
Chapter 2
SEMICONDUCTORS

2.1 Bond Model
Semiconductors are a middle category of materials between conductors and non-conductors

(insulators). Silicon is a major semiconductor element in electronics. lts atomic number is 14, which
means that electrons are distributed in its shells as 2, 8, 4. Thus, the valence (outer) electrons are 4,
hence called tetravalent. The inner electrons do not take part in any interaction, while the outer
electrons play a key role in chemical reactions. The silicon atom strives to complete its outer shell to
contain 8 electrons for the atom to be stable. Since it is difficult to lose or gain 4 electrons in ionic
bonding a diferent type of bonding, called covalent bonds, prevalls.

Silicon exists in the earth's crust and exists in the fomm of sand (S,0,). But the silicon we are
talking about is silicon ore. It is handled in a special way to form a pure silicon crystal, usually grown
from molten silicon on a seed crystal (Fig. 2.1). ln the solid state, silicon atoms are arranged in an
orderly arrangement, such that each silicon atom shares its 4 electrons with 4 neighbors (Fig. 2.2). At
T=0K, all covalent bonds in pure (intrinsic) silicon are intact (unbroken). As a result, there are no free
electrons in the crystal T=0" K. lf an external field is applied no current flows and the semiconductor
behaves as an insulator.

We may represent a silicon atom as a core of charge ,( او\4+) four outer electrons (assuming 10

electrons shield a charge of ( اا10+) on the nucleus (Fig. 2.3).

2.2 Holes
As the temperature is raised, some bonds are broken, i.e., some electrons gain enough energy to

keave their parent atoms and break away from the bond and become free electrons. Since the silicon
atom is neutral the electron quitting the atom will leave behind a positive charge. We cannot call this
atom an ion because soon enough another free electron will fall onto the vacancy created in the bond
by the escaping electron. lt might also happen that the vacancy captures an electron from a neighboring
bond. This way the vacancy moves around in the bonds. We call this vacancy a hole (Fig. 2.4). This
hoke is moving around randomly, since an electron breaks away somewhere else creating a hole in that
bond.

We note that the number of free electrons n, must equal the number of holes p,in an intrinsic
semiconductor. This is called condition of charge neutrality. We should also note that at a certain
temperature the number of the electrons and the number of holes are constant at themal equilibrium.
This is tue on an average or statistical basis. But not the same electrons are free all the time. After a
short lifetime an electron patches up a bond, but an electron somewhere else is liberated. We should
also note the number of free electrons or holes (or the number of broken bonds) is on the increase as
temperature is raised, i.e., as we pump in free electrons and holes. But we always have for intrinsic
semiconductor the concentration of electrons or holes is n, which increases with temperature.

٨=٦=٨ (2-1)
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Fig. (2.1) Growing a silicon crystal
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Fig. (2.2) Pure silicon crystal
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Fig. (2.3) Atomic model of a silicon atom containing
a core ( ا]4+) and 4 outer electrons
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Fig. (2.4) Hole fommation and random transport of holes
in an intrinsic semiconductor
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2.3 Doping
Ore of the important characteristics of semiconductors is sensitivity to temperature. AlS0,

semiconductors are sensitive to impurities, pressure, humidity, pollution etc. lmpurities may be added to
semiconwductors either intentionally or unintentionally. There are two types of important impurities, atoms
from the fft column of the periodic tabke (pentavalent atoms) or atoms from the third column (trivalent
atoms).

The intentional addition of impurities is called doping, and the material added is called dopant.
This process renders the semiconductor extrinsic rather than intrinsic.

