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214 Chapter 12 The Semiclassical Model of Electron Dynamics

The Bloch theory (Chapter 8) extends the equilibrium free electron theory of Sommey.
feld (Chapter 2) to the case in which a (nonconstant) periodic potential is present. ]y,
Table 12.1 we compare the major features of the two theories.

Table 12.1
COMPARISON OF SOMMERFELD AND BLOCH ONE-ELECTRON EQUILIBRIUM
LEVELS
SOMMERFELD BLOCH
QUANTUM NUMBERS k (hk is the k. n (hk is the crystal momentum

(EXCLUDING SPIN)

momentum.)

and n is the band index.)

RANGE OF QUANTUM
NUMBERS

k runs through all of k-
space consistent with the
Born-von Karman
periodic boundary
condition.

For each n, k runs through all wave
vectors in a single primitive cell of the
reciprocal lattice consistent with the
Born-von Karman periodic boundary
condition; n runs through an infinite
set of discrete values.

ENERGY

h2k?

2m

For a given band index 7, &,(K) has no
simple explicit form. The only general
property is periodicity in the reciprocal
lattice:

s,k + K) = g,(k).

VELOCITY

The mean velocity of an
electron in a level with
wave vector kK is:

hk 1¢8
V=—=—

m hck

The mean velocity of an electron in a
level with band index n and wave
vector k is:

1 08,(K)

Vil =
h 7k

WAVE FUNCTION

The wave function of an
electron with wave vector
kis:

The wave function of an’electron with
band index n and wave vector k is:
Vo) = ™ un(r)
where the function u,, has no simple
explicit form. The only general property
is periodicity in the direct lattice:
u, (r + R) = u,(r).

To discuss conduction we had to extend Sommerfeld’s equilibrium theory to
nonequilibrium cases. We argued in Chapter 2 that one could calculate the dynamic
behavior of the free electron gas using ordinary classical mechanics, provided tha
there was no need to localize an electron on a scale comparable to the interelectronic
distance. Thus the trajectory of each. electron between collisions was calculated
according to the usual classical equations of motion for a particle of momentum fik:

. hk
P=—,
m

hk =

1
—e<E+—v X H).
C

2.1
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Typical Semiconductor Band Structures 569

Thus the constant energy surfaces about the extrema arc ellipsoidal in shape, and

ate generally specified by giving the principal axes of the ellipsoids, the three “effective
asses,” and the location in k-space of the ellipsoids. Some important examples are:

n The crystal has the diamond structure, SO the first Brillouin zone is the

truncated octahedron appropriate to a face-centered cubic Bravais lattice. The con-
he ¢(100) directions,

duction band has six symmetry-related minima at points in t
about 80 percent of the way to the zone boundary (Figure 28.5). By symmetry each

Silico

Figure 28.5
urfaces near the conduction band minima in

silicon. There are six symmetry-related ellipsoidal pockets. The
fong axes are directed along <100} directions.

must be an ellipsoid of revolution about a cube axis. They are
quite cigar-shaped, being clongated along the cube axis. In terms of the free electron
mass m, the effective mass along the axis (the longitudinal effective mass) is my, =
1.0m while the effective masses perpendicular to the axis (the transverse effective mass)
are mp ~ 0.2m. There are two degenerate valence band minima, both located at
k = 0, which are spherically symmetric to the extent that the ellipsoidal expansion

s valid, with masses of 0.49m and 0.16m (Figure 28.6).

of the six ellipsoids

Z

Figure 28.6
Energy bands in silicon. Note the conduction band minimum along

[100] that gives rise to the ellipsoids of Figure 28.5. The valence
band maximum occurs at k = 0, where two degenerate bands with
different curvatures meet, giving rise to “light holes” and “heavy
holes.” Note also, the third band, only 0.044 eV below the valence
band minimum. This band is separated from the other two only
by spin-orbit coupling. At temperatures On the order of room
temperature (kpT = 0.025 eV) it too may be a significant source of
carriers. (From C. A. Hogarth, ed.,, M aterials Used in Semiconductor
Devices, Interscience, New York, 1965.)

Energy (eV)

Germanium The crystal structure and Brillouin zone are as in silicon. However, the
boundaries in the {111} directions.

conduction band minima now occur at the zone

Minima on parallel hexagonal faces of the zone represent the same physical levels,
so there are four symmetry-related conduction band minima. The ellipsoidal constant
energy surfaces are ellipsoids of revolution elongated along the (111} directions,
with effective masses my, ~-1.6m, and my =~ 0.08m (Figure 28.7). There are again two
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570 Chapter 28 Homogeneous Semiconductors

Figure 28.7

Constant-energy surfaces near the conduction band minima in germa-
nium. There are eight symmetry-related half ellipsoids with long axeg
along (111) directions centered on the midpoints of the hexagona]
zone faces. With a suitable choice of primitive cell in k-space these can
be represented as four ellipsoids, the half ellipsoids on opposite fageg
being joined together by translations through suitable reciprocal
lattice vectors.

degenerate valence bands, both with minima at k = 0, which are spherically sym-
metric in the quadratic approximation with effective masses of 0.28m and 0.044p
(Figure 28.8).

Figure 28.8

Energy bands in germanium. Note the conduction band
minimum along [ 111] at the zone boundary that gives rise to
the four ellipsoidal pockets of Figure 28.7. The valence band
minimum, as in silicon, is at k = 0, where two degenerate
bands with different curvatures meet, giving rise to two pockets
of holes with distinct effective masses. (From C. A. Hogarth,
ed., Materials Used in Semiconductor Devices, Interscience,
New York, 1965.)

