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to Ethel
and to Martin and Simon

PREFACE

This text has been the basis for a series of lectures presented at the University of California in
Berkeley during the 1968–69 academic year. It grew out of a realization that in order to become
familiar with all the phenomena involving light in semiconductors, one must consult a great variety o
sources, search many journals, and then one finds that the material is packaged for the specialist. I ha
already done this task to nourish many years of experimental research. Hence it seemed desirable to
weave together all this information into a coherent form, adding new concepts collected from the
current literature and from recent conferences. In the process of writing this book, new insights
evolved which are published here for the first time.

This book deals with the interactions among photons, electrons and atoms in semiconductor
crystals. These interactions comprise the absorption, transformation, modulation and generation of
light. In the range of phenomenological complexity, one always associates the most intricate
processes with biological effects, whereas the physics of solids appears relatively simple. In fact, wh
could be simpler than a perfect crystal at low temperature where everything is still? One soon
discovers excitons, complexes of excitons, polaritons. . . . Then, imperfections and impurities, which
are unavoidable, produce new states. Thus, the diversity of possible interactions among electrons in
the various levels, photons and phonons increases. The application of external influences such as
pressure, temperature, electric and magnetic fields creates further perturbations of an already comple
microcosm.

Spectroscopic data reveals a wealth of information about physical processes involving radiation.
The position of an emission or absorption peak indicates the energy separating levels between which
strong interaction occurs. The lowest photon energy at which a spectral structure begins marks the
threshold for a class of transitions, while the shape of the spectrum is a measure of the transition
probability or of the distribution of states. Absorption links all the states which are empty and thus
covers a broad spectrum. Emission, on the other hand, results from a nonequilibrium situation and
since carriers relax to the lowest available states, such as a band edge, the emission spectrum covers
narrow range. When traps are involved, slow temperature-dependent effects are observed.
Nonradiative recombination also often exhibits a temperature dependence. Light can excite electrons
to a sufficiently high energy for them to overcome barriers and to be emitted into vacuum. Electron
emission allows a study of states far from the band edges. Reflectance modulation is another
technique for probing the distribution of states and for assigning definitive values to critical points in
the band structure. Light can stimulate the absorption or desorption of atoms on the surface of
semiconductors and engender other photochemical reactions. With the availability of lasers, it is
possible to explore the scattering of intense monochromatic radiation by internal oscillators, thus
shifting the characteristic frequency of these oscillations to a more convenient spectral range and
gaining additional information about selection rules in the process. The practical applications of
optical processes in semiconductors are too numerous for a detailed treatment in this text; however,
the underlying principles have been covered. Electroluminescence and lasing are practical sources of

radiation. The absorption of light is used in a variety of photodetectors, photoconductors, photovoltai
cells and photoemitters.

My purpose is to give the student an insight into the relevant phenomena already uncovered and to
present them in a form that couples readily to physical intuition. Many references have been included
so that the reader, fascinated by some of these effects, can be guided to greater depths and to a more
rigorous treatment of the subject. Problems have been devised to help the student firmly grasp the
material by having an active interaction with the concepts. Although this book is primarily a text for
graduate students, I hope it will be useful also to the seasoned researcher who is curious about optica
phenomena in semiconductors.

I am grateful to the Department of Electrical Engineering and Computer Sciences of the University
of California in Berkeley and to its Chairman, Professor Kuh, for inviting me to this, my first teachin
experience. The management of the RCA Laboratories has kindly made this undertaking possible. I
acknowledge that I have benefited from “Student Power” which has requested my teaching this cours
two terms instead of one. The students’ attentive interest was a strong encouragement to complete my
writing. Technical discussions with Professors L. Falicov, and S. Wang have been most helpful. I am
also grateful to C. Bulucea, and P. Hoff for a critical reading of the manuscript, and to Mrs. I. Brown,
Miss B. Bulivent, and Miss K. Shields for painstakingly transcribing from my manuscript.

