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From Semiconductor Physics and Devices: Basic Principles (4th Edition), Donald A.

Neamen, McGraw Hill, 2012, ISBN 978-0-07-352958-5.
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Figure 4.1 [ (a) Density of states functions, Fermi-Dirac probability function. and areas representing electron and hole

concentrations for the case when £, is near the midgap energy: (b) expanded view near the conduction-band energy:
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From Semiconductor Physics and Devices: Basic Principles (4th Edition), Donald A. Neamen, McGraw
Hill, 2012, ISBN 978-0-07-352958-5.

> Table 4.1 gives some typical values (@ 300 K?).

Table 4.1 | Effective density of states function and density of states effective mass values

N. (em %) N, (em ) m:[fmy m; [m,
Silicon 2.8 X 10v 1.04 x 10" 1.08 0.56
Gallium arsenide 4.7 < 10V 7.0 x 10 0.067 0.48
Germanium 1.04 > 10" 6.0 X 10 0.55 0.37

Table 4.2 | Commonly accepted values of
matT = 300K

Silicon n=15xX10"em™?
Gallium arsenide m=18x10cm"*
Germanium =24 X102 em™?
1500 T¢C)
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Figure 4.2 | The intrinsic carrier
concentration of Ge, Si, and GaAs as a
function of temperature.

(From Sze [14].)
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Example- At 300 K for silicon, find effective density of states & carrier concentrations.

Constants
h = 6.62607015-10 % J-s mo = 9.1093837015-10"°' kg T:=300 K
kBeV := 8.617333-10_5 eV/K kBeV-T = 0.025852 eV
-23 -21 ,
kB := 1.380649-10 J/K kB-T = 4.14195 % 10 J EgSi:=1.12 eV
From Table 4.1, the eff. electron & hole masses for Si mne ;= 1.08m0  mpe := 0.56-m0
3
2-m-mne-kB-T 2
Conduction band eff. density of states function (4.10) Nc :=2-
12
N
Nc = 2.816x 10% | #m3 © _2816x10"7 | #em?
3
100
From Table 4.1, N, =2.8*10" #/cm’ ;
2
Valence band eff. density of states function (4.18) Nv := 2 2mmpe kBT
12
N
Nv = 1.052x 102 | #m3 Y- 1.052x 107 | #em?
3
100
From Table 4.1, N, = 1.04*10" #/cm’
Assuming E, - Ep~0.5E,, the concentration of electrons is (4.11)
~ (O.S-EgSij
n0 := Ne-e BeV'T n0 = 1.102x 10'° | #ms3 “03 = 1102x 100 | #em?
100
Assuming Ef - E|, ~ 0.5E,, the concentration of holes is (4.19)
(O.S-EgSi)
_ . 5
p0 = Ny-¢ “KBeV'T p0 = 4.114x 10" | #m? p—3 — 4.114x 10° #om3
100
Or, we can use (4.23), to get nl.z, and then calculate n,= n, = p,,.
_( EgSi )
ni2 == NeNve PV nic iz fni= 6733x 10 | #md |2 = 6733107 | s
100° o

From Table 4.2, n;=ny= p,= 1.5*101° #/cm®
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From Semiconductor Physics and Devices: Basic Principles (4th Edition), Donald A. Neamen, McGraw

Hill, 2012, ISBN 978-0-07-352958-5.

For a donor dopant (AKA type n)
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Figure 4.3 | Two-dimensional
representation of the intrinsic silicon
lattice.
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Figure 4.4 | Two-dimensional
representation of the silicon lattice doped
with a phosphorus atom.

g
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Figure 4.5 | The cnergy-band diagram showing (a) the discrete donor energy state
and (b) the effect of a donor state being ionized.

> Intuitively assume that the extra electron not needed for covalent bonding by the donor

will not need as much energy to be lifted into conduction band.

7
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For an acceptor dopant (AKA type p)
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Figure 4.6 | Two-dimensional representation of a silicon lattice (a) doped with a boron atom
and (b) showing the ionization of the boron atom resulting in a hole.

Conduction band
E, E,
- >
20 oy
- -
U w - - s .
g————————bﬂ 5_—\‘?——;_'—&“
3 Valence band £y 2 i - E,
D € ~ o +  + o
(a) (b)

Figure 4.7 | The energy-band diagram showing (a) the discrete acceptor energy state
and (b) the effect of an acceptor state being ionized.