—~
S
&
&
&
£3)

{111] [000) [110]
k

Indium antimonide This compound, which has the zincblende structure, is interesting
because both valence and conduction band minima are at k = 0. The constant energy
surfaces are therefore spherical. The conduction band effective mass is very small,
m* ~ 0.015m. Information on the valence band masses is less unambiguous, but there
appear to be two spherical pockets about k = 0, one with an effective mass of about
0.2m (heavy holes) and another with effective mass of about 0.015m (light holes).

CYCLOTRON RESONANCE

The effective masses discussed above are measured by the technique of cyclotron
resonance. Consider an electron close enough to the bottom of the conduction band
(or top of the valence band) for the quadratic expansion (28.2) to be valid. In the
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29.3

arrier densities, (b) charge den-
and (©) potential ¢(x) plotted
sition across an abrupt p-nt
n. In the analysis in the text
approximation was made that
rrier densities and charge den-
are constants except for discon-
bus changes at x = —d, and
‘ . More precisely (see Problem
hese quantities undergo rapid
ge over regions just within the
stion layer whose extent is a
tion of order (ksT/E,)'? of the
| extent of the depletion layer.
¢ extent of the depletion layer is
jcally from 10? to 10* A

-

holes would diffuse in the opposite direction. As this diffusion continued, the resulting
ransfer of charge would build up an electric field opposing further diffusive currents,
until an equilibrium configuration was reached in which the effect of the field on the
urrents precisely canceled the effect of diffusion. Because the carriers are highly
obile, in this equilibrium configuration the carrier densities are very low wherever
* the field has an appreciable value. This is precisely the state of affairs depicted in
- Figure 28.3. "

ELEMENTARY PICTURE OF RECTIFICATION BY A p-n JUNCTION

We now consider the behavior of a p-njunction when an external voltage V is applied.
We shall take V' to be positive if its application raises the potential of the p-side with
respect to the n-side. When V = 0 we found above that there is a depletion layer
some 102 to 10* A in extent about the transition point where the doping changes
from p-type to n-type, in which the density of cartiers is reduced greatly below its
value in the homogeneous regions farther away. Because of its greatly reduced carrier
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- Figure 29.4
The charge density p and potential ¢ in the depletion
jayer (2) for the unbiased junction, (b) for the junction
with V>0 (forward bias), and (¢) for the junction
with ¥V < 0 (reverse bias). The positions x = d, and
x = —d that mark the boundaries of the depletion
Jayer: when V = 0 are given by the dashed lines. The
depletion layer and change in ¢ are reduced by a
forward bias and increased by a reverse bias.

that prevails within the layer. The resulting generation current is insensitive to
the size of the potential drop across the depletion layer, since any hole, having
entered the layer from the n-side, will be swept through to the p-side.’

A hole current flows from the p- to the n-side of the junction, known as the hole
recombination current.t® The electric field in the depletion layer acts to oppose
such a current, and only holes that arrive at the edge of the depletion layer with
a thermal energy sufficient to surmount the potential barrier will contribute to

9  The density of holes giving rise to the hole generation current will also be insensitive to the size of
V, provided that eV is small compared with E,, for this density is entirely determined by the law of mass
action and the density of electrons. The latter density differs only slightly from the value N, outside of the
iépletion layer when eV is small compared with Eg, as will emerge from the more detailed analysis below.
10 §o named because of the fate suffered by such holes upon arriving on the n-side of the junction,
where one of the abundant electrons will eventually drop into the empty level that constitutes the hole.
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600 Chapter 29 Inhomogeneous Semiconductors

the recombination current. The number of such holes is proportional tg o-easn;
and therefore'! ¢
Jlrlcc o e*G[(At/))O—V]/kBT‘ (29

In contrast to the generation current, the recombination current is highly sengit
to the applied voltage V. We can compare their magnitudes by noting that lh‘ |
V = 0 there can be no net hole current across the junction: wie

i lv=0 = Ji"
Taken together with Eq. (29.22), this requires that

rec gen eV kgT
Jh = J,, € B,

The total current of holes flowing from the p- to the n-side of the junction is given b
the recombination current minus the generation current:

Jh — J;lu . Jﬁcn — J%C“(eey/kBT _ 1)

The same analysis applies to the components of the electron current, except thatﬂk
the generation and recombination currents of electrons flow oppositely to the corre-
sponding currents of holes. Since, however, the electrons are oppositely charged, the
electrical generation and recombination currents of electrons are parallel to the
electrical generation and recombination currents of holes. The total electrical current
density is thus: ;

"

j = e(Jgn 4+ JEN(&YBT L), (29.26)

This has the highly asymmetric form characteristic of rectifiers, as shown in Figure
29.5.

Figure 29.5

Current vs. applied voltage V for a

p-n junction. The relation is valid

for eV small compared with the

energy gap, E,. The saturation

current (eJ;™ +J eJ®") varies with n
temperature as e~ Fo*8T, as estab- - +
lished below. Ml

J(V) = eET 45 (e

Reverse bias

—e( Jhgeu ¥ Jegen)

11 In assuming that (29.22) gives the dominant dependence of the hole recombination current on vy

we are assuming that the density of holes just on the p-side of the depletion layer differs only slightly from
N,. We shall find that this is also the case provided that eV is small compared with the energy gap E,
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