éls_
The choice of sign dlstmgmshes the two masses. The split- oH band has e(k)
G= At Ak The experiments give, in units A%2m, !
Sii A=-429; [B=068; [C|=487; A =’o.o_44 eV
Ge: A=-1338; |B|=848 ; '|'éf = 13.15_;" A=029eV
.Roughl'y, the light and heavy holes in. germanium have masses 0.043 m and

-~ 0.34 m; in silicon 0.16 m and 0.52 m; in diamond 0.7 m and 2.12 m.

The conduction band edges in Ge are at the equivalent points L of the
Brillouin zone, Fig. 15a. Each band edge has a spheroidal energy surface ori-
ented along a (111) erystal axis, with a longitudinal mass ny = 1.59 m and a
transverse mass m, = 0. (__}82 m. For a static magnetic field at an angle § with the
longitudinal axis of a spheroid, the effective cyclotron mass m, is

| 1 cos?0 . sin%0 e e
=2 M G
me m; - mfmg 2 . : :

Results for Ge are shown in Fig. 16.
In silicon the conduction band edges are spheroids oriented along the
equivalent (100) directions in ih_e Brillouin zone, wit}i mass parameters m; =
- 0.92 m and m, = 0.19 m, as in Fig. 17a. The band edges lie along the lines
labeled A in the zone of Fig. 15a, a little way in from the bormda"ry points X.
In GaAs we have A = —6.98, B= —4.5, |[C| = 62 A = 0.341 eV. The
‘band structure is shown in Fig. 17b.

INTRINSIC CARRIER CONCENTRATION
We want the concentration of intrinsic carriers in terms of the band gap. -
'We do the calculation for simple parabolic band edges We first caleulate in

terms of the chemical potential u the number of electrons excited to the con-

duction band at temperature T. In semiconductor physics g is called the Fermi

level. At the temperatures of interest we may suppose for the conduction band
~ of a semiconductor that e—p ? kBT and the Fermi- Dlrac distribution func-
tion reduces to e

fe= expl( - efksr] {almaniciy L SRR D
This is the probability that a conduction electron orbxtal is. occupred in an’

approximation valid when f, <.1.
The energy of an electron in the conduction band is

&= E. +RRem, , . @6)

where E_ is the energy at the conduction band edge, as in Fig. 18. Here m, is
the effective mass of an electmn Thus from (6 20) the densnty of states at € is

! . g | : (e) - (2me) (E_ c)"yg s = . (37.) :

k?.












' nation reaction e + h = photon. Then .
~ dn/dt=A(T) - B(T)np = dpldt S ()
- In equilibriumvdm’dt = 0; d;pf’dt 0, whence np = A(T)B(T). i '

Because the product of the electron and hole concentrations is a constant
“independent of impurity concentration at'a given temperature, the: introduc-

tion of a small proportion of a suitable 1mpunty to increase n, say, must de-

crease p. This result is important in practice—we can reduce the total carrier
. concentration n + p in an impure crystal, sometimes enormously, by the con- |
trolled. mtroduchon of suitable 1mpur1ties Such a reduction is called compen-
sation. : T '
In an intrinsic semlconductor the number of electrons is equal to the num-
ber of holes, because the thermal excitation of an electron leaves behind a hole
in the valence band. Thus from (43) we have, 1ethng the subscnpt i denote
intrinsic and E, = E. — E,, ' : '
. am : ' ) Lo o
= ni= (2 25 ™ exp(=E2kT) )
The intrinsic carrier depénds exponentlally on ngZkBT' where E, is the
energy gap. We set (39) equal to (42) to obtain, for the Fermi level as measured
from the top of the valence band, :

exp(2,u./kBT) (mhfme e, exp(Eg/kBT) (46)
p=3E, + 3kgT In. (mhfme) v hs A )

If my, = m,, then w = 3E, and the Ferml level is in the middle of the forbldden
gap. A thorough treatment of the stat15t1c31 physws of semlconductm‘s is given
in TP, Chapter 13. el :