> Intuitively assume that the extra electron needed for covalent bond by the acceptor
will not need as much energy to be lifted from valence band, creating a hole.
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From Semiconductor Physics and Devices: Basic Principles (4th Edition), Donald A. Neamen, McGraw
Hill, 2012, ISBN 978-0-07-352958-5.

For the Group IV elemental semiconductor Si (£, = 1.12 eV) and Ge (£, =
0.66 e¢V), we use Group III elements as acceptors and Group V elements as
donors.

Table 4.3 | Impurity ionization energies in silicon
and germanium

Ionization energy (eV)

Impurity Si Ge
Donors
Phosphorus 0.045 0.012
Arsenic 0.05 0.0127
Acceptors
Boron 0.045 0.0104

Aluminum 0.06 0.0102

» Note that the ionization energies are indeed far smaller than the gap energies
for silicon and germanium.

For a Group III-V semiconductor such as GaAs (E; = 1.424 eV), we use Group
II elements as acceptors and Group VI elements as donors.

Table 4.4 | Impurity ionization energies
in gallium arsenide

Impurity Ionization energy (eV)
Donors
Selenium 0.0059
Tellurium 0.0058
Silicon 0.0058
Germanium 0.0061
Acceptors

Beryllium 0.028
Zinc 0.0307
Cadmium 0.0347
Silicon 0.0345
Germanium 0.0404

> Note that the ionization energies are indeed far smaller than the gap energy
for gallium arsenide.

|7
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From Semiconductor Physics and Devices: Basic Principles (4th Edition), Donald A. Neamen, McGraw
Hill, 2012, ISBN 978-0-07-352958-5.

ee362 Figs 4 8 4 9.docx

Type p (more holes)

Type n (more electrons)
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Figure 4.9 | Density of states functions, Fermi-Dirac
probability function. and areas representing electron and
hole concentrations for the case when Ey is below the
intrinsic Fermi energy.

Figure 4.8 | Density of states functions, Fermi-Dirac
probability function. and arcas representing electron
and hole concentrations for the case when ¢ is above
the intrinsic Fermi energy.

> Note that Er > Er; for the type n extrinsic semiconductor with donors.

> Note that Er < Er; for the type p extrinsic semiconductor with acceptors.
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ee362 Fig 4 14.docx
From Semiconductor Physics and Devices: Basic Principles (4th Edition), Donald A

Neamen, McGraw Hill, 2012, ISBN 978-0-07-352958-5.
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Figure 4.14 | Energy-band diagram ol a compensated
semiconductor showing ionized and un-ionized donors

and acceptors.
N, = donor doping concentration (#/m* or #/cm?). These are initially charge neutral.
N, = acceptor doping concentration (#/m® or #/cm?) . These are initially charge neutral.

N, = concentration of ionized donors (#/m? or #/cm?). These are positive as they lost
their electron to conduction band or (less likely) they lost an electron to acceptors.

N, = acceptor doping concentration (#/m? or #/cm?) . These are negative as they gained
an electron from valence band or (less likely) they gained an electron from donors.

nq = concentration of donors that did not ionize (#/m? or #/cm?). These are neutral.

Ppa = concentration of acceptors that did not ionize (#/m’ or #/cm’). These are neutral.

total concentration of electrons in conduction band (#/m? or #/cm?). These are

ny =
negative.
po = total concentration of holes in valence band (#/m?® or #/cm?). These are positive.
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From Semiconductor Physics and Devices: Basic Principles (4th Edition), Donald A.

Neamen, McGraw Hill, 2012, ISBN 978-0-07-352958-5.
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Figure 4.16 | Electron concentration versus temperature showing
the three regions: partial ionization, extrinsic, and intrinsic.

»> Note: At ‘normal temperatures’, the extrinsic electrons dominate.
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Figure 4.17 | Position of Fermi level for an (a) n-type (Ny > N,) and (b) p-type (N, = N,)
semiconductor.

> Ep> Epi ~ Enmidgap for n-type semiconductors while Er < Eri = Emiagap for p-type semiconductors.
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Figure 4.18 | Position of Fermi level as a function of donor
concentration (n type) and acceptor concentration (p type).

» Er> Er; — E. as Ny increases for n-type semiconductors while Er < Eri — Ey as Na increases
for p-type semiconductors.



