 1.6 x 1072 C x 10" em™ x 0.75 x 10~ cm
€& 8.85x 1074 Fem™' x 11.8
=1.15%x 10’ Vem™

T e
X
€o
A V
/ "o
- \ 4 ~
x < P
p-side n-side

(b)

Vo = kT /q1n ((NaNg) / (n}))
= (0.026 V) In [(1018 em™ x 10" em™) /(1.5 x 10" cm*3)2] =0.817V
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2¢06. Vo [ 1 1
Wo= []——|—+ —
q N, Ng

_ [2(8.85x 107 x 11.8 Fem™) (0.817 V) 1 1
- 1.6 x 10-1°C 108 cm=3 * 1016 cm—3

=34 x107° cm = 0.34 um

On p-side:
WoNg 0.34 um x 10" em™ s
Wpo = = =0.33 x 107" pm = 3.3 nm
No+Ng 10° cm=3 + 101 cm—3
On n-side:
WoN, 0.34 x 108¥cm™3
W = =— = 0.33 um
No+Ng  10° cm=3 + 10 cm—3
qNaWho 1.6 x 107 C x 10" cm™ x 3.3 x 107> cm
En = — =
0 €0€; 8.85x 1004 Fcem™! x 11.8
=5.1x10*Vem™

Note that the depletion region is almost entirely in the n-side of the p™-n junction.
Almost all the built-in potential V|, appears in the n-side. The reverse is true for an
n"-p junction.

A €
. / '
_____ €0
A V
/ Vo
< . =
X
p-side n-side

2.5 The Diode Equation

We shall now derive the current—voltage relationship for a p-n junction diode with an
externally applied voltage bias, which will result in the diode equation. Under equilibrium
conditions we saw that diffusion and drift currents cancel out; however, if an external bias
is added, then a net current will flow.
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In Figures 2.5 and 2.6 we saw that adding an external voltage V' creates a new junction
potential Vi, — V. Since the p-n junction is no longer in equilibrium we cannot continue to
use the Fermi energy to describe and derive junction physics; however, we will now show
that inside the depletion region of a biased diode, conditions consistent with a dynamic
equilibrium are maintained even though current flows.

There is considerable confusion about the analysis of diode current in textbooks on
semiconductor devices; however, the following picture is essential to a proper understanding
of what controls diode current. This picture also allows us to derive the diode equation.

In equilibrium conditions, there are both drift and diffusion currents flowing across the
depletion region. These currents cancel out and no net current flows. We will now illustrate,
using Example 2.3, that when a diode is biased, very large diffusion and drift currents can
flow, and that the range of typical diode currents implies that drift and diffusion currents al-
most exactly compensate for each other. It is important to remember that the depletion model
of a diode is not sufficient to analyse diode current flow since the depletion model appears to
predict that no currents flow in a diode. We must therefore remember that gradients in carrier
concentrations actually do exist within what we have described as the depletion region.

Example 2.3

(a) For the silicon diode of Example 2.1 assume a junction area of 1 mm?. Estimate
the expected equilibrium majority carrier diffusion current across the depletion
region if drift current is neglected.

(b) For the silicon diode of Example 2.1 assume a junction area of 1 mm?. Estimate
a typical minority carrier drift current if diffusion current is neglected. Assume
minority carrier concentrations of only 1% of the majority carrier concentrations.

(c) Explain why these current are not measured externally.

Solution

(a) From Appendix 2, p, = 1350 cm®* V=!' s7! and p, = 480 cm? V~! s7! for
silicon. Therefore, using the Einstein relation,

kT
D= —pn=0.026 V x 1350 cm® V! s7! =3.51 x 10! cm? 57!
q

and

kT
Dy=—p, =0026V x480cm? V' s7' = 1.25 x 10" em? 57!
q

The depletion model allows us to determine the width of the depletion region.
From Example 2.1a, we have majority carrier concentrations on both sides of the
depletion region of 1 x 10'7 cm~3 and a depletion region of width W = 0.15 pum.
The depletion model predicts physically impossible abrupt changes in majority
carrier concentration at the edges of the depletion region. To avoid this difficulty




(b)
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we will assume that the concentration gradient extends all the way across the
depletion region. We also restrict our analysis to diffusion currents and assume
there is no electric field in the depletion region, which means that drift currents
do not flow. The majority diffusion current would therefore flow due to the large
concentration gradient of 1 x 107 cm™3 across the depletion region of width
0.15 pm.