Four of the chapters were completed after my return to the RCA Laboratories. For a thorough
revision of the first draft, I drew upon the diverse expertise of many colleagues: W. Burke, N. Byer, B
Faughnan, A. Firester, W. Fonger, B. Goldstein, W. F. Kosonocky, H. Kressel, J. D. Levine, A. Miller
A. R. Moore, D. Redfield, R. E. Simon, R. W. Smith, and B. F. Williams. It is a pleasure to
acknowledge their kind help. I am also thankful to A. Bahraman for assistance in designing some of
the problems.

Jacques I. Pankov
Princeton, N. J.
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OPTICAL PROCESSES IN
SEMICONDUCTORS

ENERGY STATES IN SEMICONDUCTORS
1
In this chapter we shall sketch how the assemblage of similar atoms into an array leads to the
formation of bands of allowed states separated by an energy gap. Then we shall show that the energy
gap can be filled with a great variety of allowed states, some localized due to impurities and others
permeating the crystal (excitons). We shall also describe how the various particles can interact to
form complexes.
The relevance of these levels to the optical properties of the semiconductors lies in the fact that
optical effects deal with transitions between various states and, therefore, it is well to review these
first and to see how they come about.

1-A Band Structure
1-A-1 BANDING OF ATOMIC LEVELS

To understand the nature of semiconductors one must consider what happens when similar atoms
are brought together to form a solid such as a crystal. As two similar atoms approach each other the
wave functions of their electrons begin to overlap. To satisfy Pauli’s exclusion principle, the states of
all spin-paired electrons acquire energies which are slightly different from their values in the isolated
atom. Thus if N atoms are packed within a range of interaction, 2N electrons of the same orbital can
occupy 2N different states, forming a band of states instead of a discrete level as in the isolated atom

The energy distribution of the states depends strongly on the interatomic distance. This is illustrate
in Fig. 1-1 for an assemblage of carbon atoms. The lowest-energy states are depressed to a minimum
value when the diamond crystal is formed. The average amount by which the potential energy has
dropped is related to the cohesive energy of the crystal. Notice that some of the higher-energy states
(2P) merge with the band of 2S states. As a result of this mixing of states, the lower band contains as
many states as electrons. This band is called the valence band and is characterized by the fact that it i
completely filled with electrons. Such a filled band cannot carry a current. The upper band of states,
which contains no electron, is called the conduction band. If an electron were placed in this band, it
could acquire a net drift under the influence of an electric field.

Fig. 1-1 Energy banding of allowed levels in diamond as a function of spacing between atoms.1

Clearly, since in the energy gap there are no allowed states, one would not expect to find an electro
within that range of energies.

It is the extent of the energy gap and the relative availability of electrons that determine whether a
solid is a metal, a semiconductor, or an insulator. In a semiconductor the energy gap usually extends
over less than about three electron-volts and the density of electrons in the upper band (or of holes in
the lower band) is usually less than 1020 cm-3. By contrast, in a metal the upper band is populated wi
electrons far above the energy gap and the electron concentration is of the order of 1023 cm-3.
Insulators, on the other hand, have a large energy gap—usually greater than 3 eV—and have a
negligible electron concentration in the upper band (and practically no holes in the lower band).

Since the interatomic distance in a crystal is not isotropic but rather varies with the crystallographi
direction, one would expect this directional variation to affect the banding of states. Thus, although
the energy gap which characterizes a semiconductor has the same minimum value in each unit cell, it
topography within each unit cell can be extremely complex.

1-A-2 DISTRIBUTION IN MOMENTUM SPACE

We have just seen that allowed states have definite energy assignments. Now we must consider how
the allowed states are distributed in momentum space. The importance of this consideration will be
evident later when we find that in optical transitions we must conserve both energy and momentum.
The kinetic energy of an electron is related to its momentum p by the classical relation:

(1-1)
where m* is the electron effective mass (which may be different from the value in vacuum). From
quantum mechanics we have the following expression :

