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SEMICONDUCTORS AND
THEIR PREPARATION FOR
ENGINEERING USE 1

1.7 Semiconductors

Semiconductor materials are distinguished by having their specific electr-
cal conductivity somewhere between that of good conductors (10% (Qem)1)
and that of good insulators (10~3(Qcm)~!); hence the name. Among those
materials, by far the most important in engineering use is silicon (Si). Of quite
lesser importance is germanium {Ge), which, like silicon, is an ¢lement belong-
ing to Group IV of the periodic table (Table 2.2). Becoming more importa:t
daily are the compound semiconductors, usually compounded of two elfements
(but sometimes more) of Groups IIT and V or IT and VI of the periodic table.
From those gallium*arsenide {(GaAs) is the most important. Also in use for
specific purposes are indium antimonide (InSb), gailium phosphide (GaP),
cadmium sulphide (CdS), lead—tin—telluride (PbSnTe) and others.

. We shall mainly concentrate on Si, Ge and GaAs, from which the
majority of present-day devices are being made, but the theoretical results
apply to all of them.

Electronic devices necessitate use of almost absolutely pure semiconductor
matc_:ria!s in which an exactly measured amount, usually extremely small, of a
foreign dopant has been inciuded to control its electrical properties. Alsé, the
semicenductor must normally be in the form of a single crystal throughout
the device, since, as we shall see, its desired electrical properties deper;d on
the crdered, periodic nature of the crystal structure and any faults would be
detrimental.

_Let us give a short review of present-day engineering seluticns to the
purity and single crystal requirements.

Cenituing béh
Selurges |
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1.2 Purification : _ L

Silicon, one of the most abundant elements on earth, is always found in a i ‘“‘;aterfoofed
r.f.coils

compound form in nature, usually combined with oxygen (sand is mainly SiO a) 1 :
: = Polycrystalline
Q
o

It is first purified as far as possible by chemical methods, Reduction with carbon, ; i
according to $i0,+2C—Si+2C0, yields metaliurgical grade silicon of up to : silicon rod
999 purity. By combining it with HC1, it is converted to liquid SiHC1;. This is
further purified using fractionation processes similar to those employed in the
petroleurn industry, and then reduced in hydrogen according 10 SiHC1 -+
H,—Si+3HC1 and vapor deposited on thin silicon rods used as hot substrates.
The deposition forms thick, semiconductor grade, polysilicon rods in which the
concentration of troublesome impurities is about 1 in 10%silicon atoms. In single -
crystal form such silicon would have a resistivity of about 200 Qcm which is ‘] T Quartz _—"""
sufficient for most applications. For special uses very high purity {and conse- : H ,] tubes Il Original seed !
quently resistivity) Si is needed. This is obtained by a method called zone é H. crystal ;
refining, alse used for germanium. Itis based on the tendency of most impurities ﬂ
to remain in the liquid part when the melted semiconductor gradually solidifies. : {a}
The ratio of the impurity concentration on the solid side of the liquid-solid ) {b)
interface C,to that on the liquid side C . is called the segregation (or distribution) 1
coefficient K of that specific impurity and is usually much smaller than one. - Pull direction -
Figure 1.1(a) describes such a purification system for Si using a floating
zone; a solid Si bar is held vertically inside a fused silica (also called quartz) tube : < ' s
without touching it. (This is important, since melted Si, at 1420°C, is extremely 3
active chemically and combines with or sticks to everything it touches.) Sui-
rounding the tube there is a short copper coil in which a high-frequency current ' ——— Seed
(about 0.5 MHz) passes, generated by an induction heating generator. Strong :
eddy currents ase induced in the section of the Si bar inside the coil and this :
section melts. If this section is short, the strong surface tension of molten Si,
combined with its low density, is sufficient to support the molten zone in its
place. The quariz tube, being an insulator, is not affected.
The coil is stowly moved vertically relative to the Si, with the region
immediately in front of it melting and that behind it solidifying. Because of the
small segregation coefficient, most impurities stay in the melt and are therefore _
‘swept’ along the bar towards one end. This may be repeated several times, the L

=]
Q -
o ' Coil movement

(o] o]

Melted |

float
ZOnes

ey i st

0000
e
C
P

| Growing
single crystal

crystal

Soiid single {

Melted
silicon

©CCcCo 0o a0
0 c 00 oo o0

CrucibleJ
r.f. heating coil

(c)

relatively dirty edge sawn off, the remainder recast into a new bar and the
whole process repeated. A Very high degree of purity results, with the remain-
ing undesired impurity concentrations ten orders of magnitude or more below
that of the Si. The zone refining is usually done in a hydrogen atmosphere to
reduce the oxygen content. Germanium can be zone refined in horizontal
eraphite boats as it is much less active at its melting temperature of 937°C.

LV LAE 3 A R SR faka e,

It can easily be shown (Probl{_am 1:4) that if the orxglr?al impurity con- é;g::ig lb' ;'F Z(a) Hoqt zone (FZ) purification of $i; (b) single crystal
centration Cp in the semiconductor is uniform, then, after a single molten zone technique. technique; {c) the Czochralski single crystal pfff]ing

[P
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pass starting at x=0, one gets a new impurity concentration prefile of
{1.1) Cs(x)=Cofl = (1 — K)e—KafL],
where [ is the length of the molten zone.

This equation is the initial impurity distribution for the second pass. For
copper (K=4x10"%) or iron (K=8x107%), e.g., only a few passes suffice to
appreciably reduce the impurity content.

1.3 Single-crystal Formation

Conversion of the polysilicon rods to single crystal may be done by a similar

float zone technique shown in Fig. 1.1(b). The polyrod is mounted vertically -

over a piece of single crystal, Si, called the seed, that is pre-cut in the desired
crystallographic orientation. RF heating is used to melt the top of the seed and
the bottom of the polyrod and form a molten float zone. If the RF coil is now
moved very slowly upwards, the bottom of the molten zone would start to
solidify on top of the seed, continuing its single crystal structure and ofientation.
As the molten zone traverses the polyrod, it transforms the rod’s polycrystalline
structure into a single crystal.

Both rod and seed are slowly rotated during growth to preserve uniformity
of temperature and composition. Crystals of 10cm diameter and 50 cm long are
grown routinely today.

The most common method for silicon crystal growing in use today is the
Czochralski pulling technique. The purified Si is remelted in a quartz-lined
graphite crucible, shown schematically in Fig. 1.1(c). The seed, attached to a
holder, is dipped into the molten Si and then very slowly pulled up again, turning
at the same time to preserve uniformity. Moiten Si sticking to the seed will start
to solidify, if the temperature is properly controlled, and its crystal structure will
follow that of the seed. The growth is performed with the growing crystal
containing an exactly known amount of some specific impurity previously added
to the melt, which, as we shall see, determines the electrical properties. Long
crystals of 10 and 12.5cm diameter can be grown.

Since Si in molten form is chemically very reactive, Czochralski (CZ)
pulled crystals are not as pure as FZ grown ones and contain some undesired
impurities, like carbon and oxygen, absorbed from the crucible and its lining,
and sometimes even minute traces of heavy metals. As we shall learn, this
affects the electrical properties of devices buiit in such a crystal.

Compound semiconductors are much more difficult to grow in siagle
crystal bulk form. The difficulties stem from the usually very different vapor
pressures of the compound constituents causing the more volatile one {0 evapo-

rate away from the melt.

B4 e b Akag (2 e
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Top section of i : .
erystal. a pulled silicon single crystal still attached to the seed

A techni iqui
s tocn Izéqgfol:fowx;j as Liquid Encapsulated Czochralski (LEC) is often
g such crystals: the melt of the ¢ i i
coveredon top by aTonins : ompound constituents is
ncapsulant, which floats on it, i issible in i
bo 2 o vapor . s on i, 1s not mussible in it and
pressure. B,0; is often used for G
/apo 2 aP growth. Th
coupled with inert gas ave i L ¢ the vomte ton
. g rpressure in the crucible, prevent th i
stituent from evaporatin i b i vaos 2 o
: g away during growth. Anoth
sument \ g ) er method uses an her-
differeng’ ;iiisei ;Lill:e th_att can c(:iarry the pressure at the growth temperature, with
maintained at different temperat em i
aeren b ntal nperarures. A second problem is
e maonsd £ror?'1 stoichiometry l(proper ratio of the constituents) and crystal
et y dominate the electrical properties. Since bulk semiconductor
P housel?:(:zlllndlcryst?l g;owth is done by special material suppliers and is not an
- nology in the electronic device ind
e ! CEro mdustry, we shall not deal with it
u ine}z, however, integrated circuit and GaAs device technology often require
_ 0 - . -
subsmteuffitirz\-gh of a lthm single crystal layer on a matching single crystal
lrerent electrical properties. This i
C . : . is done by a
epitaxy which will be described in Chapter 16 /7 method called

Additional information on semicenductor mate

found in Reference 1. fial technology can be
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QUESTIONS

1.1 Will there be an effect on the induction heating process of Fig. L.Lif
either hydrogen Of argon gas fows in the silica tube instead of its being

evacuated?

1.2 A specific impurity has a segregation constant in Ge which is smaller than
| bug larger than 0. Can Ge containing a lot of that impurity be purified
just by repeating the zone refining process many tmes on the same Ge

bar?

1.3 A sample of single-crystal Si is grown from the meli by the Czochralski
pulling method. In order to obtain the desired electrical conductivity a
certain amount of the impurity antimony (Sb) with K'=0.02, isalso melted
in the crucible of the liquid Si before the growth is started. Will the
content of Sb in the grown crystal be uniform along its length?

PROBLEM

1.4 Assuming an originaily uniform impurity gistribution Co along a Si bar.
show that eq. (1.1) results after one zone pass. How will you proceed to
obtain the impurity distribution after the second pass? After the next

pass?
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CRYSTAL STRUCTURE AND

VALENCE MODEL OF A PURE
AND DOPED SEMICONDUCTOR 2

2.1 A Simplified Picture of a Semiconductor Crystal

We s ' impli i
Semicgnd:;ll now give a very ymphﬁed first picture of the situation inside a
semicond anzr;lr\]\;t: anctl.twnfhout impurities. Qualitative explanations will be
uantitative results must therefore b i
e ar e considered as
used Tou
Cf;)tsoz;zgszlfns (i}]nfy. gn the next chapters we shall return to the various coih
ing here for the first time, using a itati ]
r , more
fortunately, moere difficult) approach ) auentifative fand. -
Both 5i .
i Ome; zsi}rlldliGi atoms have 4 valence electrons, i.e. electrons belonging
10 the outer d_e of the atom. Those are the electrons which participat:a irc1
g E mgbwh;n the atoms form compounds. Upon solidifying from
phase both Si and Ge crystallize i i e
hiqu ¥ ze in the diamend
the 1a structure (the
ystalline form of carbon), because for those elements this is the strucgure

; . . .
1 l i = 1 - € Energy I ElE baSlC unit Cell Of the dlamond Stl’uctule

Figy i
togs ;:l::1£h The diamond cr)fstal structure. (Atoms are not drawn
; they should be envisaged as touching each other.)
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Each atom is seen to have 4 nearest neighbors, set in 2 tetrahedral
structure (GaAs and many other compound semiconductors crystallize in the
zinchlende structure, which is similar to that of diamond, with Ga and As
atoms occupying alternating positions).