Now,

dn(x)
dx

Jn (X )diffusion =4q D,

1 x 10" cm™3

=1.6x107C x 3.51 x 10" cm® s~
1.5 x 105 cm

=3.74 x 10* A cm ™2

and

dp(x)
Pdx

Jp(®)difrusion = —g D

1 x 1017 cm=2
—16x107°Cx125x 10! cm?s~!——~— 1~
1.5 x 105 cm

=133 x 10* Acm™2

For a 1 mm? junction area total diffusion current is 374 + 133 = 507 A. Typical
operating diode current densities are orders of magnitude smaller than this. A
real diode with a junction area of 1 mm? would typically carry currents in the
range of microamps or milliamps, with a maximum current on the order of only
a few amps.
Assume a minority carrier concentration in the depletion region of only 1% of the
majority carrier concentration in the diode. Think of these minority carriers as
being the result of carrier diffusion. This yields a minority carrier concentration
of 1 x 10" cm™3. We will now neglect diffusion currents and only consider
minority carrie‘g drift currents and an average electric field inside the depletion
region of € = .

gNow, o

Jo(XO)arife = g ane
=16x1072Cx1350cm*>V!s ' x 1 x 10° cm™3

0.817 V
Xx—  — 118 x 10* Acm™2
1.5 x 10-5 cm

and
Jp(x)drift = qMKppeE
=1.6x107°Cx480cm*> Vs x 1 x 10° cm™>

0.817V L
X —————— =42 x 10° Acm
1.5 x 1075 cm

87
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For a 1 mm? junction area total drift current is 118 +42 =160 A. As is part (a),
typical operating diode current densities are orders of magnitude smaller than
this.

(c) Measured diode current is the result of a delicate balance between diffusion
and drift current. It is clear from parts (a) and (b) that the depletion region in
a diode supports both drift and diffusion currents flowing in opposite directions
that almost exactly compensate for each other when typical current densities
in semiconductor diode devices flow. This is somewhat analogous to someone
running up a high-speed escalator that is heading down. If the runner runs at
almost the same speed as the escalator the net speed of the runner is very slow
and is much slower than the escalator speed.

Due to the observation from Example 2.3 we are justified in considering that a dynamic
equilibrium in the depletion region is a good approximation even with the application of a
bias voltage V and therefore, for holes, from Equation 1.56,

dp(x)
—qgD =0
qpp(x)e(x) ™
Solving for ¢(x) we obtain
D, 1 d
e(x) = Yp P(x)
Hp plx) dx

Using the Finstein relation (Equation 1.58) we obtain

kT 1 dpx)

¢ = g p(x) dx

Now integrating this across the depletion region and including an applied bias voltage

Va
Vo — f £(x)dx = —/W" — dp(x) = ’il (M) (2.16)
‘ w, po) T p(Wy) '

where p (—Wp) is the majority hole concentration on the p-side of the depletion region and
p (W) is the minority hole concentration on the n-side of the depletion region.
Substituting for V in Equation 2.16 using Equation 2.6 we obtain

kT ( >—V=£ln<p(_wp)>
q Pn q p(Wh)

and rearranging we have

v="Ty, (M&)

q P Wn) pp
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This can be simplified in the case of low level injection in which any changes in carrier
concentration are small compared to the majority carrier concentrations. This means that
p (—W,) is almost the same as p, and hence

—V=l£1n( Pn )
q p Wy

Solving for p (W},), which is the new minority hole concentration at the edge of the depletion
region on the n-side, we obtain

1%
pP(Wy) = pnexp (i—T) (2.17)

Note that if V=0 then p (W,) = p, as expected. The addition of a bias voltage V therefore
multiplies the minority hole concentration at the edge of the depletion region on the n-side

. \4
by the exponential term exp (E—T>

The same procedure may be applied to electrons. The integral for electrons from Equation
1.56 is

D dn(x) 0
quan(x)e(x) + g o

From this, using the Einstein relation, we obtain

—D, 1 dn(x) —kT 1 dn(x)
e(x) = = —
pn n(x) dx g n(x) dx

Now integrating across the depletion region,

" _—kT M1 _—kT (n(=W,)
Vo—V = " Ex)dx = T L, mdn(x) = ln< A > (2.18)

Substituting Equation 2.8 into Equation 2.18 we obtain
kT n —kT —-W,
—In (n_) -V = In (n( p))
q np q n(Wy)

q n(Wy) n,

and therefore

Now for low-level injection, the majority electron concentration at the edge of the
depletion region on the n-side n(W,)) is taken to be the same as n,. Hence,

(1)

q np
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Solving for n(—W,) we obtain

qV
n(—W,) = nyexp T (2.19)

The minority electron concentration at the edge of the depletion region on the p-side is
now exponentially dependent on the applied voltage V, and if V = 0 then n(—W,) = n,, as
expected.

‘We have now calculated the minority carrier concentrations on either side of the depletion
region using the concept of a dynamic equilibrium in the depletion region; however, we have
not yet calculated the diode current. We know that the diode current is ultimately limited
and controlled by a process other than the dynamic equilibrium. The limiting process in
question is the recombination of the minority carriers on either side of the depletion region.

Majority carriers are injected across the depletion region and appear on the other side of
the junction where they become minority carriers. These minority carriers then diffuse and
eventually recombine wit