(1-2)

where h is Dirac’s constant = h/2π, h being Planck’s constant; and k is the wave vector. Because of th
relation (1-2), and to better couple to classical intuition, we shall call k the “momentum vector.” If w
conceive of the crystal as a square well potential with an infinite barrier and a bottom of width L, we
shall find that k can have the discrete values k = n(π/L), where n is any nonzero integer. Note that L is
an integral number N of unit lattice cells having a periodicity, a. Therefore, a is the smallest potentia
well one could construct. Hence, when n = N, k = π/a is the maximum significant value of k. This
maximum value occurs at the edge of the Brillouin zone. A Brillouin zone is the volume of k-space
containing all the values of k up to π/a, where a varies with direction. Larger values of the momentum
vector k′ just move the system in to the next Brillouin zone, which is identical to the first zone and,
therefore, the system can be treated as having a momentum-vector k = k’ − π/a. The kinetic energy of
the electron can be expressed as

(1-3)
If the whole crystal, a cube whose sides have a length L, is the potential well, the allowed energies ar

(1-4)
Although E varies in discrete steps, since the quantum numbers n are integers, the steps are so small
(~10-18 eV for a 1-cm3 crystal) that E appears as a quasi-continuum.

Fig. 1-2 Parabolic dependence of energy vs. momentum.

Let us first consider how the energy varies with momentum along one direction of momentum
space. Figure 1-2 illustrates the parabolic dependence of E on k. Hence such a distribution of states is
called a parabolic valley—the pictorial impact is even more pronounced in a three-dimensional
representation of E vs. kx and ky. In a three-dimensional momentum space, a constant-energy surface
forms a closed shell and, with every increment in momentum, the energy of successive shells
increases quadratically. One often takes the top of the valence bands as the reference level. Then the
bottom of the conduction band is located at a higher potential corresponding to the energy gap (Fig. 1
3). The significance of the downward curvature of the valence band is that if electrons could have a
net motion in the valence band (if it were not completely filled), the electrons would be accelerated i
the direction opposite to that in which they would move if they were in the conduction band, as if the
had negative mass.

Fig. 1-3 Energy vs. momentum in a direct-gap two-band system.

The separation between nearest atoms varies in different directions. Therefore, the shape of a
constant-energy surface must deviate from that of a perfect sphere.2, 3 Furthermore, because of the
cumulative interactions from nearest neighbors, next-nearest neighbors, and all the higher-order
neighbors, the minimum of the valley may occur not at kx = ky = kz = 0 but at some point defining a
specific crystallographic direction such as [111] (Fig. 1-4). Because of crystal symmetry, the same
distribution E(kx, ky, kz,) must be repeated at all equivalent directions. Thus there can be four or eight

111 valleys and three or six 100 valleys. The lower number is obtained when the valleys occur at
the edges of the Brillouin zone (at k = π/a, a is the lattice constant) and are shared by adjacent zones.
For example, in germanium the four 111 valleys consist of cigar-shaped ellipsoids (the parabolicity
is not isotropic), and their longitudinal axis is oriented along the [111] directions. The higher number
of valleys is obtained when the valleys are inside the Brillouin zone (for example, the 100 valleys o
silicon, as in Fig. 1-5).

Fig. 1-4 Energy vs. momentum diagram for a semiconductor with conduction band valleys at k = 000
and k = 111 .

Fig. 1-5 Constant-energy contours of valleys in the conduction band edge of silicon, forming six
ellipsoidal valleys in the [100] directions.

1-A-3 DENSITY-OF-STATES DISTRIBUTION
In momentum space the density of allowed points is uniform. The surfaces of constant energy are,
to first approximation, spherical (isotropic-medium); then the volume of k-space between spheres of
energy E and E + dE is 4πk2 dk. Here E is measured with respect to the edge of the parabolic band.

Since a single state occupies in momentum space a volume 8π3/V (V is the actual volume of the
crystal) and there are two states per level, one finds that the number of energy states in the interval E
and E + dE is

(1-5)
where m* is the electron effective mass. For convenience, V is taken as a unit volume (e.g., 1 cm3 in
cgs units). The total density of states up to some energy E is

(1-6)

Since, in general, the valleys are rotational ellipsoids instead of spherical surfaces, the effective mass
is not isotropic; then an average density of state effective mass is used:

(1-7)
where

is the longitudinal effective mass and

and

are the two transverse masses.