Let us consider the addition of small amount of pentavalent element (such as phosphonus P to
silicon in the moten state. The phosphonus atom contains core او]5+ and 5 outer electrons (Fig. 2.5).
When silicon crystallizes, the phosphorus atom replaces a silicon atom, it tries to perfom the same type
of bonding as the mHssing silicon atom (Fig. 2.6). The excess electron being left out from the bond
fomationfnds it easy to leave its parent atom becoming a free electron, keaving behind a positive ion
(Fig. 2.7)..Mo the free elkectrons come fom two sources; broken bonds and phosphorus atoms, hence
the P atom is calked donor atom. At themal equilibrium, we must maintain the condition of charge
neutrality.'The total positive charge is p,+N, wtere N,' is the density of donor ions which must equal
the regatie charges n. The energy required for ionization of the Patom is very small, so it is safe to
say that al dorwor atos are ionized at room temperature. Thus,

A+M=٨ (2-2)
It has been found that

Mn,=٨ (2-3)
This is caled mass action law wtich shous that as n increasesي from eqn. (2-2) p, decreases. Thus, in
the case of using pentavakent atoms as dopan, n> p,. We call the semkconductor in this case n-type.

When we use triakent atoms (such as aluminum At) as dopart, an At atom replacs a silicon
atom. But in this case the At atom has a core of +3 / وا and 3 outer electrons (Fig. 2.8). This atom tries to
fomm covaknt bonds as the missing silicon atom, but it is ore electron short. So it snatches an electron
from a neihboring bond thus ceating a hoke there. The Atatom becomes a negative ion (Fig. 2.9).
Since At Atom accepts an ekectron it is calked an acceptor. From the condition of charge reutrakty the
total regatie charge is (N, +n), where N, b the density of aceptors with all total positive charge p.
Agah, at room temperature it is safe to assume that al acceptor atoms are ionized

٩+٨=A (24)
THee mass action law akso hods. Thus, p >nard thEe material is clked .type- م Again, hokes comre from
two sourGs, broken bonRds arRd acceptor atos. ln bot cases of m-tpe and p-type semicorRductors it
may wel be that ekectos Or toles coming fom thwe dopant exceed those coming from broken bonds.
Ths, fr an n-ype material, we have

n. =٨
٣ م٤٠'٨

anwd for p -pe material, we have
A=٨,

(2-5)

(26)

(2-7)

27



 و-٩

 اى

• و/-

 م
 او\-

 م
 اوا-

Fig. (2.5) Model of a P atom (donor) as a core ( او/5+) and 5 outer electrons
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Fig. (2.6) A Patom replaces a Si atom in the crystal
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Fig. (2.7) An excess electron escapes a P atom leaving behind a positive ion (donor)
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Fig. (2.8) Model of an At atom (acceptor) as a core(+3[او )and 3 outer electons

n=٨/M, (2-8)
We note here that we are dealing with two types of mobike charge cariers: electrons and holes,

whereas in metals we have oly electrons. We should also note tat unlike metals - where the electron
density is constant for a particular metal - the ekectrons and hokes in a semiconductor can vary either by
doping or by temperature. We also note that in a semiconductor we can convert from intrinsic to
extrinsic by adding a proper dopant. If we wish to retum it to intrinsic again there is no way to extract
atoms which have already been added, but we might add atoms of the opposite kind. Thus, we can
manipulate the type of the semiconductor by adding impurities in controlled amounts at will (Fig. 2.10).
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an electron transports from
bond b to fill a missing
vacancy in bond a thus
creating a hole in bond b,
making At a negative ion
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Fig (2.9) An A6 atom replaces Si atom in the crystal and snatches an electron from a
neighboring bond creating a hole there
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Addition
of donors
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Molten silicon

Fig. (2.10) Alterate addition of donors and acceptors changes te type
of a semiconductor as desired
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We realize that very small additions of impurities can change the properties of a semiconductor
dramatically. It can even change its type altogether. This hypersensitivity to impurities is what makes
semiconductors unique.

Contnuous search for new materials characterizes the ever growing progress in electronics
through research work in the felds of matenial science and solid state physics. Yet, silicon remains at
the core Of ekectronics industry. There are different ways to grow and control the doping of silicon. One
way is through crystallization from the molten state. Another is growing doped silicon from vapor
deposition (epitaxy).

Ex.2.1
Calculate the concentration of atoms in silicon. lf phosphonus is added such that the donor

impurity cpncentration is part per 10 silicon atoms, find the change in electron concentration. Calculate
the weight of the added phosphonus per 1 gram of silicon. Then, calculate the weight of aluminum to be
added to te crystal to restore it to be intrinsic.