The basic unit cell length a and the distance between two neighboring
atoms (which is equal to the atomic diameter D) are given in Table 2.1, with
several additional properties of §i, Ge and GaAs.

Table 2.1. Some of the properties of the most important semi-
conductors (= Fres electron rest mass)

Property Si Ge GaAs
Atomic No. 14 32 —
Atomic weight 28.08 72.60 144.6
Density (kg m™%) 233x 108 5.33x 103 3.32x 103
Melting point {£C) 1420 937 1237
Atoms per unit

volume (m~3) $% 1028 4.42x10%8  2.21x 1028
&/ &y 11.8 16 12.3
nisimy 0.26 0.12 0.07
mximg 0.49 0.28 0.5
Unit cell length a (nm) 0.543 0.566 0.563
Atomic diameter (nm) 0.235 0.246 -

For additional information see Appendix 3.

Each of the 4 valence electrons of an atom in the diamond structurc can
be looked upon as shared between it and one of its four nearest neighbors,
belonging to both of them. Each atom has then, in effect, 8 shared electrons
in its outer shell in four pairs with opposite spins. This is @ very stable low-
energy structure. The vonding created by equal numbers of shared electrons
is called covalent bonding. 1t does not involve electric charge transfer between
different locaticns in the lattice. In a compound semiconductor like GaAs,
however, the internal bonding in the crystal is also partly ionic, since the As
atom has higher electronegativity than the Ga and the electron ¢cloud shifts
towards it. There is more negative charge then near the As while the vicinity
of the Ga is positive. This charge transfer results in the semiconductor being
polarized under electric fields. This is important when dealing with the
processes that hinder charge carrier movements (scattering mechanisms) in
such semiconductors.

Let us now simplify things and describe the semiconductor crystal, say
Si, in a two-dimensional form as in Fig. 2.2(a). The little dots represent pairs of
electrons with opposing spins. shared by the atom and its nearest neighbor.
This is the so-called valence model, which 18 helpful in obtaining a simple,
qualitative explanation of many properties of the semiconductor.

L
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Figure 22 A two-dim‘ensional picture of a Si crystal: (a) pure;
(b) including some arsenic atoms (a donor impurity, see Section 2 3,}

22 Free Charge Carriers

.FIL:SF let us consider a compietely pure semiconducter and leok f
availability of charge carriers in it. At very low temperatures on © expet
such mateFial to behave like an insulator, since a shared valencz CE1m te XpﬂFt
bound to its locality and there are no sources from which it can eljf i the
extra encrgy necessary to free itself from its bonds and make it avZ'l E‘:)lln :"he
ctrrent-cartr-yz}rlﬁ pl;lrposes. Electrons in inner shells nearer to the nulczlleu: a(;;
even more_ ightly ound. The extra energy necessary to free a val
can be obtained from absorption of ligh? photons arriving fi b o Ble-‘CtTO.ﬂ
such light is available, or from the th e e e
atoms around their proper positions. ”1?;::2: ]vi‘g?::'gﬁ?sczﬂetge }CJTYStaI .
measure.of' the temperature and are very weak at low tt’:mperatﬁr:snons, e
An idea of the available thermal energy can be obtained by con;paring the

vibrating crystal atoms to th i
\ e molecular motion in an i insi
ical container, as in Fig. 2.3. denlgnsnside aypothet

1 emZ |

e

PR

’

z ’,’ nlem-3)|

X

Figure 2.3. An ide i
3. al gas container for obtaini
energy associated with molecular motion otaining the thermal
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Let us designate:

n—number of molecules per unit volume {concentration)

vin-—average thermal velocity
[distance ravelled by a molecule in a unit time.

Thermal motion is equally probable in every direction. Therefore at any
moment 4» moiecules in a unit volume are moving in any of the six pessible
+z). In a unit time, the aumber of molecules hitting a

directions (£ x; Ty; *
unit area of the container wall is equal to cne-sixth of the number contained
Il and whose height is

in a parallelepiped whose base is a unit area of the wa
= vy el = v (m), as marked in Fig. 2.3. This number is therefore

1
2.1) znlel =%"‘ (molecules).
But from the kinetic theory of gases we know that the pressure on the
wall p (force per unit area) is given by )
p=nkT,

where

& = Boltzman constant (1.38 x 1072 J °K~1), and

T=absolute temperature in °K.

nging on a unit area of the wall in each second
This force is the total change in
ng a rigid wall and elastic
(the velocity changes

Our invy molecules impi
exert on it a force equal to the pressure.
molecular momentum per unit time. Assumi
collisicn, this change, for one molecule, is Zmvm

direction). Therefore
p=23nvin * 2mta (N m™2).

Combining with (2.2) and rearranging, we obtain

2]
mvy, 3

(2.3) 5 =3 kT.

Hence 47T is a measure of the thermal energy. Ata pormal room temperature of

300°K (27°C) it is equal to 0.026 (V) (1 eV, or one electron-volt, is the
energy given to an electron by accelerating it through 1 'V potential difference;
it is equal to 1.6x107 I). Substituting numerical values (from Appendix 3)

into eq. {2.3), we get v =10° (m s~1) at room temperature, which is approxi-

mately the measured value.

How does the thermal energy compare W
i.e., the energy necessary to freca valence ele
locality, so it can become a [ree charge carrier an
external fields are applied? As we shall see in subsequent chapter

ith the internal ionization energy,
ctron from its bond to a specific
d contribute to current if
s this energy

-
DR
4
it
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1
i
i
H
K
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is about 1.1 eV for Si and 0.67 eV for Ge. At room temperature the dverage
therm_a[ energy, k7, is much lower, and therefore only very few electrons;T

Ge will manage to break free and even fewer in Si. The reason that few suclrl1
electrons do exist is that the numbers mentioned are average values. There is a
very small probability that an electron may accumul;te a ml.llch higher
thermal energy than the average. Aithough the probability is small :th'
number of. valence electrons is high (about 10* (em~3}) and therefo;e thz
concentration of free carriers won’t be completely negligible even at room
remperature, and is expected to grow as the temperaturebincreases.

When a valence electron is ionized, two charge carriers are actnall
created. The second one, called a hole, is the charge located in. the Vicinity
vacated by the eleciron. That vicinity is left with a net positive charge of - 4
Any one of the other valence electrons moving nearby can step into t[:e vaca:e%
stz%te. with very little additional energy (less than the thermal energy) thereb
.sh.]f_t_l?lg the net positive charge, i.e. the hole, to a new location. B;th the fre};
slrzztt;?n and the hole can therefore move around in the semiconductor

When one applies an electric field to the semiconductor, the random
movc?ment gf the free electrons and holes is immediately affectéd Before the
field 15lapphed this movement is the resuit of successive collisions \;vith various
scattering centers in the crystal lattice—for instance defects, ionized impurit
atoms and thermal vibrations—which cause frequent changés m direction anzl’
velocity of the moving charge carriers, This random vaement results ifi
ZEr0 average current. With an external field the movement is very similar but
will have an average companent in the direction of the external field. This
average ve_zlocity depends on the fieid and is called drift velocity and wé shall
return to 1t in the next chapter.

. The moving car}'iers, though called “free’, are confined inside the crystal, -
sub;ect t_o the potential fields of the atomic nuclei arranged periodically at the’
lattice sites. The electronic motion depends on both :he externally applied
field and these internal periodic fields. In Chapter 6 we shall see that the opvirall
effect of the internal fields on the electronic movement can be taken into
accoupt by assigning the electron an effective mass, m%, different from its
Eziiln vzicluum myg. The effective mass may be dependent on the direction of

ment in respect 1 i . i
gvement ave?agestg :tl;e crystallographic axes in some crystals (though in
e e’fehct:rlz?lle ;cl)lo, h;s.an eﬁ"ecFive mass n1y, posit_i\{e and different from that of
e . per_cxally, this may look_s_urpnsmg: it is easily understood

cle movement is accompanied by positive charge movement as explained
Butlwhere does the positive mass come from? In fact, this mass is a mathe:

matical concept resulting from application of quantum-mechanical principles
to the cry;tal structure, as will be shown in Chapter 6. However sé)me
understanding of it may be obtained by remembering that hole mo;ement
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consists actually of valence electrons moving from one atom to the next. A
force (an external field) is necessary to accelerate the hole, and if there is a
force and resulting acceleration, directed in the correct way for a positive
charge, their ratic can be looked upon as a positive mass. The values of the
effactive masses for electrons and holes in various semiconductors is given in

Table 2.1.

2.3 Impurities in Semiconductors; Carrier
Concentrations

It is clear that the number of free electrons, #, in 2 pure semiconductor
is exactly equal to the number of holes, p, in it. Such pure semiconductors are
called intrinsic, and an index ‘I’ is appended {o n and p in this case:

2.4 ny=pi

The intrinsic carrier concentrations are very small and depend strongly
on temperature. In order to fabricate devices such as diodes or transistors, it
is necessary fo increase the free electron or hole population by a large amount
(henceforth the adjective ‘free’ applied to the electrons and holes will be
omitted, although always implied, since only the free ones are of importance
in device behavior}. This is done by intentionally doping the semiconductor,
ie., adding specific impurities in controlled amounts. Such a doped semi-
conducter is called extrinsic.

The choice of the proper impurity and its effect can be understood by
examination of Table 2.2, which is a section of the periodic table of elements,
including some of those that belong to Groups 111, IV and V {the Roman
numeral being equal to the number of valence electrons). The atomic
number, representing the total number of electrons for each element, 15 also

included.

Table 2.2. A section of the Periodic Table of Elements

Group 1T Group III Group 1V Group ¥V Group VI
3 B 6 C 7 N
{boron) {carbon— (nitrogen)
diamond)
13 Al 14 Si 13 P 16 S
(aluminum) (silicon) {phosphorus) {sulfur)
30 Zn 31 Ga 32 Ge 33 As 34 Se
(zinc) (gallium) germanium) {(arsenic) (selenium}
48 Cd 49 In 30 Sn 31 St 52 Te
{cadmium) (indiumy) (tin) (antimony) (tellurium)
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Thus, silicon and germanium have 4 valence electrons in their outer shell while
boron and gallium have 3 and phosphorus, arsenic or antimony have 5.

If a Si (or Ge) atom in the crystal lattice is replaced by an impurity atom
fro.m Group‘V of about the same size, say arsenic, four ofth—e valence electrons
of the arsenic will take part in the covalent bonding with the neighboring Si
atoms while the fifth one will be only weakly attached to the a;senic at:om
loclzatlon. Because its orbit is relatively large, encompassing many Si atoms
this .eiectron can be looked upon as moving in a silicon—ﬁllgd spaée with thej
relazive dielectric constant of Si (about 12). This reduces the ’Coulomb
attraction between it and its nucleus twelve-fold. Such an impurity atom j
shown schematically in Fig. 2.2(b). ) ?

In order to get a quantitative estimate of the additional energy necessar
to f{ee this fifth electron altogether, to make it available as aafree charci
carrier, let us regard the arsenic nucleus, screened by all its electrons but th:.t
distant fifth one, as equivalent to a large hydrogen nucleus with a net positive
f:harge of one proton +g¢ and with this single fifth electron moving around it
in a space of a relative dielectric constant of 12. This is shown sc}fematicall
in Fig. 2.4. ’

Figure. 2.4._ A hydrogen-like atom, embedded in a dielectric
material with £=12 for calculating the ionization energy of the
fifth electron (such as an As atom in Si).