Each valley contributes its own set of states; therefore, each energy level may consist of states from
several valleys. Hence to find the density of states one must add the contributions of all the valleys.
Thus in a multivalley semiconductor the number of states between, say, the bottom of the conduction
band and some energy E is

(1-8)

where gj is the number of valleys of type j,
is the average effective mass of a j-valley, and Ej is the
energy at the bottom of the j-valley. A similar treatment applies to states in the valence band.

We have stated above that the effective mass is usually not perfectly isotropic. We shall now blur
this picture somewhat further by pointing out that the valleys are parabolic in energy-momentum
space only over a limited range near the bottom of the valley. This limitation could be expected, sinc
the quasi-continuum of states makes a gradual connection between all the valleys (Fig. 1-4).

Furthermore, spin-orbit interactions induce a perturbation which results in subbands and in deviation
from parabolicity at potentials away from the edge of the valley. However, the assumption of a
parabolic band is usually a good first approximation, and we shall see later that in practice the
subtleties of the theoretical model are obscured by the imperfections of nature.

1-A-4 CARRIER CONCENTRATION

So far we have dealt with band states and their distribution in energy and momentum space. Now
we must consider the occupancy of these states. When photons are interacting with electrons, the
intensity of the interaction will depend on the number of electrons involved. The density of electrons
is simply the product of the density of states and the Fermi-Dirac function (see Fig. 1-6):

(1-9)

where k is Boltzmann’s constant and T is the absolute temperature; Ep, the Fermi level, is the energy
at which the expectation of finding a state occupied by an electron is . Pauli’s principle allows each
state to be occupied by at most two electrons; however, a given energy level may consist of more tha
one state (in this case it is said to be degenerate). The density of holes is the product of the density of
states and the probability of the state being empty. This probability is given by

(1-10)

Fig. 1-6 The upper diagram shows the variation of the density of states near the energy gap; the lowe
diagram shows the Fermi-Dirac function at two temperatures. The product of the two ordinates
determines the electron concentration at various energies.

1-B Impurity States

When an impurity atom is introduced in a lattice, it produces several types of interactions. If the
impurity atom replaces one of the constituent atoms of the crystal and provides the crystal with one o
more additional electrons than the atom it replaced, the impurity is a donor. Thus As on a Ge-site in a
germanium crystal is a donor, and Te on an As-site in GaAs is a donor, as is Si on a Ga-site in GaAs.
If the impurity atom provides less electrons than the atom it replaces, it forms an acceptor (e.g., Zn o
a Ga-site in GaAs, or Si on an As-site in GaAs).
Instead of replacing an atom of the host crystal, the impurity may lodge itself in an interstitial
position. Then its outer-shell electrons are available for conduction and the interstitial impurity is a
donor.

A missing atom results in a vacancy and deprives the crystal of one electron per broken bond. This
makes the vacancy an acceptor. Vacancies and interstitial impurities often combine to form a
molecular impurity which may be either a donor or an acceptor.

In compound semiconductors a deviation from stoichiometry generates donors or acceptors
depending on whether it is the cation or the anion which is in excess. However, it has been shown tha
in PbTe it is not the excess ion but rather the vacancy which determines whether the material is n-typ
or p-type.4 Accordingly, a Pb-vacancy in the Te-rich PbTe transfers two states from the valence band
to the conduction band; since 4 electrons are associated with each Pb atom, the Pb-vacancy leaves tw
holes in the valence band, which makes the semiconductor p-type. On the other hand, a Te-vacancy in
Pb-rich material transfers 8 levels from the valence to the conduction band and removes the 6 Teelectrons. Hence the two electrons which no longer can be accommodated in the valence band occupy
the lowest two states of the conduction band, making the Pb-rich PbTe n-type.