Solution
The atomic weight in grams (a gram mole contains 4ي Avogadro's number of

atoms N6.02+ر x10" . THen the density d(gram/cm') contains C,(aom/cm') given for silicon by
M4  دج(29)

 وه
٩loms ا 2.33gram١.6.02 «م  ج لأ دلأدر،

٨ole ٨' 28.1gram
=4.99x10"atons/ cn'

If 1 donor atom per 10" siicon atoms is added
N4.99=م x10" atoms/ cm'

٨=N,
٨. '1.5x10"0 2 '4.5١xI0holes /cm==م -"ا=ث, 

mus. eadaا os اa م1 بمتمن ميأممو سممي as ا inareased te crrdctien eleeon desib
a factor of 3.3x10. This shos how sensitiwe te semiconductor is to impurities. For 1 gram of sikcon,

. 1 ٠٠ . . 1thwe volumeisc'. The total number of P atos per gram silicon wwich is N,x
2.33 233

١=4.99x10" x10aoms =ر2.14
233

Again, te atomic weight in grams cntains Nر, atoms. What is the weight of the P atoms? This
is given by thwe weight of per gram silicon

312.14x1 )[x[.[==٥ من prum
6.02x107

lf we want 'to reutralize the donor impurities we must add acceptor impurities of the same atomic
concentatic.
THe total number of Alatoms per gram siicon

١=N,x-=2.14x10"a٨ons
2.33
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Since N,=M,=4.9910"atoms/cn'
The weight of Al per gram silicon

27x2.14x10 l0 ،م gran2.96 ر==
6.02x10%

2.5 Band Model
The difference in the band model between a metal and a semiconductor - or an insulator for that

matter - is that in a metal the outermost electrons roam around the crystal in one continuous band,
called conduction band. The innemost electrons are completely isolated from all interfering neighbors.
ln a semiconductor, we distinguish between 3 classes of electrons. The innermost electrons are
attached to their parent atoms and take part in no interactions with neighboring atoms. The second
class is electrons which form bonds but can move around from one bond to another, so they are partly
mobile but not entirely free. Of course the movement of electrons from one bond to another can be
alternatively expressed by the motion of holes. So holes describe the motion of valence electrons due to
the vacancies in the covalent bonds created by the missing electrons. We say that thes holes move
around within the valence band (VB). The third class of electrons are those electrons which break away
with their bonds and become fee, and behave very much the same way as the electrons in the metal, hence,
caled conduction electrons, and their band is called conduction band (CB). The CB and VB are separated
by a forbidden gap, also called band gap (E,). lt represents the binding energy of the bond, i.e., the
minimنm energy needed to free one electron from the bond.

We may define CB as the lowest band partialy filled containing electrons, while VB is the highest
band mosty filled by electrons. ln fact, the value of E, detemmines whether the material is a

semiconductor or an insulator. ln a semiconductor, E,is small enough (1eV for silicon), so that at room
temperature many electrons can break away and become free, i.e., raised from VB to CB (Fig. 2.11). ln
an insulator E,is s0 great that at room temperature, it is virtually impossible to find one electron in the
CB. (Fig. 2.12).

2.6 Femmi Level in lntrinsic Semiconductors
Without knowing apriori the location of Fermi level, we can refer to eqn. (1-21),

٠-j»ا a-؟f e»
Where E,,is the conduction band edge. Tthe same statistics for conduction electrons in a metal is used
for conduction ekectrons in a semiconductor. The above integration can be alternatively expressed as

1n,=٨f(£)= \٨٠ ١٤-٤ (2-11)
1+e\°"٤

where N, is called the effective density of states (per unit volume) at CB edge, which is a constant that

depends on temperature, and f(E,)is the probability of occupation for an electron at the CB edge.
What eqn. (2-11) actually says is that the total number of electrons in CB per unit volume can be
calculated by multiplying the number of levels (states) of CB as if they coalesce at E, times the
probability of fnding an electron at energy E,

Similarly, we may express the density of holes in the VB as
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8,=٨,٤,(E,) (2-12)
wtere N is the affective density of states at the valence band edge E,,, and f (E,) is the probability of
finding a hoke at E,. This can be found fom