Intfmsw Mobility
The moblhty is the magmtude of the drlft velocity per umt electrlc ﬁeld
~olE - S ; (48)

The mobility is deﬁned to be positive for both electrons. and holes although
their drift velocities are opposite. By writing He or juy, for the electron or hole
mobility we can avoid any confusmn between w as the chemical potentlal and as
‘the mobility. =)

" The electncal coaductmty is' the sum of the electmn and hole contnbu- '

'.tions : (nep,e + peuy) , s (49)

where n and p are the concentratlons of electrons and holes In Chapter 6 the
drift velocity of a charge g was found to be v = g7E/m, whence

pe=erdme s g =enimi . ot 1 (50)

5
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Table 3 = Carrier mobilities at room temperature, in cm’/V-s.

Electrons - il

" Holes ) ; _ Electrons .  Holes

Diamond 1800 1200 = GaAs . 8000 . . 300
Si 1350 480 W eash L E0001 T E 7000
(@ 3600 1800 PSS PL SO RSSO 600
InShs ke m N800 - 450 aPhSetE T R 1020 930
InAs 30000 - 450 PbTe 2500 1000
) T 4500 100 - AgCl n TR )
Alas - 280" b . KBr (100K) - 1000 ==
AlSb IR D RIS (0 R i ) 100
s s : G S mwzwww i =_-’-?v;-;.e,”-.{#ﬁs:s:’x-\t-i;:f’;ax:axi}a}:r S

The moblhtles depend on temperature as a modest power law. The tempera-

ture dependence of the conductivity in the intrinsic region W1Il be dominated

by the exponent1a1 dependenee exp(-Eg:’f&kBT) of the carrier concentratlon
Eq. (45). : ]

! Table 3 gwes experimental values of the moblhty at room temperature :
The mobility in SI units is expressed in m%V-s'and is 10~* of the mobility in
practical units. For most substances the values quoted are limited by the scat-
tering of carriers by thermal phonons The hole mobilities typically are smaller
‘than the electron mobilities because of the occurrence of band degeneracy at
the valence band ‘edge at the zone center, thereby making possible mterband '
scattering processes that reduce the mobility considerably.

_ In some crystals, partlcularly in ionic crystals, the holes are essentially
immobile and get about only by thermally-activated hopping from ion to ion.
The pnnmpal cause of this * ‘self-trapping” is the lattice distortion associated
with the Jahn-Teller effect of degenerate states (Chapter 14). The necessary
_orbital degeneracy is much more frequent for holes than for electrons.

There is a tendency for crystals with small energy gaps at direct band
edges to have high values of the electron mobility. By (9.41) small gaps lead to
light effective masses, which by (50) favor high mobilities. The highest mobility

observed in a semlconductor is 5 X 10° cmsz -s in PbTe at4 K where the gap.
is 0.19 eV .

IMPURITY CONbUCTIvmf_

Certain impurities and imperfectiong drastically affect the electrical prop-
erties of a semiconductor. The addition of boron to silicon in the proportion of
1 boron atom to 10 silicon atoms increases the conductivity of pure silicon by a
factor of 10° at room temperature. In a compound semiconductor a stoichiomet-
ric deficiency of one constltuent will act as an impurity; such semiconductors
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are known as deficit semlconductors The dehberate addltlon of impurities to a
semiconductor is called doping, : : : ;

We consider the effect of impurities in sxhcon and germanium. These ‘ele-
ments crystallize in the diamond structure. Each atom forms four covalent
bonds, one with each of its nearest neighbors, corresponding to the chemical
valence four. If an impurity atom of valence five, such as phosphorus, arsenic,
or antimony, is substituted in the lattice in plac':e of a normal atom, there will be
one valence electron from the impurity atom left over after the four covalent
'bonds are established with the nearest neighbors, that is, after the impurity
atomn has been accommodated in the structure with as little disturbance as
possible. : A
Donor States. The structure in Frg 19 has a positive charge on the impu-
. rity atom (which has lost one eléctron). Lattice constant studies have verified

that the pentavalent impurities enter the lattice by-substifuiicm for normal
atoms, and not in interstitial positions. Impurity atoms that can give up an
electron are called donors. The crystal as a whole remains neutral because the
electron remains in the crystal. :

