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Exercise 01: Semiconductor properties

Task 1.1: Properties of germanium as semiconductor

The following problems explore fundamental semiconductor properties of germanium. Starting with
atomic concentration and intrinsic resistivity, the tasks gradually introduce doping effects and com-
pare the electrical behavior of intrinsic and extrinsic materials under simplified assumptions. Take
the values from Tab. 1.1.1.

Intrinsic concentration n;: 2.5 - 10" 1/cm?

Mobility fip: 1800 Cm
Mobility fiy: 3800 Cm
Atomic weight age,: 72.6 mol
Material density Dge,: 5.32 g/cm?

Table 1.1.1: key figures of germanium at 300 K.

1.1.1 Using Avogadro’s number (N, = 6.02 - 1023 mol™'), calculate the concentration of atoms in
germanium.

Answer:

A quantity of any substance equal to its molecular weight in grams is a mole. So the concentration

is calculated by

Nay 6.02 - 1023 mol ™!
Caer = =20 Dger = 6 gmo -5.32 g/cm® = 4.41 - 10** atoms/cm®. (1.1.1)
ager mol

1.1.2 Calculate the resistivity of intrinsic germanium at 300 K.
Answer:

Using the equation n = p = n; the conductivity of the intrinsic germanium is calculated by

o = niq(pn + 1p) = 2.5-10" 1/em? - 1.60 - 1071 C - (3800 cm?/Vs + 1800 cm2/vs)
(1.1.2)
= 0.00224

Qcm
The resistivity results by the reciprocal value:

1 1
- — 44.6 Qcm. 1.1.3
P % T 0.00224 1/Qcm o (1.1.3)

1.1.3 If a donor-type impurity is added to the extent of 1 part in 10® germanium atoms, find the
resistivity.

Answer:
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If there is 1 donor atom per 10% germanium atoms, then Np = 4.41 - 10! 1/cm3. Using the fact

n ~ Np leads to:
n?  (2.5-10" 1/cm?)

1

Ny = 441107 1 = 1.42 - 10" holes/cm®. (1.1.4)
D . . cm

p:

Since n > p, we can neglect p in calculating the conductivity. This leads to:

0 = nqp, =4.41-10" 1/cm® - 1.60 - 107" C - 3800 cm?/Vs = 0.268 (1.1.5)
c1m
The resistivity results by the reciprocal value:
1 1
p=—=—""" =372 Qcm. (1.1.6)

o 0.268 1/Qcm

1.1.4 If germanium were a monovalent metal, find the ratio of its conductivity to that of the n-type
semiconductor in previous subtask.

Answer:

If each atom contributed one free electron to the material the number of free electrons are n =
4.41 - 10?2, This leads to:

1
o = nqu, = 4.41-10% 1/cm®-1.60-107* C - 3800 cm?/Vs = 2.58 - 107 e

(1.1.7)

The ratio yields:
Ometa 2.58 107 5i

Osemi  0.268 1/Qcm

~ 10°. (1.1.8)

Task 1.2: Energy level and silicon semiconductor behaviour.

1.2.1 Calculate the frequency of revolution for an electron in the ground state of hydrogen. For
comparison, find the frequency emitted when an electron with the mass m, = 9.11 - 1073! kg of falls
from the state n = 2 to the ground state n = 1. Take in account, that Wi,(n) o # and the ground
state orbit r corresponds to 0.0529 nm.

Answer:

The kinetic energy of this electron for ground state is calculated by

1 1
Wiin = —=mev? = —merw?. (1.2.1)

2 2
If the electron with the mass m, orbits a proton in a circular path with radius r and speed v, the
centrifugal force (from circular motion) is balanced by the electrostatic attraction (Coulomb force)

between the electron and the proton. This balance leads to the equation:

2
2 Qe

MeTw” =
4meg

(1.2.2)
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Using (1.2.1) and (1.2.2) leads to

12 1 (1.60 - 1010 C)?
8mey 1n?2 87 -8.854- 1012 % 0.0529 nm

Wiin = =217-1071% ) (1.2.3)

Solving (1.2.1) for w yields

2-217-10-1
Wiin rr) =3-10" 1/s.
mer 9.11- 10731 kg - 0.0529 nm (1.2.4)

= 47.8 GHz.

The total energy for ground state is calculated by

2 ~19 ~2
qe ]_.60 * ].O C —18
Woey = — == - = -217-107% ] 1.2.5
' Srmeor 8m-8.854-10-12 £.0.0529 nm (1.2:5)

The energy difference a transition from n = 2 to n = 1 is calculated by

1

AW = Wi, - (22 - 1) — 2171078 J. (—0.75) = 1.63- 107 J (1.2.6)

This corresponds to a frequency of

AW 1.63-10718 ]
h  6.63-10- 34 2

f= =2.5-10" Hz (1.2.7)

1.2.2 Find the room-temperature resistivity of an n-type silicon doped with 10'® phosphorus atoms/cm?.

Answer:

At room temperature we assume that all donors are ionized. This leads to:
n~ Np = 10" 1/cm?. (1.2.8)

The conductivity is calculated by

1
o = nqu, = 10" 1/cm®- 1.60 - 107" C - 1300 cm?/Vs = 20.8 go (1.2.9)

The resistivity results by the reciprocal value:

1
= (.48 Qcm. 1.2.10
P T 208 Qem ! o (1.2.10)

1.2.3 A sample of Si is doped with 10'® phosphorus atoms/cm?. Find the Hall voltage in a sample
with Iy = 500 ym, A =2.5-10% cm?, I =1 mA, and B, = 10~* ¥

cm?*
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Answer:
The Hall coefficient is calculated by
1 1

Ry=— = =625 cm’/C. 1.2.11
"7 gn T 160-1019 C-10% L cnt’/ (1.2.11)

The Hall voltage results from

1 mA 10-4 Wb
2.5-1073 cm? cm?