J,(E)=1-f(6)  م(2-13)
1 /م٤-٤٨٧٤٢ --ا=1٠

١
 د

1 (-,ب٤-٤ ء٧٤٢ e
Thus, eqn. (2-12) reduces to

١
،A٠٤M٠ .م.-٤-EW+e٥

Between the bond model and band model the correspondence is one to one. An electron leaving
the bond is equivalent to an electron excited from VB to CB, given enough energy. This is called
electron -,hoke pair generation. Soon enough an electron in the CB falls onto a vacancy in the bond
which is equivalent to ekectron - hole pair recombination (annihilation), which is a accompanied by
release of energy. This takes place after certain time called lifetime. There is a dynamic balance
betwen the two processes. But on the average n, and p, remain constant for constant temperature
and doping conditions, at temal equilibrium.

Proceeding with eqns. (2-11) and (2-15), assuming symmetry i.e., N,= N,=N,, which is called
effective density of states for an intrinsic semicorductor n,= p, requires

1+٨ ا٩-6٠/)_١٨٥ ا٩-٤

(2-14)

(2-15)

(٤-.٤(-),٤٠-٤,)
2E, =E.+E,

E, -±(٤.+E.)، 2
(2-16)

where E, is Femi kewel for an intrinsic semnicoductor. This means that Femi kevel for an intrinsic
semiconductor lies in the middke of the band gap, a provocative result! If Femi level exists in the middle
of the forbidden gap how can we reconcile this fact with our understanding that such a gap is forbidden?
ln fact, Femmi kevel is not a real level, it is a fictious kevel. lt is only an indicator. lt represents the highest
erergy kevel an ekectron can have in a semiconductor at T =0" K. If for some reason there is an alowed
kevel embedded within the spanning from E,to E,it will be occupied, since f,(E)=I at T=0٢ (Fig.
2.13). Otwenwise, tEe highest kevel is E,at T=0K.
As teperature is inwcreased, the Femmi-Diac probability function becomes

f.(17-2)٥- عمم'م)

«(٤-٤M>  .ء،.ا ه،،اءء
J.(E)=ء15-6٠) ج٤٠ Mج -e

= const e6/hr
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Fig. (2.11) Energy band diagram in a semiconductor
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Fig. (2.12) Energy band diagram in an insulator

which is the same as Maxwell-Boltzmamn probability function (1-13). Thus, a Maxwellian tai extends
into CB (Fig. 2.14).

lnvoking the calculations of the electron density functions N(E) of eqn. (1-18), where S(E) is still

proportional to ,/E for both electrons in CB and holes in VB, we obtain M,(E) for electrons in CB and
N,(E) for holes in VB by multiplying S(E) in both CB and VB by the corresponding Maxwellian tails
(Fig.2.15), which leads to symmetric distribution profles for CB and VB in intrinsic semiconductors
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(Fig.2.16). ln intirsic semiconwductors, thwe total areas under te distnibution curves in both CB and VB
are equal. i.e:

،- [.EE=»
€.

=»fN,(EwEم= 
٤,

REiting eE. (2-11) and (2-12) assumiYg N =N,=N,
٨=٨=٨,٦ ٠٠ب1 y٧,6-١- ر''(٤٠" 

E-EFr  ا>اعث
٢T

£.-٤٢١M =n, =  م٦٠-6٠٧

Sihce for an intirEsic semicorrductor E, lies in tE band gap,

٤-,٤,=2£,
2

""Me=,٨=٤­٨ rلا/
Siinilary, for holes,

I-٤p, =٨, =M,ن/٠-٠ 

THKs,
-£. /٧Mp =٨ =N,"e

It is found that M, is proportonal to T'
TwHs,

٥T٠-6١٥
wkم٨ B  بويهه

8=4r
27 Fami Leel in Extinsic Semiconductors

lmwoking e. (2-.21), fr extiresic semiconductors we may write
١
،M=6-٨٠٦ /ج,٤

E-EFr  إ>/عفر
٢T

٨ = N٤16-٤٠٧٣

Fmom egn. (2-22)
-٤٤r٨=٨ =M,م٤%٤٣" 