The extra electron of the donor is attracted most strongly to the positive charge of the impurity
nucleus. Thus it acts as the electron of a hydrogen atom immersed in the high dielectric constant ɛ of
the crystal. This enables us to calculate the energy binding the electron to the impurity, i.e., its
ionization energy:

(1-11)

where q is the electron charge, m is the mass of the electron in vacuum, and n is a quantum number ≥
Ionization from successively higher quantum states requires rapidly decreasing increments in energy
The ionization energy from the ground state to the conduction band is obtained by making n = 1 in Eq
(1-11). Since ɛ is of the order of 10 and the effective-mass ratio is less than 1, the ionization energy i
usually less than 0.1 eV. When the electron of the donor is in the conduction band, it is essentially
free; therefore, its ground state, the donor level, is one ionization energy below the conduction band.
Similarly, the acceptor level is one binding or ionization energy above the valence band. Note that
since the effective masses of electrons and holes are usually different, the donor and acceptor binding
energies can be different. It should be pointed out that the hydrogenic model is a very crude
approximation because the effective mass varies considerably around the impurity atom.

Along with the reduced binding energy of a hydrogen-like impurity imbedded in a high dielectric
medium, one finds that the electron orbit around the impurity atom becomes very large. If one makes
the analogy with a hydrogen-like atom, the radius of the first Bohr obit is

(1-12)

where a0 is the radius of the first Bohr orbit of hydrogen (equal to 0.53 × 10-8 cm). Hence the electron
bound to the donor is not localized at the donor but rather travels through many lattice sites in the
neighborhood of the impurity.

As the impurity concentration is increased, the electron wave functions at the impurity level begin
to overlap. This obviously happens at a concentration of the order of 1/a3 (i.e., 1020 cm-3). In practice
the wave-function overlap occurs already at impurity concentrations as low as 1016 cm-3. An overlap
of wave functions is an interaction which changes slightly the potential of each level, resulting in the
formation of a band of states in the region of overlap.5 As the impurity concentration is increased
further, the impurity band broadens and eventually merges with the nearest intrinsic band.

When the impurity atom can contribute more than one extra carrier (electron or hole), it is called a
multiple donor or a multiple acceptor. The multiple impurity has a state for each carrier it can
contribute. Obviously, when the multiple donor has released one electron it is singly ionized. When i
is doubly ionized, the donor is doubly charged and, therefore, the corresponding binding energy is
much greater than for the singly ionized state. Hence as the degree of ionization increases, the variou
donor levels go deeper below the conduction-band edges.

Some impurities do not agree, by far, with the simple hydrogen model, and form levels which may
lie deep in the energy gap. All the transition elements seem to form deep levels. The reasons for whic
certain impurities form a deep level are not yet completely understood.

1-C Band Tailing

While impurity-band formation is an obvious consequence of increased impurity concentration,
another important effect occurs: a perturbation of the bands by the formation of tails of states
extending the bands into the energy gap. The problem of band tailing has received much theoretical
attention. 6, 7, 8, 9, 10, 11, 12, 13 An ionized donor exerts an attractive force on the conduction electrons
and a repulsive force on the valence holes (acceptors act conversely). Since impurities are distributed
randomly in the host crystal, the local interaction will be more or less strong depending on the local
crowding of impurities (Fig. 1-7). It should be noted that the local energy gap—the separation
between the top of the valence band and the bottom of the conduction band—is everywhere
maintained constant. But the density-of-states distribution which integrates the number of states at
each energy inside the whole volume shows that there are conduction-band states at relatively low
potentials and valence-band states in high-potential regions. It must be remembered that, in this
model, the states of each tail are spatially separated, as is evident on the left side of Fig. 1-7.

Deep impurity states move up and down with the potential of the associated band edge (e.g.,
acceptors move with the valence band edge). Hence at high concentrations, the impurity states form a
band whose distribution tails into the energy gap like the associated band edge.14

Fig. 1-7 The left diagram shows the perturbation of the band edges by Coulomb interaction with
inhomogeneously distributed impurities. This leads to the formation of tails of states shown on the
right side. The dashed lines show the distribution of states in the unperturbed case.

There is still another type of interaction between impurities and the surrounding crystal: the
deformation potential.15 Since the impurity is usually either larger or smaller than an atom of the hos
lattice, a local mechanical strain is obtained (a compression as in Fig. 1-8, or a dilation). As is eviden
from Fig. 1-1, in some materials compression will increase the energy gap and dilation will reduce it
This type of interaction will, therefore, also perturb the band edges. An interstitial atom evidently
induces a deformation potential corresponding to compressional strain, whereas a vacancy will have
the opposite effect, since it produces dilational strain. Usually, both interstititals and vacancies are
present in addition to substitutional impurities.

