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80 Chapter 3

This is clearly an enormous §ir(r11_phf1ca:1(f1; compared g g
tailed problem. Obviousl, the perflo lct;reysef?fec(t)'rces depend o ; 5: .
of a specific semiconductor; therefore, IVE mass is differey, int:;?;
ferent (;r:i;evr::lz'e termine the band curvature effectivg mass com Oty
the orjentation-dependent (E, k), we have to combine them mpriatom
for different types of calculations. We shall see in Sectlgn 332 that whenely
are interested in determining the pumbers of carriers in the bands WehWe
to use a “density-of-states” effective mass by taking the geomety;, meaave_
the band curvature effective masses, anc} the number of equivalep ban g
trema. On the other hand we will find in Section 3.4.1 that in problemse.x.
volving the motion of carriers, one must take the harmonic mea }

i 0 .0f the b,
curvature effective masses to get the “conductivity” effective mass, y

3.2.3 Intrinsic Material

A perfect semiconductor crystal with no impurities or lattice defects s ey
an intrinsic semiconductor. In such material there are no charge carriers g
0 K, since the valence band is filled with electrons and the conduction e
is empty. At higher temperatures electron-hole pairs are generated asy;.
lence band electrons are excited thermally across the band gap to the gop.
duction band. These EHPs are the only charge carriers in intrinsic materi
The generation of EHPs can be visualized in a qualitative way by cor.
sidering the breaking of covalent bonds in the crystal lattice (Fig. 3-11). Ifo
of the Si valence electrons is broken away from its position in the bondng
structure such that it becomes free to move about in the lattice, a conduction
electron is created and a broken bond (hole) is left behind. The energy -
quired to break the bond is the band gap energy E,. This model helpsinit-
sualizing the physical mechanism of EHP creation, but the energy banl
model is more productive for purposes of quantitative calculation. Oneir:
portant difficulty in the “broken bond” model is that the free electronandi
hole seem deceptively localized in the lattice. Actually, the positions of the
free electron and the hole are spread out over several lattice spacings and

should be considered quantum mechanically by probability distributions (2
Section 2.4).
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pairs in the =
covalent bonding L4 e~ : Electron
model of the n G\, N h* : Hole
Si crystal.




Energy Bands and Charge Carriers in Semiconductors

Since the electrons and holes are created in pairs, the conduction band
electron concentration n (electrons per cm?) is equal to the concentration of
holes in the valence band p (holes per cm?®). Each of these intrinsic carrier
concentrations is commonly referred to as n.. Thus for intrinsic material

n=p=n, (3-6)

At a given temperature there is a certain concentration of electron-
hole pairs r;. Obviously, if a steady state carrier concentration is maintained,
there must be recombination of EHPs at the same rate at which they are gen-
erated. Recombination occurs when an electron in the conduction band
makes a transition (direct or indirect) to an empty state (hole) in the valence
band, thus annihilating the pair. If we denote the generation rate of EHPs as
gi (EHP/cm’-s) and the recombination rate as r;, equilibrium requires that

' =8 (3-7a)

1

Each of these rates is temperature dependent. For example, g;(T) in-
creases when the temperature is raised, and a new carrier concentration 7; is
established such that the higher recombination rate r,(7) just balances gen-
eration. At any temperature, we can predict that the rate of recombination
of electrons and holes r; is proportional to the equilibrium concentration of
electrons ny and the concentration of holes py:

n=angpy = anl =g (3-7b)

The factor «, is a constant of proportionality which depends on the particu-
lar mechanism by which recombination takes place. We shall discuss the cal-
culation of n; as a function of temperature in Section 3.3.3; recombination
processes will be discussed in Chapter 4.

3.2.4 Exirinsic Material

In addition to the intrinsic carriers generated thermally, it is possible to create
carriers in semiconductors by purposely introducing impurities into the crys-
tal. This process, called doping, is the most common technique for varying the
conductivity of semiconductors. By doping, a crystal can be altered so that it
has a predominance of either electrons or holes. Thus there are two types of
doped semiconductors, n-type (mostly electrons) and p-type (mostly holes).
When a crystal is doped such that the equilibrium carrier concentrations 7,
and p, are different from the intrinsic carrier concentration 7;, the material is
said to be extrinsic.

When impurities or lattice defects are introduced into an otherwise
perfect crystal, additional levels are created in the energy band structure,
usually within the band gap. For example, an impurity from column V of the
periodic table (P, As, and Sb) introduces an energy level very near the con-
duction band in Ge or Si. This level is filled with electrons at 0 K, and very
little thermal energy is required to excite these electrons to the conduction
band (Fig, 3-12a).Thus at about 50-100 K virtually all of the electrons in the
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Figure 3-1 2
Energy band
model and chemi-
cal bond model of
dopants in semi-
conductors: (a)
donation of elec-
trons from donor
level to conduc-
tion band; (b) ac-
ceptance of
valence band
electrons by an
acceptor level,
and the resulting
creation of holes;
(c) donor and ac-
ceptor atoms in
the covalent bond-
ing model of a Si
crystal.
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T"=50K

~~~~~

impurity level are “donated” to the conduction band. Such an impurityi
is callgd a dc?nor level, and the column V impurities in Ge or Siarec
fionor }rppunties. From Fig. 3-12a we note that the material doped with donor
1dmpL.lr1t1es can have a considerable concentration of electrons in the
C(l)lrclf:l:x?t:;?o% (tevc;n when the temperature is too low for the intrinsic
T ofodoi appreciable. Thus semiconductors doped with asigt”
=ikl mater;;rl .atoms will have ny >> (n;, p,) at room temP"'f‘a ;