Bohr's moFieI of the atom can be used to find the ionization energy of
our hydro.gen-hke.atom of Fig. 2.4. By comparing the balanced centripetal
and electric attraction forces, we obtain ‘

(2.5)

According _to De Broglie, the electron wavelength 1 and its momentum
p are related to its orbit radius r and Planck’s constant A:
h A

{2.6) Mr=A=w=—
g miv’
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On separating v out, this gives

h

2.7 y= .
@7 2amky

Substituting v into eq. (2.5) and separating out r gives

hte hleg f& mo g Mo
Z = —_— | — —_— =7 — [—
(2.8) d Fma qimon (eo) (mﬁ) TH 30) mhl’

where rg is the radius of the electron orbit in the hydrogen atom and &g the
permittivity of empty space. Using the numbers of Table 2.1 one finds that the
orbital radius of the fifth electron in our hydrogen-like impurity atom is
about 45 and 130 times that of hydrogen in the cases of Si and Ge respectively.
Since the size of the impurity atom is only about 2.5 times that of hydrogen,
the path is indeed large enough to include many of the host material atoms.

To find the ionization energy of the fifth electron, we remember that this
energy £ is the algebraic sum of the kinetic and the potential energies, with
the latter negative since it is taken as zero for the free electron:

miv? g%
(29 E= 2 " dmer’

Substituting m5v? and rg from egs. (2.5) and (2.8) respectively yields:

a 2 /o 2 [k
co emgta (s )
Qmegra \& Mo £ Mo
n and is equal to —13.6 eV.
E~0.025eV and 0.0t eV for

where Egx is the ionization energy of hydroge
Using this and the values in Table 2.1 one gets
impurities in Si and Ge respectively.

‘We have mentioned that the average the
is kT =0.026 ¢V, i.e., about equal to the values we found. Moreover, as we
shall later find by more exact analysis, it 1s enough for the thermal energy
to be about one-tenth of the ionization energy to free the extra impurity

electron for conduction. Therefore, above 100°K most of the impurity atems
are available as current

are aiready ionized and the electrons they contribute
carriers. Silicon doped with As, Sb or P will, therefore, be rich in electrons
compared to holes {note: ionization of the fifth, weakly bound electron, does
not create a hole, i.e. an empty state into which a valence electron can step
without an appreciable increase of its energy, since the valence elecirons are
much more tightly bound and consequently at a much lower energy state).
Such a semniconductor is called N-type on account of its numerous negative

rmal energy at rcom temperature
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C o 0 - . . i
=;§;§;Z§r§:§; ’I;he c?rrespondmg doping impurity is called a dosnor, having
ctron for conduction. Donor impurit i ’ .
oV n Tabte 22 purities for St and Ge belong
on]yISF ilaﬁ:nge ?re doped with an atom of Group Il of Table 2.2; having
electrons, then at the location of i ity one .
. : that impurity
covalent bonding electrons is missi i D et ot
_ g s missing. The location is electri
with a litile additional ene ) o the
rey (comparable to the ionizati
ion energy of the
fl}?enc;issticr)lm)bonzof t.he other valence electrons can cross over and c):)mplete
: N ) .
the mss t; onl. When this happens—and 1t does happen, thanks to the
avlable aterma energy—a hole 15 created at the position vacated by that
alenee ;; ;on. "{:he 1mc;iaur1ty atom, having accepted an additional electron
cceptor and 1s now lonized with i ’
e _ | with a net negative charge of —gq.
se iconductor doped with acceptors is rich in holes, i.e., positive ch oq
carriers, and therefore called P-rype. T e
Ene i
. Showrg)f Ie;f:ls of—vaience and conduction electrons, donors and acceptors
are sho n in 1g..2.3. The donor ionization energy is £.—F, The acceptor,
jon energy is E,—E,. E,is called the gap energy. We shall return to thi
energy picture in Chapter 6. ) e
D . - .
e onoer and.acc_ept.or impurities which are useful for Si and Ge doping and
eir measured lonization energies are listed in Table 2.3 )

Table 2.3, izati i
able 2.3. Ionization energies of common impurities: (a) in $i and Ge; (b) in GaAs

IE%:’L;)I;;V Ionsi?_ation energy (V) Impurity Ionization
1
- ! Ge (Type) energy (eV)
5 ® 0043 0.0104 Zn(P) 0.0307
AE) G.oaz 0.0102 Cd(P) 0.0347
oa(p 065 0.0108 Si (P) 0.0345
n () 0.16 0.0112 Si () 0.00581
e ) 0044 0.0120 S (N)  0.00610
ol 049 0.0127 Se(N)  0.00589
) 0.039 0.0096 Te(N)  0.0058
(2 (&)

(Groﬁ {;C/)Implg)und semiconc?luctor, like GaAs, is doped N-type by tellurium
(e quesi;m;tép;)by Cc):adrm_un; (Groupll) and either P or N by Si (Group IV)
. Q) .3). One vital point must be emphasized: iti :
1 : : phasized: the additic
mma;zsg:les doiz ngt violate the electrical neutrality of the semiconductorllil Itly;f
wou ave many mobile electrons but nbe
o ul . also the same num
iﬁzﬁei:t,tposnw?ly charged donor impurity atoms, which are, however, ﬁ?{Zij ?nf
el ricct pods;ltlons. The same holds for P-type material with reverse,d charge
i;médiati ler}; ecli'lcy of the mobile charge cloud to vacate a certain region wou?d
Popeaa! ey e to net charges forming and the creation of internal fields (by
quation) to counteract that tendency till neutrality is restored
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Electron
energy
Canduction electrons

Ed"_ .}_
Eg=1.1e\p’

2-

Ezn ——————————————————— '
iy S -

I
j 0.33 eV 0.58 eV

e e

Ey I

Valence electrons

Figure 2.5. Electron energy tevels in doped silicomn:
is the highest level of valance electrons bonding the

E
’ crystat lattice atoms together;
E, is the typical level of electrons occupying the empty
bonds on acceptor atoms sites;
EY, E%, — are decp impurity levels created by Zn doping;
Eg is the typical level of the fifth donor electron when

still bouad to the donor atom;
E, is the lowest level of conduction electron, free to
move inside the semiconductor;

E,= E.—E, isthe exira encrgy 2 valence electron rmust obtain
to become free for conduction. It is much larger

than the available thermal energy kT=0.026eV
at room temperature.

d holes in P-type are called majority

Flectrons in N-type material an
lectrons in P-type are called minority

carriers, while holes in N-type and e

carriers, for reasons that will now be discussed.
An important refation will now be shown to hold: the product of the

concentrations of majority and minority carriers in thermodynamic equilib-
rium is independent of the doping impurity concentration and is a function

only of the temperature and the semiconductoer material.
We shall henceforth denote concentrations at thermodynamic equilibrium

by a bar above the letter (i, ). These concentrations are the average result
of two opposing dynamic processes:

(a) Generation rate G of electron-hole pairs per unit volume and time. In

Al |L;- AL e s 13 S LAl ore Bkt s

. ; - .
ST D 5 B

r
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fan sanci g S bk i sl b
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equilibriu is i

ticinal § m G is the result of thermal energy only manifested by vibra
flons en;we}sl 1tn t_he cryvstal lattice (phonons), which may sometimes be

I ugh to lonize a semicond ' s

: g uctor atom, thereby i

farss eroug e 2 ! , v-creating a hole-
slectron pmalII;. I'n1 equxhbﬂ‘um, & depends only on temperature and the
aterial properties and not on the impurities, since these are

b

already ioni i
v 1onized in the range of useful temperatures. Hence G in doped

material is equal to that of an intrinsic material.
2
2.11) G=Gi(T) {pairs m~3 s~1)

(b) gﬁ; rt?smbi;l\fation rate_ R of electrons with holes (pairs per unit volume
and B ez}ﬁ.r ‘hei[ carriers recombine they disappear, giving off their
gy and momentum by emissi s (i.c. b
on of phonons (i.e. heati
o FLeT it .. neating t
ystal) or photons (emission of radiaticn). Recombination rate muzt 1;3
e

equally dependent on the con i
: centrations
course, must depend on T as well: o electrans and foles and of

R=R(,p, T)

uﬂder Cquilibrium con -l. s 1 MNaTrIo
dl 1011 hB recom i 1 i
l' 1 101 and generation I‘ateS

2.12 i M= Gi(T
(-—-1--) R(”: ﬁ: )_ i( .)'
2.12 is i
By (2.12) the value of R is independent of the impurity content

o . . . - . - . - -

y, 18 p l P - -
E)U ()llSl ne ICCO!IllJlllathIl OSSlb (& ]f 61[:]16] 1 Of1 are Zero IhEIB
Ore R IT.ILIST. COIltﬂ.]Il some pIOd uct Of n and p. The SHHPIESI SuCh funCthIl 18

2.13 R(A.p
(2.13) R(n.p,T)=rpr(T),
where r(T)is a i
r(T) is a function of T only. (2.13) also means that electrons and holes

ha equa ts h . g
Ve l effec ont e eC(}]ll])]I:latl()n rate Whll’.‘h 18 IeaSOIlable Assumin

(2,14 252 94D
. . nT)’
Since thi i i
comeent \iepzoduct isa fun;tpn of T only and independent of the impurit
an apply it to intrinsic material, and by virtue of eq. (2 4)p t ’
. (2.4) ge

(2.15) —

This 1 : .
© Fud it g{f&i{ﬂlrglanor& will be proved in a more rigorous way in Chapter 7
) ependence on the material pa
The numerical values obtained at 300°K are parameters and temperature.

n (Si)  =1.4%x10%%cm-?)

ni (Ge)  =2.4x10%(cm™?%)
ni (GaAs)~1.7x10%cm™3).
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Ralative to the number of atoms in the crystal (about 5% 10?2 atoms per
cm?). these numbers are indeed very small. Adding impurities with concentra-
tions typical of semiconductor devices will usually make n; negligible in com-
parison to the majority cartier concentration, especially In GaAs and Sl

Thus, if St is made P-type bY adding N ,=10%° om-? boron (acceptor}
atoms, the available nurnber of majority holes around room temperature will
be essentially equal to N, since the intrinsic hole concentration is six orders
of magnitude lower and negligible. The electron (minority) concentration in

this material will be given by eq. (2.15)-

2 2
S MM 10%10% cm”
r Na

We see that the minority concentration is drastically reduced from the intrinsic
state by the addition of impurities. This can be intuitively understood consider-
ing that the probability that an electron will meet and combine with a hole

is very much increased by the addition of acceptor impurity, since the number
of holes has increased tremendously and the few

intrinsic electrons find
themselves in a sea of holes with which to recombine. This makes 0o measur-
able change in the number of holes but has a very noticeable effect cn the
minority concentration, which is the concentration of electrons in this case.

24 _C__qmpensation and Deep Impurities

A semiconductor doped by equal concentrations of donor and acceptor
impurities is said to be fully compensated. 'The free electrons donated by the
donors are ‘grabbed’ by the acceptors since a free electron comes down in
energy when it occupies an acceptor state, as can be seen in Fig. 2.5, and each
system tends in equilibrium towards its lowest possible energy.

