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1 PHYSICS AND PROPERTIES OF SEMICONDUCTORS—A REVIEW

Chapter 1 Physics and Properties of Semiconductors—A Review

1. (a) A unit cell contains 1/8 of a sphere at each corner of the eight corners, 1/2 of a sphere at each of the 6 faces, and 4 spheres

inside the cell — a total of é X 8+ % X 6+4 = 8 spheres. The diagonal distance between (0, 0, 0) and (%a, }‘a, la)
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The radius of the hard sphere is 62—11 = %ﬁ .
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(b) On (111) plane
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(b) Intercept at 2a, 3a and 4a; reciprocal: »31" The plane is (643).
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PHYSICS OF SEMICONDUCTOR DEVICES

5. (a) Let R be a vector in the direct lattice, then
G-R =2n(hm+kn+lp)

= 2N
d = distance when the vector R coincides with G
_ 2nN
a — G
LetR havem'=m—Zl,n'=n—Zl,and p’ = p + Z(h + k), |
Then G-R' = (ha* + kb* + Ic*) {(m — ZD)a + (n ~ZI)b + [p + Z(h + K)]c} - || {avector
=(m+kn+Ip)=2nN (same as G'R) 1~ reciprocal
Since R'is quite general, it can form a plane perpendicular to G. lattice)
Therefore G is normal to a set of planes in the direct lattice. '
. 3
(b) Volume in reciprocal lattice = (27‘c)3(b xc) (exa)x(axb) _ (27)
(a-bxc) Ve
[c—l(z +x)] X [‘—l(x +y)}
pbxe _op L2 2 _4n_ (poxtzn) _4m (poxt3)
"bx +7)-(p-x+ 1+1
O [pen) [ |x[Geen] ¢ OTROTET9 e 0D
2 2 2
_ 4rl 4
= —=(pt+z—-x)—> — (one of the vectors for bcc)
6. a? a
Similarly, for »* and ¢*. .. Reciprocal of fcc is bece.
k2 k2
7. =+ E=—=+- = constant = C
m; m,
2
Letk,=0, .. l& =C
m;
k2 k2/ N & 2
Leth,=0, ». ==C o 200 = AT (3) < as
Y m/ k)%/ml mt k2 1
@ (1.0)32
8. Ratio = ——————— = 3(10)3/2 = 94.8
1(0.1)32

9. For a three dimensional structure such as a bulk semiconductor, to calculate the electron and hole concentrations in the con-
duction and valence bands, respectively. We need to know the density of states, that is, the number of allowed energy states
per unit energy per unit volume (i.e., in the unit of number of states/eV/cm?3).

When electrons move back and forth along the x-direction in a semiconductor material, the movements can be described by
standing-wave oscillations. The wavelength A of a standing wave is related to the length of the semiconductor L by

=, (M
where 7, is an integer. The wavelength can be expressed by de Broglie hypothesis
A= hik,, 2
where £ is the Planck's constant and £, is the momentum in the x-direction. Substituting Eq. 2 into Eq. 1 gives
Lk, = hn,. 3)

4
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1 PHYSICS AND PROPERTIES OF SEMICONDUCTORS—A REVIEW

The incremental momentum dk, required for a unity increase in n, is
Ldk, = h. “4)
For a three-dimensional cube of side L, Ldk,dk,dk, = h*; furthermore, The volume dk,dk,dk, in the momentum space for a

unit cube (L = 1) is equal to /3. Each incremental change in turn corresponds to a unique set of integers (,, n,, n.), which

in turn corresponds to an allowed energy state. Thus, the volume in momentum space for an energy state is 43. The figure
below shows the momentum space in spherical coordinates. The volume between two concentric spheres (from & to k + dk)

is 4ntk*dk. The number of energy states contained in the volume is then 2(4mk2dk)/h?, where the factor 2 accounts for the
electron spins. The energy E of the electron (here consider only the kinetic energy) is given by

k= /2mE, )

where £ is the total momentum (with components ,, k,, and k. in Cartesian coordinates) and m,, is the effective mass. From
Eq. 5, we can substitute £ for k and obtain

3
2 s 1
2 2
NE)dE = STk 4n( ”;) EYdE 6)
h h
and
3
2mN: 3
N(E) = 4n( "Z) E, )
h

where N(E) is called the density of states.