» يي"٩٠-6٠٧٧

٨
٤,-١٧٤٠ ٨=٨ "م6 لا

(2-19)

(2-20)

(2-21)

(2-22)

(2-23)

(2-24)

(2-25)

(2-.26)

(2-27)

(2-.28)

(2-29)

(2-30)
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Fig. (2.13) Femmi level lies in the middle of the band gap in
an intrinsic semiconductor at T=0K
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FIg. (2.14) Femi level in an intrinslc semiconductor
and Mawellian tails for T>0"K



Similary
E,-١٤٢٤p, =٨٥"""6  ا

Nonو fom eqns. (2-30). (2-.31) and (228)
nA, =٨=٨"Te'

lf E,> E, then n>n, > p,the material is n-type
If E,<E, P,>n,>n the material is ptype

Thus, Femi level is a good indicator for the material type. f Femi level is closer to CB, then the
material is n-type, and if it is closer to te V8 it is p-type. The distribution profkes are no longer
symmethic (Fig. 2.17, Fig. 2.18). Since the energy required for ioniation of a P atom in silicon crystal is
very smplا because the excess ekectron dces not take part in bording, i is customary to represent this
ionization erEergy for n-type matenial by a shallow level below E, by an amount ,Eا which is the
ionizatio erergy of phosphonus.

Similarly, for p-type material, we may represent the ionization of acceptor atoms such as Albya
shallo kevel &E, above E,. lt might be a bit challenging to acknoedge the presence of such shallow
levels in an othenwise forbidden gap. The answer is that the forbidden gap is clean only in pure

60rs. lrpurites introduce alloed Lewels in the band gap due to disturbances wtiech theseا"%"؟ 
impu! produce in the band structure. Sometes these levels are shallow and sometimes they are
deep, depening on tEe distance on the ereergy scale from the band edges.

2.8 Probability Dikamma
We now calculate the probability of ionization of P atoms. lf N% represents the unionized (neutral)

، .. .. ٨0donor atpms dersity and Nم represents the total density of donor atoms, then -2 represents the
M٨

probability of fndig an electron at the donor kevel E, i.e., the probability that the donor atomn is neutral
(keepig its ekectmo)

R.(e)-233)ةه رمميم 
٥٩'e+1م 

 ه»4هغ اء

(2-.31)

(2-32)

 (يE, ج)٠1٩٥-٤٠٧
(34-2) م ٥'=

wtich is Meanty zero, i.e., no electrons exist at E,, which means that the ionized donor atoms density

N, is Nearty N,. The challenging question here is this. If f5(E,) is presumably zero and
f,(&)<f[(E;), thwen how could it be that the ekectron density at E,is taken to be zero whike the
conduction ekectro density n, is not? The answer here is that to have an electron at a certain level we
require tw conditions at the same time, namely, the existence of a density of allowed states function
and a high probability for an electron to exist at such states. For shalkw door keveks, the density of
states is quite smak and the probability of finding an electron there is also very small. Thus, the product
is vanishingHy small. While for CB electrons, thke density of states is much higher. Therefore ewen for the
small probability the product is fnite.
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Density of states finction S(E)

Distribution function N(E)

Maxwellian tail f,(E)

Fig. (2.15) Distribution function N(E) is the product of the density of states function S(E)
and the Maxwelhian tail
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Fig. (2.16) Profile for the distribution function in CB and VB
in an intrinsic semiconductor
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Fig. (2.17) Distribution profle in an n-type material (n>p)
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Fig. (2.1&)Dkatiibutio profile in a p-type matrial (p,>M)

We shokd Akso rote that Femmi keweleing a fctious kevel - gives us te cue, namrely tat if an allowed
kevel existsأ in the gap bel E, then due to thke high probability value this kevel wil be occupied.
Wereas for a kevel below E, such a eweا wll be empty. lf we decrease te temperature toward

CKte CB wll be empty and te dororatons will be neutral. Therefore, E, will be midway bwetween
E,and E,. Mrereas if we increase the temerature excessively the density of the broken bowds wl
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outnumber the donor atoms density (n, > n) and the material tums intrinsic. This is why electronics may
suffer in warfare under conditions of excessive heat caused by nearby blasts, since device matenials
then lose their type identity (Fig. 2.19), and hence their features of perfommance.