In a fully compensated semiconductor, therefore, all the donated electrons

have been caught by acceptor states and none js available for conduction. All

the valence electrons stay in the valence levels since 1o accepior state 1s left
unoccupied, so there are no holes either, The number of available charge
carriers will be very low, like in an intrinsic, undoped, semiconductor. Contrary
to intrinsic material, however, a compensated semiconductor has a lot of

d negatively charged jons (the donors and acceptors) embedded in

positively an
it and though macroscopically it is electrically neutral, these charges would

affect its conductivity as we shall see in Chapter 3.
If an atom from Group 11, like Zn, s used to dope a Group TV semiconduc-

tor like Si, two bonds in the Jattice will be rnissing in the vicinity of the Zn atom.
This atom can therefore accept either a single electron from the valence band
and become singly jonized, or accept tWo and become doubly jonized. The
energy levels that these valence electrons must attain to be ‘accepted’, bowever,

are much hig !
are e t;;:hﬁi;ir than for a Group Il accepror like boron (E, in Fig. 2.5) and
o a = L.
S ecient to em=f:1re tloo. Such levels are called deep Thermal energy is arec
xcite valence electroas into th ) ¢y 1S not-
em but they
electrons fr : y can catch (tra
recombinatizz]otfhe c;londucnon level. As we shall learn, this erih(anci)s ftrge
such trapped electrons with h ! ©
: - oles that may '
energy is no ; vy come by. Th
thergf):) e ﬁntdssufilment to _hberate an electron trapped in a deep ir*.rll;m‘itvegnal
free for Conducsioat deep impurities drastically reduce the number of ele-c.trone
Deep levels may I;and an N‘?}’PE mfiterial so doped behaves like an insulatc?rs
o heavy m g le created in semiconductors by crystalline defects and b '
quar;tities i}s’: uszda' a?‘m& Especially useful are gold (Au), which in minutz
in Si to enhance recombinati N o
ced o : ation and increase th i
oo | of switching devices (Chapier L1, and chromiue (o, wed 16 dope
gprg ctical msgliretate deep dOﬂ(.)f levels that cause compensation ’a.nd turm it 'OE:e
up to 10°Qem aién‘- catled s, emll-msulat.fng GaAs. Such GaAshas r<=:sisti\n'tieiloc*zc
microwave. deviceslsolfgi ?j: a single crystal substrate on which digital circuits or
aAs are made. As we sh .
greatly from the i . . shall see, such circuits 1
semi-izsulatinge ér;iilsatlng lp;ropl;erty of the substrate. Another method b; ::I}}]?f};
may be obtained is by g g
very hich specifi i edis by growing it undoped which sives i
sel?cte ;re ?g;lﬁ; r!:SIStWItY_tO begin with. This can be leljrther incrlea"syzsdlt'a
protons (hgdros Y Ombz-irdmg them with high energy protons in vacuum Tlin
lovels andea 1;gefirtlhnuc:ha:) wreck the crystalline structure, create man .deee
C,)ther e e% bombarded region amorphous and highly resistize i
implantation :(’to ljeo dSUCho a substrate can be doped to a lower resistivity b).r' ion
escribed in Chapter 16) so that transistors can be built

there. Undoped G
aAs subsirates
; pose fewer processi
chromium-doped ones and their use is increasinup ssing problems than
ga.

2.5 High Doping Densiti A
Semicondugtors sities and Degenerate

In ali our t :

e ext Chapterrse?}I:;Z?: up th now and in the thecries that are developed in
atoms are few and far bsf:t\One II_Tlphc;t assymption and that is that the impurity
tion is made large emu:;er; in the semlf:onductor crystal. If their concentra-
neighboring donor atorn gh for the orbits of the fifth distant electrons of
by each other and then tlsl to start to overlap, then they begin to be influenced
its conductivity with ¢ e semicondugtor properties, such as the behavior of
degenerate, i.e., one cancmplemmre, will change. Such a material is called
(and the energics associa??ﬁ onger consider the allowed orbits of the electrons
System in whfch o Paurc “Ilth- tbem.) :n.dependently. They unite into a single
e allowed stams h01d1 e:; usion principle, forbidding electrons to have Ele
o its consean ' s. We shall return in Section 7.3 to this prineipl d

quences on the allowed energy states of those extra jri;u?-jnty

-

i

i

im A bl

i




clectrons. We can, however, obtain an estimate of the impurity concentration,
N, above which energy levels of impurity atoms become affected by the
nearness of other Impurity atoms in their neighborhood, as follows:

The average distance between neighboring impurity atoms is N-UBIf N s
their concentration. [f this distance becomes comparable to the diameter of the
ffth electron orbit as given by q. (2.8), degeneracy sets in. This leads to a
value of approximately 10'%m-? as the limiting concentration (about three
orders of magnitude less than the semiconductor atom concentration). The
technological limit to impurity inclusion is usually higher and is called the
solid solubility limit. This is a property of the semjconductor, the Impurity
and the temperature at which the impurity is introduced. Attempts to increase
the impurity conceniration further will fail because the excess impurity will
segregate, form inclusions in the crystal and will not be electrically active,
i.e., will not contribute carriers. High doping densities also introduce mech-
anical stresses in the erystal because of accumulated differences in atomic

sizes and increase the number of crystal faults.

QUESTIONS

2.1 When electronsin a semiconductor accumulate high energies. €.8.; when
the semiconductor is heated, some of them may be energetic enoughto be
emitted out of the material. Can this also happen to holes?

2.2  What wiil happen to 2 semiconductor doped by equal amounts of
donors and acceptors?

2.3  Why are donors appropriate to Si and Ge chosen from the elements in
Group V of the periodic table 7 What role do you think a Siatom hasina
GaAs crystal if it replaces an As atom? A Ga atom? (Such dopants are

called amphoteric).

2.4 Will a good or a bad match between the sizes of an impurity and the
host semiconductor atom have any effect? Will it affect the solid solu-

bility?

5 How do you think the number of majority and minority carriers will
change in Si doped by Sb when the temperature is changed from 0°K to
near melting temperature? Do you expect exactly the same behavior if
the Sb is replaced with As? (Hint: Make use of data in Table 2.3.)

3

2.6 Can the electron’s effective mass be measured by applying magnetic of
electric fields to an electron while it moves in vacuum?

e ke ek b P e B a0 3 B8tk
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PROBLEMS

2.7 (U;ingTFig. 2.1, calculate the following properties of Si:
a he atomic diameter (unit cell size for Si is0.5
e icrystal is 0.543

(b) The number of atoms in 1 cm?®. ’ )

(¢c) The number of atoms per unit area in the crystal planes (111)
(110)., (100Q). Tll]ese are Miller indices, which are used to indicate
tsﬂpemﬁc Slanes in the crystal.) These three planes are the ones most
requently encountered in semiconductor t
e e 26 r technology and are

(d) The specific weight (atomic weigh i1

. g ght of Si is 28). Com
resuits with those found in Table 2.1. ) Pafe- o

Figure 2.6. The most commonly encountered crystal planes.

2.8 Find the electric ﬁeh_j st_rlength E necessary to accelerate an electron from
rest to thrE: thermal limiting velocity of 10% m s-1 within a distance {
to the unit cell dimension in Si. e

2.9  How many electron-volts are there (a) in | kg m, and (b} in 1 1?

2.10 ‘;égzllt( ?;e the equilibrium concentrations of heoles and electrons at
() Sidoped with N, =3x10%cm~? donors;
(b) Ge doped with the same density of acce[;tors as in (a)?
{¢) State your f:onclusions regarding (i} acceptable f;ngineerinu
?gzump]?ons in each case, and (ii) the relative importanze of thz
ther;z;gritgi:f:rated carriers compared to those contributed by




MOBILITY AND
ELECTRICAL CONDUCTIVITY

3

3.1 Scattering Mechanisms

1f a constant voltage source is connected to the two sides of a semicon-
ductar chipian electrical field E (V cm~1) is created in it. This field acts upon
the free charge carriers and causes them to drift in the direction of the force

it applies, thereby creating a current called drift current.
When a charge. carrier, say an clectron, is acted upon by a constant

electrical field in a vacuum, its ensuing acceleration, a, 18 (Newton’s law):

gk
-‘.] a:-)
€8) =
and its velccity v at time 1, if it staried from rest:
i
. ar gkt
2 v= |adt=—"",
(.2 o
b

early with time.

the other hand, t
bed by various obstac
main types of scattering me

i.e., velocity Increases lin

Inside a semiconducter, on
carrier is not smooth but is pertur
known as scariering. There are two

are more but we shall neglect the less important):

(2) Larice scatrering is caused by collisions of t

disturbances in the periodic internal potential insi

he movement of the charge
ies, causing what 15
chanism (there

he moving carrier with
de the semiconductor
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crystal. These dist e
o around thSeil;l_ff?aI1C~s are due to the vibrations of the crystal latti
eneray. The effect Ohi’;‘?pe: place in the lattice because of their therleT
 estal. can be taken imollzt;rngé Per.lodw potential itself, which exists in any
b : nsideration by assigni ve 1
he moving elec signing an effective mass m*
i e tlzzon‘ or hole, as we shall see in Chapter 6. These m;sssm .
e dhamnt mass mo oFtl_le electron outside the crystal. Therefi it
tioﬁs el ptions in the periodic potential, caused by the-‘he ?re' s
O . ) . 3 J -
o on Cann;)S, tha‘t scatters the drifting free carriers: at a c;rtar'ma nore
o . . < : in mor
T cked than usu ]mp into a region where the crystal atoms are mor ;O'”eﬂt
. al, yet a moment later it may find | i ¢ densely
region. The dense and sparse regi ltself in a sparsely packed
. p regions form pressure v isting insi
crystal. vaves existing inside the
These thermall
y-caused, lattice pres
) i sure waves have al
particulate proper © 8150 corpusen
e same stitis?icg:llels’ just as photons do. Their energy distribution 5150 folﬁr o
Those Vibration:;v obeyed by photons, as we shall learn in Chaptegogvs
_ wave-—particle entiti '
exist only insid i es are called phonons. T
o 01: ener: the lattice and have wavelength and velic;ty ke a hey can
mom;nmm h;ieizd momenFum like any other particle. The enenri Otheél—
Sspersion e,quat_ I, are n'ot independent. They are related by the 5 lan
tonms i lattice 10;, which is obtained when one considers the mo N
it u i 3 v
s e an er the elastic forces existing between each atom aniln'rlent o
;The v,.’av number of point masses tied together with sprin e
¢ or i 8
experiment perfosir;grle;atyrg that phonons exhibit depends on :he type of
o onducton I‘esu]tgf: he;r interaction with current carriers insidep the
rom the local disturb int
of phonons i1 the : foc: urbances introduced by the exi
be looksd upon aztf;e;\}'i.se periodic lattice potential. The inter;ction («:aitzf]lce
these collisions, the to llslons between the current carriers and phonons ?0
redicibated c,ha[; total energy and momentum are coaserved, but b e
e Car;ier toimg magnitude and direction of carrer velo;ity i :C?hme
e scattered. The carri  1s BIEY
accum . ' rier thus loses the kineti i
L_IIated through being accelerated by th - netic energy it has
scattering event. y the external field since the previous
Following th isi
g the collision the carrier i i
the field and, inevi carrier is again accelerated in the directi
hevita ! : in the direction o
bt that, e bly, scat_tered again, and this repeats all the time. It 'f
t ice scattering will grow m i i o
emperature. g ore severe with Increasing
(b) Impuri ] )
/ .
atoms in Vaxr"ious}’ icqr_rermg is caused by the presence of lonized impurit
exert & force on PtlSItlfons in the crystatl lattice. Due to their net charrrep tii ,
cert he free carri i : ge ey
direction (like a comet ente rrier Passmg-nearby, causing it to change its
scatterine is Jess covre if tzrm? the gravity field of a star). This t}’I;e of
= e free ier i i ; i
carrier is moving faster {i.e. at higher

femperatures)
,and s 5 time icini
st pends iess time in the vicinity of the ionized impurity
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3.2 Average Drift Velocity: Mobility

Our purpose now is to find an expression for the average velocity of a
charge carrier under the effect of a field E, when there is a scattering mechan-
ism such that 1f we start with mg carriers at time r=0, measured for each
carrier from the moment of its last collision, then a time ¢ later there are stil
n(r) that have not suffered a second scattering collision and that are still
accelerating in the direction of the field. Between 7 and r+dr an additional
dn carriers will suffer a second collision and lose their momentum in the
field direction. The number of still accelerating carriers will therefore be
reduced by da which, toa first approximation, is proportional to the number
of still uncollided carriers 7 and to the time increment d¢ but not to the
moving carriers’ energy. Let us call the proportionality consiant 1j7; then

1
(33) -—dn=% n df.