Fig. 1-8 Compressional strain induced by the incorporation of a large impurity.

Dislocations are also usually present in crystals. They occur at the edge of an extra plane of atoms.
The misfit of such an extra plane results in compressional and dilational strains, with the consequent
onset of both lowering and raising of the potentials in the neighborhood of the dislocation (Fig. 1-9).

Hence we can say that impurities will induce tails in the density states by perturbing the band edge
via deformation potential, via coulomb interaction, and by forming a band of impurity states.

Fig. 1-9 An edge dislocation produces both compressional strains (c) and dilational strain (d) which
result in the deformation potential shown in the lower diagram.

1-D Excitons 16
1-D-1 FREE EXCITONS

A free hole and a free electron as a pair of opposite charges experience a coulomb attraction. Henc
the electron can orbit about the hole as if this were a hydrogen-like atom. The ionization energy for
such a system is then

where n is an integer ≥1 indicating the various exciton states and

is the reduced mass:

and
being the electron and hole effective masses, respectively. In an impurity atom—say, a
donor—or in the hydrogen atom, the effective mass of the nucleus is very large and, therefore, the
reduced mass is equal to that of the electron. But in an exciton the reduced mass is lower than the
effective mass of the electron because
and
are more nearly of the same order of magnitude.
Hence we should expect the exciton binding energy to be lower than either the donor or the acceptor
binding energies.
The exciton can wander through the crystal (the electron and the hole are now only relatively free
because they are associated as a mobile pair). Because of this mobility, the exciton is not a set of
spatially localized states. Furthermore, the exciton states do not have a well-defined potential in the
semiconductor’s energy diagram. However, it is customary to use the conduction-band edge as a
reference level and to make this edge the continuum state (n = ∞). Then the various states of the
exciton are represented as shown in Fig. 1-10.

Fig. 1-10 Energy level diagram for the exciton and its excited states, exciton energy being referred t
the edge of the conduction band.

Note that when a free electron and a free hole have the same momentum k, in general they move
with different velocities: h(dEc/dk) for the electron and h(dEv/dk) for the hole (Ec referring to the
conduction band and Ev to the valence band). Since the electron and the hole of an exciton must move
together through the crystal, their translational velocities must be identical. This condition places a
restriction on the regions in (E − k)-space where excitons can be found, namely at the “critical
points”:

Since the effective mass of the hole is many orders of magnitude smaller than that of the proton, th
analogy to the hydrogen atom must be modified: the center of gravity of the exciton may be located
many lattice spaces away from the hole. The moving exciton has a kinetic energy

where K is the momentum vector associated with the motion of the center of gravity. The addition of
the kinetic energy means that exciton levels are slightly broadened into bands.

At high electron and hole concentrations, electron-electron and hole–hole coulombic repulsion ten
to reduce the range over which the attractive coulomb interaction can occur (screened coulomb
interaction), but pairing still can occur.17 However, at high doping, the potential fluctuations of the
band edges generate internal fields. Local fields in the semiconductor exert a force on the electron an
the hole separately. These forces can act in opposite directions for the electron and the hole as shown
in Fig. 1-11(a). When the intensity of the local field exceeds the coulomb field inside the exciton, the
exciton dissociates.

Fig. 1-11 Exciton in a region of perturbed band potentials: (a) strong local field; (b) deformation
potential.

However, when the local field is due to a deformation potential [Fig. 1-11(b)], the forces act on the
electron and the hole in the same direction. These forces cause the exciton to drift to the region of
minimum-energy gap without breaking up.

Note that when the exciton dissociates, it creates a free electron and a free hole. When the lifetime
of an exciton is very short, the energies of the exciton states are broadened via the uncertainty
principle.

1-D-2 EXCITONIC COMPLEXES
It is conceivable that three or more particles combine to form ion-like or molecule-like
complexes.18 The simplest set of possible complexes is reproduced below:
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