E2.2ن. 
An n-type silicon sample has L.5xl0"phosphoRus atoms/cn' . Verify that the donor atoms are al ionized
if te donor level is 0.05 eY below E,,E,=1.1 eY, KT=0.025 eY

Solution
E, =0.55 e٧

From egn. (2-30) and  ء1٥""
h,

E,-E, =KTt" =0.025t0'
١ n,

=0.0254x2.3=0.23 e٧
Thus, measured fom E,,, we have a donor level at E,, 0.05 eY below E,and E, at 0.32 e٧ below
E, wich is well below E,. From eqn. (2-33) and noting
E,-E, 027 M٥ ر٠٠ .which is very small",1ج=-٥-" we have,1،==2 ا

LT 0.025 N,
Then nearty all P atoms are ionized at room temperature.

2.9 Conduction in Semiconductors
We follow here the same lines as in sections (1.23), (1.24). The only difference here is that we

have in semiconductors two current carriers: conduction electrons and valence holes. We take the
direction of hole motion as the direction of the current. Due to the negatve charge of the electrons, we
corsider the electron curent in the direction opposite to the direction of electron movement. Thus, the
overall currents due to both electrons and holes are in the same direction, which is that of the feld. We
can tus express the total curent density as

J =J.+J, (2-35)

,v, +\/P,y=او» 
=٩n١,٤+9PH,٤
=٥,٤+٥,
= ٥٤

»,(Pوا=ه)«ر,+ 

(2-36)

(2-37)
(2-38)

where p,is the electron mobility and is, ر the hole mobility.
At absolute zero all bonds are intact There are no free electrons or free holes. At room temperature,
there are some broken bonds. When an electNic field is applied, electrons - free or bound -move due to
Newton's force opposite to the direction of the feld. Electrons in bonds may be pulled in to fll in
vacancies. The mobon of electrons from bond to bond creates transport of holes in an opposite direction
to electron fow, i.e., in the direction of the feld. It is this composite motion that charactenizes
conductivity in semiconductors from conductivity in metals (Fig. 2.20).
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2.10 Band Tilt in a Semiconductor
Energy band diagram tilts the same way as in sections (1.26), (1.27), (1.28) for metals. For a

semiconductor shown (Fig. 2.21)Y,>7, PE,<PE,

PE, ,Thus. او-ا٧= E, >E,,E,>E, and the energy band tilts as shown. lt is the same tilt for all levels
including E,.From eqn. (2-30)

E -٤٤Tn = %) ر )
Since E,and E, tilt the same way, we gurantee that n,is constant, which is characteristic of drif current.
The slope of the band edge and Femi levels is given by eqn. (1-41)

1 dE, 1dE} 1dE 1dE,  و23)
 ع٥ ب٥ دب٥ ،ر د

 أو] عهً أو]ً ة أو] ة أو]ً ة(32)

The total shift in Femmi level is given by

 ,عه ااوا=
We can again explain the energy exchange mechanism in a semiconductor under an external

electric field as we did for metals (Fig. 2.22). There are two differences, however, in a semiconductor we
have two current carriers while in metals we have only one. Secondly, in metals the entire electron
population drifts because of the empty levels in the CB. ln a semiconductor current is limited only by the
Maxwellian tails of electrons and holes (Prob. 2.16).
The power loss P is the energy lost per electron multiplied by the number of electrons crossing per
second.

(240)

Using eqn. (1-37)

From eqn. (1-35)

I
،//+\-/٠ k4 -م

P=٢R

(2-41)

(2-42)

٨-- (243)
GA

We should note that the energy band diagram is drawn from the point of view of electrons. That
is why electrons slide from point b to point a. if we wish to see that holes slide from a to b as they do, we
must reverse the direction of the band tilt as we draw the energy band diagram from the point of view of
holes (Prb. 2.11). ln the electron band diagram, note that in the VB a hole climbs up from point a to b
like a foating bubble, as vakence electrons are drawn out by the metal from point a.