The solution of this equation, by separation of variables, is

i
Ji=Hp BXP ("';):

where 7 has the dimensions of time. Actually it is the average free time
petween collisions. To see this, let us find the probability for a collision during
the peried df, which is dnfno. From (3.3), (3.4) we get

i dn | t
(3.5) BEb L df.

The right-hand side of (3.5) gives the distribution of the time ¢ that a carrier
moves till it coilides (a Poissonian distribution). We see, for instance, that a
relatively large fraction of the starting no carriers will coilide again near t=0,
at the beginning of their movement, because at =0 the right-side of (3.3) is
maximum. But there will be some, on the other hand, whose time ¢ tc the
next collision will be very long because exp (—t/1) never quite reaches Zero in
a finite time. Therefore some electrons or holes will be accelerated to very
high velocities, while most will reach only a low velocity before colliding and
being scattered again. To find an average velocity, or an average time between
collisions, we must sum the times tc the second collision for the various
carriers, assigning a proper weight to each time ! depending on the relative
qumber of carriers colliding at that time. This weighting function is |dn/ngl
given by eq. (3.5). Let us also assume that the carrier’s velocity ¥q (magnitude
and direction) immediately after a collision is completely random (that is a good

assumption).

(3.4)
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- -
1 el F he [he JadlUS vector. l en, at tirme ¢ CCEIEEated b the “]“uellce of
3 ; a b
an CIEC[I ic ﬁf_‘]d E, t]lf‘_‘ Carrier VVI“ be at ’

E ;2
r=rg=voi +—, -
m* 2
Wher{i ro is its original position and gE/m* is its acceleration
he a i g
verage distance travelled by a carrier during ¢ is therefore:

E
<ror> = <wis 15 <>
2m* ‘

Since the starting i

unrelated.Sth;t?viz:::fz?lt}:e'locuy Yo an_d the time ¢ to the next collision are
ages, z-md.since the a=v o eir product is equal to the product of their aver-
e ebthand o erage of the random gquantity vo is zero, the first ¢

: ght-hand side of the last eguation is zero. Th : o
i.e., the carrier drift velocity vq, will be given by . e average velocity,

gE <>

(3.6) Vo= <r—['0>=
2m*

<>

< P>

The averag 2
ges of (% and ¢ can be calculated using

function | dnfng |, as already explained: their proper weighting

[z2]
ldn e—ift
<r> LJ!IF =f.f ——di=t
0 T
0
g
fes)
2 dn et
<ii> = 32_‘: 2 di =212
Mo =T
T
0 0

( . .

g E‘,aSlly SO] ed Siﬂ 1 y p -
\ £ egrals are v u g H]tegratlon b arts \;Ve See that indE«Ed 7
15 the a erage Or mean ﬁ'ee time bet\veeﬂ CO]HSiOIlS )

Substitution of those values into eq. {3.6) of vq will give

(3.7) T

We obtained a i i
velocity that is proportional to the field and is constant in a
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Sometimes, as in GaAs or [nSb, it is higher by one or more orders of magni-
tude. Typical values are given in Table 3.1,

Actually the proportionality between vy and E (the m
is gradually lost at higher and higher fields. When a charge carrier accumulates a
very high kinetic energy (asit will do in a high field), it may fall prey o additicnal
scatiering processes, previously ignored, which depend on its energy. As aresult
vy will gradually saturate to a value equal to the average thermal velocity of
about 107 cm s~! at fields of some severai tens of kilovolis per centimeter. The
concept of mobility is therefore meaningful, and it can be considered a constant
only at relatively low fields where vy is still proportional to E. As already
mentioned, the mobility is a result of both lattice and impurity scattering, and
both depend on temperature but in opposing manners. At temperature T the
carriers rush around in the semiconductor with an average thermal velocity v,
given by (2.3) and proportional to T2 The lattice vibraiions, due to tempera-

ture, increase their amplitude with 7, which makes the mean free path of a
tional to T~ Sub-

carrier between lattice scattering events I, become propor
s in (3.8) makes pp, the mobility due to lattice scattering

agnitudes of vand E)

stituting 7={,/v
alone:
{3.9) pET 3

Impurity scattering becomes severe if the thermal energy kT, of a carrier

moving a distance r from a charged impurity, becomes comparable to the
potential the charge creates there which is proportional to 7. The distance 7 for
effective impurity scattering, therefore, is proportional to T-%. Each impurity
atom thus presents a scattering area (called a scattering cross section) of wr* to
the moving carrier. The mean free path between impurity scattering events [, is
inversely proportional to that area and thereforé proportional to T?. Substitut-
ing 7=1;/vy, in (3.8) give u;, the mobility due to impurity scattering alone:

(3.10) e T3/2,

When both scattering mechanisms are present, as in any doped semi-
conductor operating at a temperature above aboluie zero, the group of
carriers dn colliding between 7 and ¢-+d¢ will be composed of two subgroups,
completely independent of each other and therefore summable, Equation {3.3)
should be written in this case in the form:

) n n 11
—dn= —(dm +dng)=—di 4+~ di= (— +—|n di,
Ty T2 T Ta

1

where 7, is the average time between collisions of the first kind (fattice}, and 7,
between collisions of the second kind (impurity). Comparing to (3.3), we see
that we can repeat the whole calculation with
1 1
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substituted for 1/7. The resulting mobility will then be

{3.11) LI
=4+
HopLo
The de i
e te;e:edrzr;ce {Jf(.u;n the temperature will therefore be determined by
i ures (when g is the smaller of th
: e two), and by ur, at hig
ggmperaturesd(when 4118 smaller). The higher the doping level ghé[IiowerCh
ecci;nt;s,tan consequently the lower u becomes. In fac;it may become 51
o
small that even at room temperature and above g, would still det i
total mobility. 1 etermine the
tionafscraifaf-simlcondu§tors these are only rough approximations since addi-
tonal sea ?nnb mechanisms gught exist. Thus in a partially ionic material like
Gaasih Z ectrclylns of Lﬁe gallium atom are drawn nearer tc the arsenic nucleus
wbich lc)réatel:rs t ; galhum_ locations in the lattice siightly positive while the
amsente & iogs ecomf: slightly negative with an electric field in between. We
call suct pr;:la egalldpo!srzzed. A free electron moving in the crystal will inte;ract
ar neld and may lose energ it (I
. gy and momentum to it (i.e., be sc
: 2., at
In prIactlce, therefore, the exponent of T usvally differs Ero(m 3/2 e
Cryst;] :Z:.x;é)e;?te_d semiconductors, there are a lot of charsed ions in the
1ce. I'nis increases impunty scatterd e
3 ning and reduces the total ili
¢ . : al mobilit
ompared to uncompensated material with the same density of free carrialrsy

Iab]e 3'1 DOI\‘ €S IlLIIIleHCal data fOI‘ A 1D variou a[IIJOSt plIl e SellllCOIldUCIOI
iy 3,
mater la]S, aIOllIld ro0m tﬁ‘.tllperat ureg

g‘al?le 3_.1. _ N_Iobilities of electrons and holes in
arnous mtrinsic semiconductors at 300°K

Material p.(cm? V-1 s-1y u,(cm? V- 51

gfe 3900 1900
! 1350 480
GaAs 8500 480
GaP 450 20
InSb 80,000 200
InAs 23,000 100

3.3 Con ductivity

I]?}V neg J(J 1 ]le rge carrie ”.jt \«CIOClt €5 1n a SCI[UCO“dUCtOI
= nd t Cha
car s d !

containing electrons and h i

g cles under the influenc

[ _ e

the ensuing drift current densities: P Rl B, we can caleutate

Je (drift) = —gn(va)e = +qnu.kE,
Jn (drift) = +gp(va)n = +gpuyF.
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and the total drift current density will be their sum, since even though
glectrons and holes have charges of opposite sign, their velecity in the field

F has opposite direction also and therefore

(3.12) J (drift) =J o+ In=g{nue + pun)E.

(We have been repeating the word ‘drift’ because, as will be seen in the next
chapter, the current may have an additional component caused by diffusion

of the carriers.)
The specific conductance o of the semiconductor is defined as the ratio of

the magnitudes of J and E.

J
{3.13) ¢t E:q(n,ue%—p,un) [Qcmi~t

In the case of intenticnally doped extrinsic material, one of the terms in
the brackets of (3.13) is usually negligible compared to the other. In the case
of an intrinsic material, where the number of electrons equals the number of
holes,

(3.14) i=gni{ite + fn).

The specific conductivity varies with temperature for two main reasons,
Cne is the dependence of the free charge carriers concentration on tempera-
ture which will be felt either at very low temperatures (when not all the
impurity atoms are ionized) or at very high temperatures (when the rate of
-generation of thermally-created free carriers becomes very high). The second
reason is the dependence of mobility on temperature already mentioned, which

has less effect and determines the conductivity in_the intermediate range.
Figure 3.1 gives the general shape of this dependence on temperature for an

g {Qcm)!

1

|
Carriers ! Carriers
generated ! X freeze out
thermally L .

:

1

1
I oK—l
T( }

Figure 3.1. The general dependence of specific conductivity on
temperature for a semiconductor with an average (1015-1016 ¢m—3)

doping.
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extrinsic s.emif:onductor with medium doping. It should be mentioned that
if the doping is high and the material degem;rate, the conductivity becoin:
more or less constant with temperature in the low and intermediate range y
At ]o‘w temperatures this results from the ability of the exira electron or }: IS.
assocaat.ed with the dopant atom to hop from one impurity atom to it ey
near nezghbor_ without the necessity for thermal energy to }onize it B
The mobility obtained from conductivity meas;rements is cé.lled
d{,mfw'r‘-..- mobf’/."ry and refers 1o majority carrier movement, i.e e}ectrongoiq_
N-type material and holes in P-type. The mobility of the m,in-o;itv species s
usua.ll.y termed drift mobility, and is approximately equal to the ccdmdp t'e y
mobility for the same doping. As we shall see in Chapter 5, mobilit cLlc Wllty
be measured by a special effect, called the Hall effect a:nd one{r t:fm 5]’;50
slightly different vaiues. Mobility so measured is terme;i Hall mob?ﬁr; e

QUESTIONS

3.1 A potential difference i_s applied between two parallel metal plates held in
vacuum. Afjl EICCU‘(.)H IS put into the electric field region and starts to
move. Can its mobility be calculated ? )

3.2 The i i
- I;ondmg bet\x-fejen atoms in a GaAs crystal is partially ionic. Does this
mtroduce an additional scattering factor? If so why?