I
Un = Ru— Bl = 625 cm?/C -500 tm = —1.25 mV. (1.2.12)

1.2.4 Assume that, in an n-type semiconductor at 7' = 300 K, the electron concentration varies
linearly from 10'® 1/cm? to 7-10'" 1/cm?® over a distance of 0.1 cm. Calculate the diffusion current
density if the electron diffusion coefficient is D,, = 22.5 %

Answer:

The diffusion current density is given by

dn An
Jn,diff - andi ~ ani
x Az 1.2.13
cm? 1018 L. —7.1017 L. A (1.2.13)
=1.60-107" C-225 . cm? cm® — (.8 —
S 0.1 cm cm?’

1.2.5 Minority carriers (holes) are injected into a homogeneous n-type semiconductor sample at one
point. An electric field of 50 V/cm is applied across the sample, and the field moves these minority
carriers a distance of 1 cm in 100 ps. Find the drift velocity and the diffusivity of the minority
carriers. The temperature is 300 K.
Answer:
The drift velocity is simply calculated by the distance traveled per unit time.

la 1 cm 4 cm

—d_ = 10% =——. 1.2.14
U t 100 ps S ( )

The mobility results from the quotient of drift velocity and the electrical field along parallel to the

drift direction.

Vp 10* @ cm?
= = =—3 =200 — 1.2.15
Hp E 50 V/em Vs ( )

This leads to the diffusivity of the minority carriers:

kT 1.38-1071 2. 300 K cm? ch
D=, = 200 —— =5.18 — 1.2.1
T T T 60 01 C 00 g =918 = (1.2.16)
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Task 1.3: Quality assessment at doping of silicon semiconductor

A silicon semiconductor is to be doped for a specific application. To assess the doping quality, the

resistivity of a sample is measured before and after the process. The assessment is performed at a

temperature of T'= 300 K.

Intrinsic concentration n;: 1.5 -10'° c¢m?
Mobility s 480 9o
Mobility fin: 1350 <

Table 1.3.1: key figures of silicon.

1.3.1 Calculate the expected resistivity of silicon before doping.

Answer:

The number of holes are equal to the numbers of free electrons according ng = py = n;.

conductivity is calculated by

o = niq(php + fin)

cm? cm?
=1.5-10" cm® - 1.60 - 107" C - {480 —— + 1350 — | =4.39-10°° —
Vs Vs cm
The resistivity results by the reciprocal value:
1 1
p=—= =2.28-10° Qcm.

o 439106 Qem ™!

So the total

(1.3.1)

(1.3.2)

1.3.2 Calculate the expected resistivity of silicon at T' = 300 K after doping with arsenic impurities

with concentration Ny = 2 - 10'¢ cm?.

Answer:

The concentration of majority carriers is so large that only they will be considered in the following

calculation. With ng ~ Ny the conductivity is calculated by:

1
o~ Nagpn ~ 210" cm?®- 1.60 - 1071 C - 1350 e’ o5 Lo
Vs Qcm
The resistivity results by the reciprocal value:
1 1
P=5 2.3 Qem3 ™!

Task 1.4: Hall sensor for magnetic field measurement

A bar of type p silicon, of thickness d = 0.5 mm, with impurity concentration N, = 10'* cm

as a Hall sensor. See also Fig. 1.4.1.

(1.3.3)

(1.3.4)

3 is used
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Figure 1.4.1: Silicon semiconductor bar as Hall-sensor.

1.4.1 Calculate the Hall voltage for a probe current of 100 mA and a magnetic field perpendicular to
the plane of B =0.1 T.
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Answer:
The Hall voltage is given by
- 1
Un = Eyly, and J= d (1.4.1)

with [, corresponds to the width and d to the thickness of the bar. J corresponds to the current
density. Since N, > n; which leads to p = N, > n, so that the current is dominated by holes. The

electrical field in y-direction results in

@:ﬁ& (1.4.2)
qp
Using (1.4.1) this leads to
J, I-B, 100 mA - 0.1 7T
Uy = 2B,l, = =125V 1.4.3
" gpd — 1.60-10-19 C- 10" _L - 0.1 mm (143)

Remark: This example shows that for magnetic fields with intensities typical of those used in labo-
ratories, the Hall voltage has a relatively high value for electronic circuits. This does not happen in
metals, because the concentration of free electrons ~ 1022 ﬁ is much larger than in semiconductors,

and thus the voltage is quite small.