The electron moves in the coulomb potential eh-:r of the impurity ion,
where € in a covalent crystal is the static dielectric constant of the medium. The

factor 1/ takes account of the reduction in the coulomb force between charges =
caused by the electronic polarization of the medium. This treatment is valid for - ;
orbits large in comparison with the dlstance between atoms, and for slow mo-

tions of the electron such that the orbltal frequency is low in .comparison with
the frequency w, corresponding to the energy gap. These conditions are satis-
fied quite well in Ge and Si by the. donor electron of P, As, or Sb.

We estimate the ionization energy of the donor impurity. The Bohr theory
of the hydrogen atom may be modified to'ta'ke'ir{lto account the dielectric con-
stant of the medium and the effective mass of an electron in the periodic poten-

- tial of the crystal. The ionization energy of atonuc hydrogen is *e‘*mf2ﬁ2
-~ CGS and —e*m/2(dmeph)® in ST '

In the semiconductor we replace 62 by ezfe and m by the effective mass m, .

to obtain : ;

: oim, ( 13.6 me) A e"m. e :
C_GS Er=— =|— eV ; 'SI Ej=——"t 51
Sehe 2%h* 62. m 8 Bg Admeehi)> D

as the donor 10n1zat10n energy of the semiconductor. i : _
The Bohr radius of the ground state -of hydrogen is #%/me® in CGS e
4megh?/me® in SI. Thus the Bohr radms of the donor is '-

& (0 53¢ ) i (S1) o= SIS e i
m,e> :

CcG = : :
(CGS) a4 ; B megz

mplm
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Figore 19 Charges associated with an arsenic 1mpur1ty atom in sﬂmon Arsenic has five valénce
electrons, but silicon has on]y four valence electrons. Thus four electrons on the arsenic form

 tetrahedral covalent bonds similar to silicon, and the fifth electron is available for conduction. The

arsenic atom is pa]]ed a donor because when lomzed it donates an eléctron to the conduction hami

i

Doy boundd leve] o

The appllcatlon to germamum and SlllCO'ﬂ is complicated by the anisotropic

effective mass of the conductlon electrons. But the dielectric constant has the

more important effect on the donor energy because it enters as the square,
whereas the effective mass enters only as the first power.

To obtain a general impression of the impurity levels we use m, ~ 0.1 m

for electrons in germanium and m, = 0.2 m in silicon. The static dielectric
constant is given in Table 4. The ionization energy of the free hydrogen atom is
13.6 eV. For germanium the donor ionization energy E4 on our model is
5 meV, reduced with respect to hydrogen by the factor me/me2 45 10

The corresponding result for silicon is 20 meV. Calculations using the correct

anisotropic mass tensor predict 9.05 meV for germanium and 29.8 meV for

silicon, Observed values of donor ionization energies in Si and Ge are given in
Table 5. Recall that 1 meV = 1072 eV. In GaAs donors have E; =~ 6 meV.
The radius of the first Bohr orbit is mcreased by em.f‘m,z over the value

- Table _4 ‘Static relsifiye dielectric_ constant of semiconductors

Crystal el (AR ! . Grystal S €
- Diamond i Gl Rk GaSb . 15.69
Si Rt 1317 s : GaAs 13.13
B S S L S i ~ AlAs Dot LT
InSb T T8R0T _ - AlSb 10.3
InAs ; 14.55 - e SiC i 10.2
" InP Lo e12037 RS . Cu0 el
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Table 5 Donor ionization energies E, of pentavalent impurities in germanium and
silicon, in meV. :

e R T T S e B e R P o T WW&ZL‘“ AR TR

P Y A : Sb
g o i T e .:. T R R R I A R T R "..“?r‘af.. A A A B (U B i T " PRI
Si _ A e : o 39
Ge s 250/ Re : 19.7 , 9.6