3.3 In;agme a semiconducFor in which the electron’s effective mass is
;e uced }vhen the applied external field is increased (and this really
appens in GaAs or InP). How wiil this affect the resistivity of such a

3.4 i i
icsotmpensateaj semiconductor is one doped with both donors and
aecs ptor a&torgs in the same concentration. In such a material 7= j= g,
a5 In an intrinsic matea_'lal. Does its resistivity also equal ihat of a;
intrinsic undoped material ? If not, why not?

PROBLEMS

3.5 i 3 | i
[Eii:,]{iT?}?]e 3.1, calculate the resistance at room temperature (300°K)
n the contacts of the sili i in Fig. 3
ing o con chip shown in Fig. 3.2, for the follow-
(@) the silicon s latriasic;
(b) .It is doped with donors, with Np= 1016 cy-3-
(c) itis doped with acceptors, with ¥y = [(016 o3,
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6.4 Conductors, Semiconductors and Insufators

In a real three-dimensional crystal, the E-k relation is much more
complicated and depends on the orientation of the momentum vector k with
respect to the lattice axes, since interatomic distances and the internal potential
field shape depend on direction inside the lattice. The basic effect of energy
hands formation, however, still remains.

The electrons in a real crystal occupy all the allowed states, starting from
the lowest energy, till all the electrons are accommodated. Abeve the highest
occupied level there are more allowed states which are usually empty.

13 £
N
Ej EEeY 1Eg>3 eV
..
(a) b
E
£
A
{c) k
£

(e)

Figure 6.7. The energy bands and their occupation in different

materials (hatched regions: levels filled with electrons):

(a) a semiconductor. Eq-—the top of the valence band, Eq.—the
bottom of the conduction band, Ez=Ee—Ev is the forbidden
band gap;

(b) an insulator, Eg is large;

(¢) a metal conducter; the top band is only partially filled;

(d) and (e} conductors with band overlap.

"
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An intrinsic semiconducter crystal, i.e. a crystal containing noe impurities,
has the very special property that the upper occupied band, called the vafence
pand, is completely full. Above this band comes a relatively narrow (about
| eV) forbidden energy band called the band gap, and above this comes
another allowed but normally empty band called the conduction band. This
pand picture is shown in Fig. 6.7(a). The band-gap width is usually denotad
by Eu

Applying an electric field to such a semiconducter, when held at low
temperature, does not result in any current, since the field must accelerate the
electrons, i.e., increase their kinetic energy, which means that they have to
transfer to slightly higher, empty energy levels. No such levels are available.
Eq is much too wide a gap for an electron to jump across by virtue of field
acceleration. Therefore, no current flows. If the temperature is raised a few
of the valence electrons (electrons populating the valence band) will gain
sufiicient thermal energy to overcome Eg and appear in the conduction band.
The electron in the conduction band and the hole left in the valence band can
now be accelerated and so carry current. The conductivity, however, is small,
and hence the name ‘semiconductor’. In an insulating material, such as
diamond or silicon dioxide, the band gap is several times wider and even near
melting temperatures the thermal energy is not sufficient to transfer an appre-
ciable number of electrons to the conduction band. Its resistivity, therefore,
is extremely high. The energy bands in 2n insulator are as shown in Fig. 6.7(b).

In a metallic conductor, on the other hand, the top occupied band is only
partially fiiled, as in Fig. 6.7(c). Electrons can increase their energy continu-
ously even at low temperatures, and this results in very high conductivity.

Other possible conduction mechanisms are shown in Fig. 6.7(d) and (e).
Here the two top bands overlap to some extent, resulting in somewhat different
conduction properties. Band overlap cecurs in divalent metals, transition metals
and semimetals.

6.5 The Effective Mass and the Concept of a Hole

Let us now examine the relation between the electric field strength Fand
the resulting acceleration of an electron occupying an energy level £ near the
bottom of an almost empty conduction band. From (6.10) the velocity of the
electron is

16F

Vo= "y

= hok
Le., it is determined by the shape of the £k curve. The power supplied by the
feld, which is the electric field force gF times the velocity vg, must equal the

s e
i

- g S
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increase in the energy of the electron per unit time:

dE_ . _qFéE
4 TN Rk

But
dE_iEdk.
dr 7 #kedt
therefore
d{ ik
(6.26) ( df) =gF

We find that the time derivative of Ak gives the applied external force, as
if hk were a momentum. This is an interesting resuit, since ¢F is not the whole
force, only its external part, while the effects of the internal potential fields are
already included in the E-k curve. The quantity Ak is therefore called crystal
momentum, since it plays the same role as momentum does in its relation to
external forces. It is not, however, the total mementum, and the effects of
internal forces are included in the dispersion curve and through it in the
8E/&k term. Henceforth, whenever the momentum of an electron or hole is
menticned, this will mean the crystal momentumn.

The acceleration caused by the field is

dvy dvgdk gFévy gF GLE
Y@ Tekdr T R ok REek
Comparing this to Newton's law relating acceleration and force, we can
define an effective mass my for the electron

a2E\ -1
6.2 g2 (—] -
\6-27) mg =T (a,'ci)

The effective mass is therefore determined by the radius of curvature of the
E—k curve at the given energy level and already includes all the internal
potential field effects. In general, m} varies with k. In fact, (6.27) predicts that
whenever the £~k curve is concave, as at the bottom of the top band of Fig. 6.3
(which is the conduction band), ¥ is positive, but when it 1s convex, as near
the top of the lower band in that figure {the valence band) mig is negative.
This means that a particle in that state will be accelerated by the field Fin the
reverse direction expected for a negatively charged electren, ie., it will
behave as if it had & positive charge and mass. This is the concept of the hole.

To clarify this concept let us consider the current carried by an almost full
valence band.

As can be seen from (6.24), cos k/ is an even function, which makes £
an even function of & and therefcre symmetric in respect to k=0. The deriva-
tive ¢ Ejek will therefore be an odd, antisymmetric function and from (6.10)
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£

*
me>0

/ﬁo
1
I

%

Figure 6.8. The effective mass in the conduction and the valence
bands.

this means that

| ¢F
(6.28) Vg(—/f0)=—vg(fk0)=—}?n

k=l

The total current density carried by » electrons in the valence band is

"

'zl ( _Q)Vgi

i=

(6.29) J=

<=

where V' is the volume and vy is the velocity of the ith electron. If the band is
completely full, i.e., if n=24, then for each electron in state +4kp there
corresponds another in — ko, whose momentum and veiocity (by 6.28)) have
the opposite direction. The contributions of these two electrons to the current
cancel each other. We have arrived at what we already knew: in a full band
the total current must be zero.

{6.30) J=—

If the band is not completely full but contains only n=2/N —p electrons, there
are p states near the top of the band that are empty. For a positive field
direction all the empty states have positive & values (the field pushes the
electrons in the negative k-direction and so they fill all the available states
with negative k by acquiring momentum in that direction).

The total current density can then be written

» qZN—P g 2 2N
3D J-_-__zv___{sv S ]
i band . — Vg
. Vo © Vi ® jzzN—ﬁ'J
2N W

=—g[0— v :-‘——q EVI

v J=IN=p 14 §

J=2N-p
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Since all the p empty states have positive velocities associated with them, 7
is a positive quantitv. as if it were carried by p positive charse carriers of
charge g, i.e. by p holes.
Had there been an electron in one of those empty states, it would have

been accelerated by the field with

qF

=

13 (4;5)
But, we have seen that mY(k))< 0 for ; near the convex top of the valence
band in Fig. 6.8, So, if we assign our hole a positive charge +g and a positive
effective mass given by

(6.32) mi(ks) = — mE(ky),

it would have exactly the proper acceleration.

The concept of a hole is very convenient to describe the electrical be- 2

havior of an almost full band. Since the valence band in a semiconductor ig
just that, we always prefer to consider the behavior of those few empty states,
the holes, rather than add the contributions of ali the electrons in that almost
full band.

As already mentioned, the effective masses, as defined by (6.27), are not
necessarily constant. They are constant only if the relationship between £ and
k is parabolic, i.e. £=cik? Since our interest is in semiconductors, with either
an almost empty conduction band (N-type) or an almost full valence band
(P-type), only the shapes of the bottom of the conduction band or the top of
the valence band need be considered and these can be approximated by
parabolas such as

AEl?
{6.3_‘)3.) EEEC-Fm,

hﬂkg
{6.33b} E:Ev-z—nﬁ-

which, by applying (6.27), give the proper constant effective masses, These
approximations are shown in Fig. 6.13(a).

6.6 Band Shapes of Real Semiconductors

Real semiconductors are usually doped to N- or P-types. The addition of
donors actuaily adds allowed energy states in a level £4 in the forbidden
gap, slightly below the bottom of the conduction band, £,, as shown in
Fig. 6.9(a). The abscissa in that figure has no physical meaning and is used
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for convenience only, while the ordinate is the electron energy. This is a

) common. simplified way of showing the imporwant levels without sketching

the whole ETA) curve. At very low temperatures the extra dgnor elect.rons are
«iill attached to their atoms and occupy the £y levels. Since the impurity
atoms are relatively far apart, they do not affect each other and t.he Ey states
are localized and therefore marked on the figure by a broken line. Aroul?d
100°K the thermal energy already enables the extra impurity electron to shift

E —_— . Ec
Egqd \
E I paurity E
¢ states ¢
EXN
E, E:l.____ .
{a) (b)

Figure 6.9. A simplified energy band picture with allowed states
created by Impurity atoms: {a) in N-type semniconductor; (b) in
P-type semiconductor.

into one of the many empty states of the nearby conduction band, where it
has an effective mass m} and mobility g, and can carry current. Additicn of
acceptor impurities means the addition of allowed but empty (at very low
temperatures) states slightly above the valence band at £, in Fig. 6.9(b).
Again at increased temperatures around [00°K valence electrons, from the
originally full valence band, will transfer into those states, leaving holes
behind.

In real semiconductors the E-k reiation is much more complicated than
our simplified model. Figure 6.10 shows the valence and conduction bands
of three important semiconductors. The curves are not symmetrical since
different k-directions are used for each side, so as to show more than one
crystal orientation and also the various minima in the conduction bands.

It is only in GaAs that the lowest conduction band minimum occurs at
#£=0, but in this-material too there is another local minimum, 0.36 eV higher
and situated near the edge of the Brillouin zone, in the < 100> direction. In
both Si and Ge the lowest conduction-band minimum occurs near the zone
-dges. The valence band maximum is always at ,=0. The band gap £y is the
energy difference between the minimum of £, and the maximum of £, and
only in GaAs they occur at the same k-value. GaAs is therefore called a
direct band gap semiconductor, as are zlso InSh, InP, CdS and others. Here an
electron transferring from the top of the valence band to the bottom of the
conduction band or vice versa changes only its energy and not its momentum
Ak, Tn Si, Ge and also GaP, AlSb and others both energy and momentum
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(5 14—k — 00][3 lE[‘I ‘H]—k--‘-['lOO]IE Z—‘[’] 11]—k'—i100}(£
Ge Si GaAs
{a) {b) (c)

Tigure 6.10. The energy bands in momentum space for the
important semicenductors, at 300°K: (a) Ge; (b) Si; (c) GaAs.

must be simultaneously changed so they are called indirect band gap semi-

conductors. The type of band gap is very' important from the utilization point™™
of view, since both energy and momentum conservation laws must hold
during carrier generation or recombination. .