Ex.2.3
Two semiconductor specimens are connected in series. One is n-type with N,=10"cn-\ength

lcm and area 0.1 cm , and the other is p-type with N,=10'cn-' length 4cm and area 0.05 cn'.
A battery of 9V is applied across the combination. Calculate the current components in each specimen
as well as the total current. Discuss how the power loss is divided between the two specimens.
Compare the current density and the rate of carrier supply in all parts of the circuit, and sketch the band
diagram. Take A,=1300cn'/Vs, 'cm =,ر500 /Vsand n, =1.5x10""cm-
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under extemal electic feld

43



Solution
6.=\\A.N =١٠6٤١0" w1300wI0"

=0.02A/cm
"A,M, =1.6x١0" «500xI0=\6,, \و

=0.08A/Ycm
These conductivites are based on majority carriers (electrons in an n-type semiconductor and holes in a p­
type semiconductor). Now we look into minority carrier contributions.

٨? '1.5x١0"/اء" s١ ،6٤ ه=,Aه,=/ 
١٥Nم٨ 

=1.8x10-"" A/٢cm

٨? '1.5xI0"%أء"( A.,:=16»o«3oو/=.ه\ 
N, ١٥

=4.68x10-" ٨/٧ cm
We see that we can neglect minority carrier contributions
Thus,

G,=G,, and ٥=,٥,٨
We note l, =J,A and l, =J,A. ln a series circuit I=l,=l,
We must then have

J, 4, ٥,٤
 ، در دع

 ولا٥,64 و
Since Y= ى /t

,a!4±بي 
 د د

 إلا44,٥,٧
٧, 4,6,٨
،

٧, 4,6,٨
_M
 ،د

R,
Using en. (2-43), noting that in a series circuit the voltage is divided up in the ratio of resistances

4, ١R,===00G}
٥,4, 0.02x0.1

R,===10000
٥,A, 0.08x0.05

The 9 volts wil be then divided up between the two resistors R, and R, in the ratio of their resistances, i.e.
V,=3٧ and V,=6٧ .From Ohm's law

r-6لا xIo'=6m4
1500
I 6 ٩"60mA/cm===ل, 
٨, 0.١
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I 6 "120m4/cm===ل, 
٨4, 0.05

The band Diagram is shown (Fig. Ex. 2.3) Femi kevels tilt such that the total potential difference is 9V. In
• ٠٠٠٠٠٠٠٠٠٠ [the wire we assume cto be infinite so €=0 there, and J is infinite for finite curent ], since ,= ل

where Ajs the cross sectional area of the metallic wire. We note that the rate of carer supplز 

which includes an ekectron supply in the wire and the n-type resistor as well as the hole supply in theرم 
٩

p-type resistor which is the outward ekectron supply in the wire from the p-type semiconductor.
Remember that hole movement is nothing more than electron movement is the vakence band in the
opposite direction.

2.11 Themistor as a Bulk Device
Bulk devices are devices which depend on properties of the interior not the surface of a material.

A resistor may be called a bul device. Bulk devices depend in their operation on majority carriers.
A themistor is a buk device in wic conductivity is a function of temperatre. This makes ita

good candidate for temperatre sensing, anwd hence; temperature contol. We take the themistor to be
an intinsic semiconductor. Assuming

A, =constant T3? (2.44)

A, =constant T3 (245)
Using en. (2-38)

٥=,٩(٣+4,)٨
,xconstantT-3%=[او 

From eqn/ (2-24)
٥, \و=xconstant %أs%-ه

Taking tn/ of both sides
E. 1tno, =D-

، 2HT
where

D=tn[]او xcقاsn t4]
· ١ ECalling tnr, =y,-=٤ and =y,

T 2k
y=D-٢٢

This is twe equation of a staight kie wtwce skope is -y,
From eqn/ (243)

tه٥٢,٥٥R ،د،ج د 

T٩R٥,
=-a٥T

(246)

(247)

(2-48)

(2-49)