The derivation of the two-dimensional density of states is almost the same. We calculate the number of k-states enclosed
within an annulus of radius k to k + dk instead. The area between two concentric circles is 2nkdk and the number of energy
states contained in the area is 2(2mwkdk)/h?. The two-dimensional density of states is then given by

NE)dE = 1Kk _ 4n(’i2")dE )
h h
and
N(E) = 4n’ 9)
h2

Finally, the derivation of the one-dimensional density of states is calculated within a line. The wavelength A of a standing
wave is related to the length L of semiconductor by

L

Lo, !
o (10)
The incremental momentum dk, required for a unity increase in 7, is
2Ldk, = h. (11)

dk, in momentum space for a line with unit length is h/2 and the number of energy states contained in the line is 2dk/(h/2).
The one-dimensional density of states is

_2dk _ . [2m,1
ME)E = 375 = 2 [=dE (12)

_ 2m, ]
N(E) = 2 | T h (13)

and
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PHYSICS OF SEMICONDUCTOR DEVICES

10. f(EEC)N(E)F(E)dE f(EEc><EEc)”2e‘(E‘EF””dE
(KE) = -

ocN(E)F(E)dE M(E*Ec)l/ze_(E_EF)/deE
E_EC:y’ dy =dE

my3/2e*y/k7dy kT.[mz3/2ezdz kT 1"@) kT@) G} Jn
el Y 3
2

wyl/ze—y/dey T 22y F@) (l) Jr
VKT = 2 2

1.
N

Np = - (14)

EF_ED

1+ Zexp( )

KT
At 77K,
_ 77\3% 19 _ 18 4
Ne = N(ZE) = 2.8x10"(0.13) = 3.64x10" em (15)
kT = 0.0259(%) ~ 0.006648 ¢V (16)
N 18
Eo—Ep - len[ ¢ J = 0.0066481n3-64X10"1 (et v, = 1016)

Np(T) 1016

~ 0.006481n(364) = 0.0392 eV (17)

From Fig. 10 in textbook, we know that for phosphorous in Si, £ — Ej, = 0.045 eV.
Thus, from Eq. 14, we have

Nt = 1016 _ 1016
P ~0.0392 +0.045) 1 +2exp(+0.87)
1+ 2exp| ———— - s 1015
0.006648 10X10 10X10
_ 10" _ 15 -3 16 om—3 B
S T7a78 1.73x10 " ecm™ (< 10'® cm™3) i
- N}, (cal) = N}
We select a new N}, value, repeat the process and eventually obtain Ny ?
Np(77) = 3.6x1015 cm. (calculated)| 472 {sx1015
18 -
Eo—Ep = 0.0066481n(wj ~0.04587 eV - 208
15
3.6x10 i |
Ep—Ep = —0.00087 eV L /3.62X1015 173
1016 1016 5 ! | Lo 110
Nj = = =3.6x10" cm™3 0 3 5 10x1013
1 +2e0130 2756 N} (selected)

Also see the right figure.
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1 PHYSICS AND PROPERTIES OF SEMICONDUCTORS—A REVIEW
12. From Fig. 10 in textbook, £, — E;,= 0.044 eV.

1021 |-
(En—E)IkT N
ntNy=ne " T+ (EA E kT 1072 _éoszz 109 cm?
- 7 19 — 2.86% cm
1 +4e A7FF 1019 2.66x10 ot
(E.—E.)/kT N - 1018
pENG = me T
(Ep— Ep)/kT ke n
1+2e 10 p 1017
Graphic result E — E},= 0.26 €V, see the right diagram. -
1015
e
3.3x1010147
1013
0.044 eV
10101 9.65x10° =, —9.65%10° cm
I
05010203 5
E, Ep=026¢eV ¢

13, n, %[NDfNA + JON, N2 +4n?] = %[2 % 1010+ J/(2x10'°)? + 4(9.3 x 1019)]
= 2.3885 % 1019 ¢m™3

N 19
fEp—Ep="T 1n(-£) = 0.02591n 28X197 _ 540 ev
q n 2.39x 1010

14. (a) N, > N,,, Epnear E,, therefore £, level is neutral and £}, level is positive. Therefore the state of charge of gold level
is positive.

(b) No effect.
15. N o< exp(—E/2kT)
1015 (*ED . Epy (fED N Ep )
1o P\, 2sz) ~ PL0.1027 T 0.00479
548E, =23, Ep = 5-22% = 0.041 eV . From Fig. 10 in the textbook, we know that the atom is Sb.
Ne¢
16. E-—Ep = len(]TD) = 0.02591n(103) = 0.1787 eV

From Fig. 10 in the textbook, E-—E, = 0.045 eV.
Ep—Ep = 0.045-0.1787 eV = —0.1337 ; thus,

N
Np

EFfED) ( 0.1337) 2
- = 2exp(-233T) — 2exp(=5.16) = —— = 0.0114 = 1.14%.
geXp( T P\ 00259 exp(=5.16) = 1757 = 00 %
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