When, for example, the generation is by a photon of energy Epn=1hf, we
must have Epn> Ej (the extra energy appears as the kinetic energies of the
generated hole and electron) but the momentum must aiso be conserved.
Now, the momentum of the photon is only

po=me= === = = hkon
Therefore
£pn
(6.34) /\ph_F"Cm,

where c¢ is the velocity of light.

In an indirect semiconductor such as Ge, the change in /& involved in a
transfer across E, is approximately from k=0 to k=s/l. For /= 0.2 nm this
means Ak=1.5x10'" m~. When compared with (6.34) for E,=1 eV we
get a value about three orders of magnitude too low. The photon cannot
account for the necessary momentum change in either generation or recom-
bination. This means that other quantum particles, such as phonons, must par-
ticipate and either remove or contribute the necessary excess momentum. This
makes radiative recombination (i.e. direct electron-hole recombination with

5 At

=

Sec. 5.6 BAND SHAPES OF REAL SEMICONDUCTORS 77
hoton emission) an unlikely process in indirect semiconductors. It is, how- -
ever, & VEIY likely process in direct band gap semiconductors such as GaAs,
and it is therefore from such materials that lasing and other light emitting
devices are being made, as we shall see in Chapter |0. .
The phonons, i.¢., the vibrational modes of the lattice mentioned in Section
3.1. propagate in the crystai with the acoustic velocity v, which is about
10%cm s~%. The energy of the phonon is of the order of 47, i.e. about 0.026 &V at
room temperature. Using (6.34) to compare the momenta of the photon and the
phonon, we find for Ge (E;=0.67 V).
kphon _ Ephcn/ﬁ'vac — kT/vac
Ephor/ﬁc EE/C

kphol
A phonon has therefore a relatively high momentum but relatively low

=12,000.

- energy. In an indirect semiconductor the most likely recombination process

involves transfer of excess energy and momentum to several phonons, ie.,
heating the lattice. The carrier is usually first trapped in a trapping center,
such as a crystal defect, i.e., it becomes localized, gradually losing its energy
and momentum to phonons until it finally recombines with an opposite carrier
that passes by. Excess carrier lifetime in such materials is therefore long, and
they are used for transistér production where this property is important.
Sometimes recombination involves both phonon and photon, as in GaP,
which is indirect. There the emitted phonon takes most of the momenturm and
the emitted photon takes most of the energy and is in the visible red-light
range. GaP is therefore extensively used for devices emitting visible light.
Careful examination of Fig. 6.10 reveals another interesting point: the
valence band consists actually of two overlapping bands with & common
maximum at k=0 but with different curvatures {and therefore different
effective masses). Consequently, there are two types of holes, called light and
heavy. In Si the mass of a light hole is 0.16mg and that of a heavy hole is
0.5mg. There are many more available states in the heavy band, so most

‘holes are heavy.

From Fig. 6.10(b) we learn that conduction electrons in Si are actually
distributed among six equivalent minimums (valleys) of the conductien band
(since there are six <100> directions in the crystal). Collisions will scatter the
electrons from one valley to another. Due to the large number of available states
an external field will not be able to increase the electrons energy by much, they
will just scatter into approximately equal vacant energy states; losing their
€xcess momentum and energy to phonuns.

This is not the case in the N type GaAs of Fig. 6.10(c) and an even more
interesting effect can be foreseen. There are two local minima in the conduction
band. The lowest is at k=0 and has low effective mass. The other, 0.36 eV
higher, is again a six-fold minimum and has a high effective mass and low
mobility (eq. (3.8)). In equilibrium, at room temperature, practically all the
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MEASURING THE ELECTRICAL
PARAMETERS OF A
SEMICONDUCTOR _

The basic electrical semiconductor parameters of main interest are as

follows:

(a) the conductivity o (or resistivity p =1/0)

(b) the majority carrier concentration

{c) the type (N or P) ) i
(d) the mobility

{e) the diffusion constant

(fy the lifetime.

In this chapter several laboratory techniques for measuring those parameters

will be described.

5.1 The Resistivity

This measurement is ihe simplest 10 understand, though not necessarily
to perform. It can be done by making four metal contacts to the semiconductor,
as shown in principle in Fig. 5.1(2).

The two outside contacts are used to pass a known current J (supplied
by a current source) while the two inner ones are used to measure the ensuing
voltage ¥, using a voltmeter with a high input impedance compared to the
measured value. In this way the metal-semiconductor contact resistance,
which may be high, nonlinear and dependent on current direction, does not
affect the results: The contact resistances at points 4, B of Fig. 5.1(a} are

f
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1mmateragl, since they do not control the constant current forced th

them, whlle_ the voltage developed across them is not measured e

contact resistance at C and D is alse unimportant because than;f_\zzy: The .

impedance voltmeter draws negligible current. From the foure ¢ e mput
= 3

L
V=p —1I:
Pyl
therefore
(5.1) LCR4
L I

gi};zc\;cﬂtagfa_-_mgz_lﬁuring contacts should be as narrow as possible in the current
1on since they short out the semicond i
! uctor region aver which i
The current contacts on th ] Y e uon:
e two sides i i i
aveont demsion should be uniform to insure uniform
A . . .
Comm;;;rﬁyp:;itlgalb 1smlpleg way of getting the same results is by using a
amable probe, which has a head wi i .
: : ' , ith four springy metal
Eﬁﬁgf:,t;;ranggd_mla line, usually less than | mm apart, as in Fi;yS 1{h)
probe 1s lowered onto the semic : o outside
: onductor surface, the t H
‘hen : , the two outside
Esed : c‘.):lrret }lllsed for passing the constant current while the two inner ones are
e f.;oitage measurement. The current density in this case is not
o Semitcl ldthi pr0pfffr current-flow field problem is soived, one finds that
onductor wafer with thickness 4 h bi i
etvoen poats ad much bigger than the distance s
) ra measurement performed far en
the waler, the resistivity is given by ueh rom the ede of
p=2ns 7 {Qcm), {s «d)
If the thickness o
of the wafer or of the 1 i
much s then 5. than. measured semiconductor layer is

d=4.33 - 4 (Qcm), (s » d).

In b?;;:een these t.wo extremes a correction factor is needed,
i are (;Z gliei:é)civl}smes%ecmlly useful for very thin semiconductor layers, such
Gt ool Surn ogz_mt atorqs oflcne type of impurity are allowed to
With the smoese troun fmg aml_):ent mto'a semiconductor already doped
technologn e ;Eae S impurity (a .basxlc process in modern transistor
layer On._t_he Semicondou‘t an hour of diffusion at high temperature, a thin
e ipny (b uador surface chal.ag.es type because the density of the
B T Eere xceeds that of the original. The diffused impurity density
» 18 not uniform in depth. Instead of average resistivity we then prefe;
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a4 SE Such diffused layers are used to form resistors mintegrated circuits. If a resistor

of R ({1) is required, one gives the diffused layer the surface geometry of a
rectangle, of length 7. and width W, so chosen that
' L

R=Rs

().

A second method, known as Van der Pauw’s method, enables one to
measure p of a semiconductor wafer of thickness «, and an arbitrary shape,
likein Fig. 5.1(c). Four small contacts, A, B, C, Darranged along the periphery,
are used to pass current and measure voltage as before, i

Ifby Riz,op one denotes the ratio of the voltage Vop measured between

mh P ———— an,

g contacts Cand D, to the current Jyp flowing between A and B, then Van der w!

rD }C ; ;' , Pauw has shown that :.:i‘,

d = P

f—— | — - nd d Jj ‘

/ (53) €Xp (—;‘ R_-\B,CD ) +6Xp (— ;‘ RBC,DA) =]. 'Il|:
e

o

‘ - If the contacted wafer is completely symmetrical, like a circle or the square in ‘iJig.

L7 Fig. 5.1(d), this equation yields p explicitly-: it

\(;)j b} 5.4) _ 7d Vep .
: (5. P 2T

5.2 Majority Carrier Concentration, Type and
Mobility by the Hall Effect

The Hall effect, discovered in 1874 by E. H. Hall, is an often used TR
- experimental tool to measure the mobile carrier density, together with the ;
sign of their charge. If the conductivity is known, one can also calcujate the
mobility.

The Hall effect results from the force F, with which a magnetic field
B (W m=2) acts on a current density J, according to the vector product:

(d) : (-9 F=JxB i

cl : o o . oy
! - If J and B are perpendicular, as in Fig. 5.2, then ¥, J, B form a right-handed o
iwity: (a) the four-contact Cartesian coordinate system and the direction of the force is as marked in the 1‘-[[?
= ing resistivity: (a - fioure i
Figure 5.1. Methods for measuring der Pauw method; . gure. ‘
m;thod; (b) the four-points probe aif)PT; sta;et;od. This force acts on the charge carriers, which happen to be electrons here, 1
(d) a symmetrical sampie for Van , moving at a drift velocity v, opposite to the conventional current direction. i
I

Equation (3.5) shows, however, that the force depends on the current J and _
flot on the type of carriers, so it will remain in the same direction, pushing the e
3 . R . . &
; tarriers towards the back, even if the N-type semiconductor is replaced by a ik

‘ I

R=f=4.537 (@I : I

fvi in ¢ er square’,
to speak of the layer sheet resistivity Rs, measured mh ??amzrp q :
defined as the resistance of an arbitrary size square of that layer: ;

(5.2)




45 SEMICONDUCTORS AND ELECTRO

Chap. 5

WIC DEVICES

n N-iype semniconducter with current

Figure 5.2. The Tall effect. A
field B. A force F acts onan electron

density Jina normal magnetic
g carrying the current.

tion as the current. When
e front becomes depleted

local neutrality. There is now an excess of the

mobile type of charge st the back and an eXcess of the opposite ionized
impurity charge at the front. In the case of Fig- 5.2, the electrons, pushed to
the back, will make the back contact negative with respect to the front con-
tact, which will be made positive. This gives rise to & measurable voltage Vm,
called the Hall voltage. For @ P-type semiconductor the polarity of Vi is in
the reverse directiosn. This method also provides an experimental demonstra-
tion of the existence of holes.