0.53 A for the free hydrogen atom. The corresponding “radius s
(160)(0.53) =80 A in germanium and (60)(0.53) = 30 A in silicon. These are

large radii, so-that donor orbits overlap at relatively low donor concentrations, -

compared to the number of host atoms. With appreciable overlap, an “impurity
band” is formed from the donor states: see the discussion of the metal-insulator
transition in Chapter 10. ' ;

" The semiconductor can conduct in the impurity band by electrons hopping :

from donor to donor. The process of impurity band conduction sets in at lower
donor concentration levels if there are also some acceptor atoms present, so
that some of the donors are always ion_izéd‘. It is easier for a donor electron to
~ hop to an ionized (unoccupied) donor than to an occupied donor atom, so that
two electrons will not have to occupy the same site during charge transport.
Acceptor. States. A hole may be bound to a trivalent impurity in germa-
‘nium or silicon (Fig. 20), just as an electron is bound to a pentavalent impurity.
Trivalent impurities such as B, Al, Ga, and In are called acceptors because they
accept electrons from the valence band in order to complete the covalent bonds
with neighbor atoms, leaving holes in the band. R : .
‘When an acceptor is ionized a hole is freed, which requires an input of

energy. On the usual energy band diagram, an electron rises when it gains -

energy, whereas a hole sinks in gaining energy. : : _
. Experimental ionization ‘energies of acceptors in germanium and silicon
are given in Table 6. The Bohr model applies qualitatively for holes just as for
_electrons, but the degeneracy at the top of the valerice band complicates the
effective mass problem. ° ' ; ; : :

The tbles show that donor and accepior ionizakion energies in Si are com-

parable with kgT at room temperature (26 meV), so that the thermal ionization

of donors and acceptors is important in the electrical conductivity of silicon at

room temperature. If donor atoms are present in considerably greater numbers
than acceptors, the thermal ionization of donors will release electrons into the’

conduction band. The conductivity of the specimen then will be controlled by
electrons (negative charges), and the material is said to be n type. :

If acceptors are dominant, holes will be released into the Ivale‘nt:e band _aﬁd
the conductivity will be controlled by holes (positive charges): the material is p
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Figure 21 Temperature dependence of the free carrier concentration in u}trapure Ge, aﬂer R. N

Hall. The net concentration of electrically active impurities is 2 X 10'® cm =2, as determined by

Hall coefficient measurements. The rapid onset of intrinsic excitation is evident at low values of L/T.
' The carrier concentration is close]y constant between 20 K and.200 K.

Si, C) whose concentrations in Ge cannot usually be reduced below 1012—'
10* cm 2, but these do not affect electrwal measurements and therefore may
be hard to detect. '

Thermal lonization of Donors and Acceptors

The calculation of the equilibrium concentrahon of conduction eleetrons
from ionized donors is identical with the standard calculation in statistical me-
chanics of the thermal ionization of hydrogen atoms (TP, p. 369). If there are no

" acceptors present, the result in the low temperature limit kgT << Ed is

n = (noNy)" exp(— Ed&ksT) : - (53)

with ng = _2(mngT!27rh2)‘fy2; here N, is the c‘:oncentratioh of donors. To obtain
(53) we apply the laws of chemical equilibria to the concentration ratio [e][N] ]/
[Ng, and then set [Nj] = [e] = n. Identical results hold for aeceptors under
the assumption of no donor atoms. : G

If the donor and acceptor concentrations are comparable, affairs are com-
plicated and the equations are solved by numerical methods. However, tbe law
of mass action (43) requires the np product to be constant at a given tempera-
ture. An excess of donors will increase the electron concentration and decrease
the hole concentration; the sum n + p will increase. The cbhductivity will in-

~ crease as n + p if the mobilities are equal, as in Fig. 29.