(2-50)
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Fig. (Ex. 2.3) Band diagram for to semiconductor resistors in series

y =tn٥,

Eslope =-y,  ع-=
2k

1
;=-

f

Flg. (2.23) Themmistor characteristic

where a, is defned as the themal coeffcient of resistance. It is clear that we may use the themmistor to
measure temperatre (Prob. 2.7). Themistors can also be used to protect a device (Prob. 2.8). The
slope of the characteristic of Fig. (2.23) can be used to detemine E, of the material.
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Problems

1- a- Calculate tke corcentration of silico atoms?
b- Calculate the corductivity of intrinsic silicon at 300%K?
¢- ١f a donor type impurity is added 0.01 parts per million (ppm), i.e., one part in 10%, calculate the

new conductivity and the percentage change in conductivity?
d- Calculate tEe percentage of broken bonds to the total bonds at 300%K in intrinsic silicon and the

percentage of electrons from donr atoms to those from broken bonds?
( Atomic number of silicon=I4, atomic weight=28.1, density2.33 gramcm',

M,(300K)=1.5x10"" /e', p =I30em'/Ys, 'em =,بر500 /Vs,

Avogadro's numbe=6.02x10" atos/mole)

2- ٨n n-type specimen of silicon is 2 cn long and has 1 x1 mm cross secton. Calculate n and drift
welocity if 1 volt is appied, N0=[م "en' wit the constants given in te probkem above.
- Calculate bwe number of scattering events along twe tareit pat of an electron?
b Show that the total power lGss is IYو 

3- a-A silicon crystal is to be grow and it is desired that the ingot contain 10" phosphorus
atomslcm". The inital koad of silicon is 5 kg. How many grams of phosphonus shwoukd be added?
The atomic weight of phosphous is 31.
b- Calculate the positon of Femmi kevel?
c- Calculate the actal electon and hole concentrations. Compare with n,. What do you calculate?

Calculate the weight of aluinum to be added in the above problem so that the fnal silicon4م -ج
crystal becomes intirsic. THe atomic weight of Alis 27.
b ١f an eror in thwe weight of thwe added aluminum occurs in the range of 1%, inspect the effect of

this error.

5- Compare the probability fnction at E,an at E,. Then compare the effective density of states at
E with the density of donor states. What do you conclude?

6- Using reasonable approximations, cakculate and sketch the electron and hole distibuton profles for
the above problem?

7- Seto twe energy band diagram fr holes in a p-type semicoructor. Discuss te band tlt and
energy exchange.

8- Calculate the supply of eectrors and holes for each specimen in E3-2ن. . Show how Maxwellian tail
can explain tEe cument fo fr both electorrs and holes in that example?

9- Redo E. 2-3 for twe two resistors conwnected in parallel?

10- Redo the above problem if the metal wire has total resistance of I0?
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11- Propose a circuit to measure temperature and use Fig. (2.23) to calibrate it for E,=1 e٧?
12- Propose a circuit for protecting a device using a themmistor.

13- a- Calculate the themmal coefficient of resistance for Si. ls it positive or negative?
b- Calculate the percentage change in resistance for 1% increase in temperature.

14- For a silicon resistor of length lcm and area 0.lcm , N,=1.8x10" atoms/ cm' and

N,=3.8x10"atoms/ cm, show that the sample is essentially intrinsic at 500"K?

15- Find the position of Femi level in the above problem if M, is increased in steps 25-50-100 times.

16- Show how currents in a semiconductor are limited by Maxwellian tails, whereas in metals they are
not. Then explain why conduction ceases in semiconductors at T=0" K while in metals it does not.

17- Find an expression for the variation of Femi level with temperature for an n-type matenial using
reasonable approximations?

18- Find the density of ionized phosphonus atoms if E,=0.05eV below Eif M,=10eم -?

19- Calculate the probability of occupation of an electron at E, and at E,?

20- Using the density of states function and donor concentrations in the above problem verity that we
may neglect the presence of electrons in the donor atoms while we cannot neglect the electron
density at rom temperature in the CB. Consider n, =10""e٨-? Make any reasonable assumptions.
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