The value of the Hall voltage will be determined by the balance that
must be reached between the forces that the transverse electric field E=,
related to Vi, and the magnetic field B exert on the carriers. They exactly

oppose each other and their vector sum must be zera.
h the vector product sign and

For J normal to B one can dispense wit
consider magnitudes only:

F (magnetic) + F (electric) =0,

moving in the same direc

P-type, with hole carriers
hed towards the back, th

the mobile carriers are pus
and the sernicenductor foses its

or

JB+ngEa=0
1
(5.6) Eu= —;é JB.
The Hall coefficient, R, is defined as
Exn
aH
(5.7 Rut 75

o

TR TN P

—

oot el

remt VAT R
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Therefore for electrons

1

(5-8) Rp=——
ng’

h » A T : pp P
\;b‘ llE:]OI hOIES Wlle[etlie e]ecl Cal QI CF(EIE tIiC) ‘IS‘IlthE() ()Slte dlIECthIl

(3.9 R i
A pg
ctuaily, the drift veloci
. : elocity of the : .
force, is not . e carriers, responsible for th i
e Sometjma Constar}u but a statistical average as seen in Chapter 3 CATHSHBUC
quently aco:rse rit_)n]mear effects dependent on the valL;e of ‘BI Sgthere
) ction factor 7z (usually between | and 1.3 sometimes-as Dnsi;
) sma

as 0.5), called the Hall coeffici
e e fficient factor should be added to the magnetic force

(5.10) Rg=——%
H=—— T
ng or RH= -
For %?r purposes rg can be assumed to be about 1
Measuremen i -
on divestin 1 Ca;%feRH, the Hall coefficient, gives us the carrier concentra-
fon drerey. Jteant thme_asured at any desired temperature and, if that is fow
g e impurities not to be ioni i ’
sough o s : npu o be lonized, it tells us th i
purities(age ilg:}pa;son thh its value at higher temperatures wheenfzft'lpn
purties are 10 i;zﬂle 3"?150, in defectiye crystals full of dislocations, a siz::‘gll-
paction of the disp1 rities may not be icnized because they are locate’d atg a'e
poundane fmctionoca?f)ns and not at proper lattice sites. Thea R cil;:':1]c§1
enough to only. H?lll measurements can be made highly " aitive,
; sense concentrations as low as 10 (cm—) Shly sesitive,
or semicon i .
bos e Sameocs;isézi m'ater;a‘ls that contain both electrons and holes at
oo by o s o Hractixons, l.e. approximately intrinsic, the Hall voltage
cansed o celles by the other; the net result 15 a functi T
F IO;IS and mobilities and may even be zero fon of borh
rom the definiti 1vi :
efinition of the conductivity of an extrinsic semiconductor

{5.11) -2
el _e
] T or )'le—qﬁ .
omparing with (5.8) and (5.9
. S w iliti
iparing with (5 Condugtiw)t}\::e see that mobilities can be found from the

5.12
(512 Hen=0 J Rn l e.n.

Mebilit ire thi i
o yn_n:;a;u;jdfm this way is called Hafl mobility, while that found direct!
Seminaor? CaHr(cj}m the Hg}fnes—Shockley experiment, to be described i?,]
; ed conductivity mobility. The ratio of the two is the H El
a
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coefficient factor rz of eq. (5.10) which, as mentioned, may be slightly

different from 1.
To make a Hall measurement, the sample is prepared in a bridge form

as in Fig. 5.3(a). The d.c. current is fed via contacts 4 and B and the Hali
voltage is measured between C and D, or £ and F (or both with an average
taken). The same sample may be used for conductivity measurement t00.

5|
N

I |

d
Y

A

Z%

lal

Semiconductor samples for Hall and conductivity

Figure 5.3.
ridge form; (b) using an arbitrary form

measurements: (a) using a b
by Van der Pauw’s method.

may also be used. Van der Pauw has shown
magnetic field would result in a change in
d to its zero magnetic field vaiue and

Asample of an arbftrﬁry form
that application of a perpendicular
Ras.cp, defined as in (5.3), compare

od
(5.13) }uH=_BS' ARAB,CD-

Note (Fig. 5.3(b)) that here current is applied and voltage measured at

diagonally opposite pairs of contacts.

The Hall effect has many uses today,
conductor parameters. The vector product property, for example, may be
utilized for angular position sensing; the ability to sense static magnetic fields
by a tiny device is exploited in mapping magnetic fields in cramped spaces.

Hall devices for such uses are usually made from N-type InSb which, as
Table 3.1 tells us, has a very high electronic mobility, and therefore high Ru

and high sensitivity.

besides measurement of semi-

5.3 Carrier Type by the Hot Probe Method

This is a simple, frequently used method, unencumbered by the necessity

for the preparation of a special sample.

Sac. 5.4
TH,
& HAYNES-SHOCKLEY EXPERIMENT 49

One simply touches the i
Onzoithe probes is heated while the other is at :Sgne‘:ted o an P]g"'fli'éi}()a)t.
S:g kin;?;bet::::mmonducmr immediately under it vr\lfl'tilzfmpemml:ént r?se "Jn
erey of the free carriers there. Theg S iehe

;}Lir(;r;iLzeéoiltles_ than their cooler neighbors. Thee cteilr‘:-r'1 mi;ftire‘;cl)t:fla élilgll:;
. .

out of b Vi;nli'f;lc’)l?hfzster tlharT their slower neighors cai-legsijf:lse back into it

of majority carriei‘s and ;C:Su ts in the hot region becoming slightly depieted

while the :»ficinity of the <:C“11clirlrlg e DOtEI'}U'aI of the ionizezi imvpurifies s

wl the viemity of th oh p_robe_ IemMains neutral. Current will therefore

flow I 1% tbue vanom ter, t e direction of which depends on the sign of the

Prob;: is the more _lfﬂPU“tY- TJ?US, oo an Ntype semiconducto; e e
© positive one, while on a P-t it i f

cpid probe polarity therefore indicates the ty;?e 't is the more negative. The

Light pulse
o —— -l
o] E
a4 F=gE+ & ,
+
To an

Type N :
YP Semiconductor oscilloscope

i

A3

(a}
(b)

Figure 5.4.
experiment,

.,“_

{(a) The hot probe method; (b) the Haynes—Shockley

5.4 The Haynes-Shockley Experiment - Mobility.

Diffusion Constan 3 7
prrtusio t and Lifetime of Minority

. The mobility of the minority carriers, the di i
: ! » the diffu ife-
I_llr:;n\:;e;en;ngisotér;i to:;_g_fl:'lther in ;‘1 class%cal experimz;i?;:rr;‘zt;-ilzc??s ;};29]]%3/
Fig. 5.4(b): A semigc;nduectexp?mem 18 very illuminating. The set-up is as in
Shockley used N-type G or bar of a constant cross section (Flaynes and
Contacs 430 5 s o, L. hey hove 1o oo S o L
- . 1c, Le. e jow i I
- ci;pteziizz boé‘dcu;fnt polarity and magnitude and fhoené:itiIfgiilztrinrf:aii?lterlli
- 11ose contacts are used for passing current and creating a
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An important situation is the following: let a static magnetic field B lLe
along the z axis. Then the equations of motion are

d i) __( qLE.).
(CGS) m(dt + —)u== e E V)
)= el(5, - 7o) ‘
—_—t ] = — o e B l
m(dt —) o el E, —os) (51)
d l) _
m(dt+1- v, = —ek_ .

The results in SI are obtained by replacing ¢ by 1.
In the steady state in a static electric field the time derivatives are zero, so
that the drift velocity is

er eT er
v, = . E, — weroy v, = - E, + wro, by = - E., (52

where w, == ¢B/mc is the cyclotron frequency, as discussed in Chapter 8 for
cyclotron resonance in semiconductors.

Hall Effect . A -

The Hall field is the electric field developed across two faces of a conduc-
tor, in the direction j x B, when a current j flows across a magnetic field B.
Consider a rod-shaped specimen in a longitudinal electric field E, and a trans-
verse magnetic field, as in Fig. 14. If current cannot flow out of the rod in the y
direction we must have 8v, = 0. From (52) this is possible only if there is a
transverse electric field

(CGS) E,=—wgE, = — E. (53)
me

(D)

5y 59

Ry =
"B

is called the Hall coefficient. To evaluate it on our simple model we use
Jx = ne*rE_{m and obtain

¢B7E. /me 1
_ : - ) 55
(CGS) By ne>rE_Bim nec (55)

(8D

P p———

6 Free Electron Fermi Gas

T &

Section
perpendicular
to Z axis;
drift velocity
just starting up.

Secton
perpendicular

to Z axis;
drift velocity

in steady state.

(e}

Figure 14 The standard geometry for the Hall effect: a rod-shaped specimen of rectangular cross-
section is placed in 2 magnetic Seld B., as in (a). An electde field E, applied across the end
electrodes causes an electric current density f, to flow down the rod. The drift velocity of the
regatively-charged electrons immediately after the electric field is applied as shown in {(b}. The
deflection in the y direction is caused by the magnetic Seld. Electrons accumulate on one face of
the rod and a positive ion excess is established on the opposite face until, as in {c}, the transverse
electric field {Hall field) just cancels the Lorentz force due to the magnetic field,

This is negative for free electrons, for e is positive by definition.

The lower the carrier concentration, the greater the magnitude of the Hall
coeflicient. Measuring Ry is an important way of measuring the carrier concen-
tration.

The symbol Ry denotes the Hall coefficient (54), but it is sometimes used
with a different meaning, that of Hall resistance in two-dimensional problems.
When we treat such problems in Chapter 19, we shall instead let

Py = BRH = Eyljx (553.)

denote the Hall resistance, where j, is the surface current density.

The simple result (55) follows from the assumption that all relaxation times
ave equal, independent of the velocity of the electron. A numerical factor of
order unity enters if the relaxation time is a function of the velocity. The expres-
sion becomes somewhat more complicated if both electrons and holes contrib-
ute to the conductivity. The theory of the Hall effect again becomes simple in
high magnetic fields such that w,r > 1, where w, is the cvelotron frequency and
7 the relaxation time. (See OTS. vn. 241-244 )
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Electron cancendration in earrie

Energy

vacant. As the temperature is
; inereased, electrons ar i
the conduction band, where they become mobile © thomally excited from the valence band to
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i,
27 300 325  3sp 375 400 495 450
Tempenature, X

(b}

& JSemuconductor Lrystals

Table 1 Energy gap between the valence and conduction bands
(i = indirect gap; d = direct gap)

o E, E, eV
Crystal Gap 0K 306 K Crystal Gap 0K 300 K

Diamond i 5.4 HegTe" d -(0.30
Si i 1.17 1.1% PbS d . 0.286 0.34-0.37
Ge i 0.744 0.66 PbSe i 0.165 0.27
alSn d 0.00 0.00 PbTe i 0.190 0.29
InSb d 0.23 0.17 Cds d 2.582 2.42
InAs d 0.43 0.36 CdSe d 1.840 1.74
InP d 1.42 1.27 CdTe d 1.607 1.44
GaP i 2.32 2.25 ZnO 3.436 3.2
GaAs d 1.52 1.43 Zn§ 3.91 3.6

- GaShb d 0.81 0.68 SnTe d 0.3 0.18
Alsh i 165 1.6 AgCl — 3.2
SiClhex) i 3.0 — Agl — 2.8
Te d 0.33 — CwO d 2.172 —
ZnSb 0.56 0.56 TiOs 3.03 -—

e A e e~ s O o

PR s il

e T s e T

*HgTe is 2 semimetal; the bands overlap.

The threshold of continnous optical absorption at frequency w, determines
the band gap E, = fiw, in Figs. 4a and 5a. In the direct absorption process a
photon is absorbed by the crystal with the creation of an electron and a hole.

In the indirect absorption process in Figs. 4b and 5b the minimum energy
gap of the band siructure involves electrons and holes separated by a substan-
tial wavevector k.. Here a direct photon transition at the energy of the mini-
mum gap caniot satisfy the requirement of conservation of wavevector, be-
cause photon wavevectors are negligible at the energy range of interest. But if
a phonon of wavevector K and frequency {) is created in the process, then we

can have
ho = E, + 50,

kiphoton} = k, + K= 0 ;
as required by the conservation laws. The phonon energy #{} will generally be
much less than E,: a phonon even of high wavevector is an easily accessible
source of erystal momentum because the phonon energies are characteristically
small (~0.01 to 0.03 eV) in comparison with the energy gap. If the temperature
is high enough that the necessary phonon is already thermally excited in the
erystal, it is possible also to have a photon absorption process in which the

phonon is absorbed.
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