Homework 1 Solutions
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2 J&B P2.6

Intrinsic carrier concentration is given by

n? = BT3e_II§_§;"
for germanium, E; = 0.66 eV, B = 2.31 X 103° K~3cm™*
(@A) At 77K, n? =2.63 x107*cm™3
(b) At 300 K, n? = 2.27 X 103 cm™3
(a) At 500 K, n? = 8.04 x 10*°> cm™3
3 J&B P2.16
Maximum hole current density is
Jp = qpvy = 1.60 x 1071° C- 10" cm™3 - 107 em/s = 1.60 X 10”7 A/cm?
The maximum current is
I =j,A=1.60x 107 A/cm?-25x1077cm? =4 A
4 J&B P2.22

In has 3 outer electrons, P has 5 outer electrons. Ge has 4 outer electrons.

(a) Germanium has one more electron than indium. If a germanium atom
replaces an indium atom, it can donate the extra electron for conduction. Thus it

behaves as a donor impurity.

(b) Germanium has one less electron than phosphorus. If a germanium atom
replaces a phosphorus atom, it can accept an electron from neighboring bonds,

creating a free hole. Thus it behaves as an acceptor impurity.
5J&B P2.27

N, = 6 x 108 boron atoms/cm3

(a) This is p-type silicon; holes are the majority carrier; electrons are the minority

carrier.



(b,c) For this problem, we need the intrinsic carrier concentration at two different
temperatures. The more precise formula for n; in Eq. (2.1) will be used to

compute this:
_Eg
n; = BT3e kT

n;(300K) = 1.0 x 101° cm™3
n;(200K) = 1.1 x 105 cm™3
For both 300K and 200K, the majority carrier hole concentration is just equal to
N, =6x10®cm™3

However, the minority carrier electron concentrations depends upon n;(T):

2
n; (300K
N3p0x = % =16.7cm™3

(n;(200K))°

TI.ZOOK - = 2.02 X 10_9 Cm_3
Ny
6 J&B P2.32
Np > Ny
Then
(N, — Ny) + \/(ND — Ny)? + 4n?
n= =1.62x 107 cm™3

2

n2
p= 71 =6.17 x 10® cm~3

We can see that
n=162%x10"7cm™3* N, —-N,=1x107 cm™3
This is because
Np — Ny > n;
does not hold in this case (N, — N, =n; =1 x 1017 cm™3)
7 J&B P2.35
Indium is an acceptor impurity. The material is p-type.

At 300 K, the intrinsic carrier concentration for silicon is n; = 1.0 X 101° cm™3.



Acceptor doping concentration is N, = 8 X 101° cm™3. Thus N, > n;, and we have

p=N,=8x10"cm™3

2

n.
n=—=125cm™3

p

Using total impurity concentration of N, = N, = 8 X 10'° cm™3, we can extract
the electron and hole mobilities by either reading them out from Figure 2.8, or
plugging in the value of N; in the approximated mobility equations:

Uy, =96 cm?/(V-5s)
tpy =50 cm?/(V - s)
Conductivity
o = q(nun + puy)
Since
p>n
The electron part can be neglected, and thus
o = qpu, = 640 (Q-cm)~!
Resistivity
1
p=—= 1.56 Xx 1073 Q- cm

8 J&B P2.50
Diffusion current density of holes is

Al J—

The concentration profile for holes is

X

p(x) = 10° + 1019«9(_;) cm™3
Then

. D, (-X £
jglff _ 1019q_Pe( Lp)cm—3 =1.2 X 1053(_m) A/sz
Lp

At x = 0, diffusion current density is



jg0 (x = 0) = 1.2 x 105 A/cm?
Diffusion current is
7 x=0)=ji(x=0)-4=12x10"2A
7 J&B P2.52

Note that the positive x direction is to the right, and the direction of the electric
field is to the left, thus E = —20 V/cm. (The signs of E, %, Z—z, j are very important

in this exercise!) The concentration profiles are linear, thus the gradients of
concentrations are

dp Ap

— =—=-5%x10"cm™*
dx Ax cm
dn An
—=—=-5x%x10"cm™*
dx Ax cm

Mobilities of electrons and holes are y,, = 350 cm?/(V -s), u, = 150 cm?/(V - s).
From Einstein’s relationship

D kT
—=—=Vr

Hoq

The diffusivities of electrons and holes are (assuming room temperature,

D, = u,Vr = 9.1 cm?/s
D, = pu,Vr = 3.9 cm?/s
Atx=0,n=10%cm™3,p =1.01 x 108 cm™3

Electron diffusion current density:

; dn
.d
af = gD, e —72 A/cm?
Hole diffusion current density:
dif f _ _
Jjp ' =—qD, e 31 A/cm?
Electron drift current density:
JIYE = gnp,E = —11.2 A/cm?

Hole drift current density:



jArt = qpu,E = —4.85 x 102 A/cm?

Total current density:

tor — ;diff | diff | drift

jot = jail 4 jIT 4 s Tt =

+j, |~ =—54x10%A/cm?

Since the profiles are linear, at x = 1 um (mid-point)
(106 + 10%)
s

_ (1.01x 108 + 108)
N 2

=5x 10" cm™3

p = 1.005 x 10 cm™3

Electron and hole diffusion currents are the same as derived above:

dn

.di
jT = —qp, =72 A/cm?
diff _
Jjp | =—qD, i 31 A/cm?
Electron drift current density:
j,(frift = qnu,E = —5.6 A/cm?

Hole drift current density:

JIrTt = qpu,E = —4.8 x 102 A/cm?



