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Chapter 1

Visualization of the Silicon Crystal

1.1 (a) Please refer to Figure 1-2. The 8 corner atoms are shared by 8 unit cells and
therefore contribute 1 atom. Similarly, the 6 face atoms are each shared by 2 unit
cells and contribute 3 atoms. And, 4 atoms are located inside the unit cell.
Hence, there are total 8 silicon atoms in each unit cell.

(b) The volume of the unit cell is

Vi = (543 Af = (543x10*cm ' =160x10"2cm?,

unitcell —
and one unit cell contains 8 silicon atoms. The atomic density of silicon is

8 silicon atoms
NSi = Vv

unit cell

=5.00x10> (silicon atoms) cm™ .

22 .q. . . .
Hence, there are 5.00x10°“ silicon atoms in one cubic centimeter.

(¢) In order to find the density of silicon, we need to calculate how heavy an
individual silicon atom is

Mass = 281 (gimole) =4.67x10">(g/atom).

1StEem 6,02 x 10 (atoms/mole)

Therefore, the density of silicon (ps;) in g/cm3 is

ps = N x Mass, g o =233 g/cm’.

Fermi Function
1.2 (a) Assume E = E¢ in Equation (1.7.1), f(E) becomes 2. Hence, the probability is 5.
(b) Set E=E. + kT and Ef = E. in Equation (1.7.1):

1 1
f(E) = | 4 el EKTEJAT - 1+e =0.27.

The probability of finding electrons in states at E. + kT is 0.27.



* For Problem 1.2 Part (b), we cannot use approximations such as Equations (1.7.2)
or (1.7.3) since E-E; is neither much larger than kT nor much smaller than -kT.

(c) f(E) is the probability of a state being filled at E, and 1-f(E) is the probability of a
state being empty at E. Using Equation (1.7.1), we can rewrite the problem as

f(E = E, +KkT) =1 f(E = E, +3KT)
| 1

(E.+KT—E, JikT =1 (E.+3KT—E, JKT

l+e I+e
where
1 1+ e(Ec+3kT—Ef )ikt _1 e(Ec+3kT—Ef )it
1— = =
1+ e(Ec+3kT7Ef JikT 1+ e{Ec+3kT—Ef )JikT 1+ e(EcJakaEf KT
B 1
1+e7(EC+3kT—Ef JKT -

Now, the equation becomes

1 1

(B +KT—E( JKT — 1+e—(EC+3kT—Ef)/kT :

I+e
This is true if and only if

E,+kT —E, =—(E, +3kT - E, ).
Solving the equation above, we find
E, =E, +2kT.

1.3 (a) Assume E = Ef and T > OK in Equation (1.7.1). f(E) becomes 2. Hence, the
probability is V5.

(b) f(E) is the probability of a state being filled at E, and 1-f(E) is the probability of a
state being empty at E. Using Equation (1.7.1), we can rewrite the problem as

fE=E,)=1-f(E=E,)

1 1
PR L e

where



(E-E )T (E,—Eq¢ kT

1 e
(E,—E; JIkT l+e

1 l1+e

1— =
(Ec—Ef)/kT 1+e

(E,—E, JkT :1 =g, -E, JKkT *

1+e +e
Now, the equation becomes

1 ~ 1

(Ec—E¢ )KkT — 1+e—(EV—EfJIkT :

I+e
This is true if and only if

E.-E, =-(E, -E).

Solving the equation above, we find

E. +E,
E, = ;o

(c) The plot of the Fermi-Dirac distribution and the Maxwell-Boltzmann distribution
is shown below.
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The Boltzmann distribution considerably overestimates the Fermi distribution for
small (E-E¢)/kT. If we set (E-Ef)/kT = A in Equations (1.7.1) and (1.7.2), we
have

e‘ASI.IO[ 1 A]
l1+e

Solving for A, we find

1+e”
110

e > — e*>1011 —» A>In(1011)=231.

Therefore, the Boltzmann approximation is accurate to within 10% for (E-E¢)/kT
> 2.31.



1.4 (a) Please refer to the example in Sec. 1.7.2. The ratio of the nitrogen concentration
at 10 km above sea level to the nitrogen concentration at sea level is given by

_El()km/kT
N(N2)10 km _ e — 7(Elokm7ESeaLevel KT

- -E KT
N ( N 2 )Sea Level e Senterel

where

= altitude x mass of N, molecule x acceleration of gravity
=10°cmx28x1.66x107*gx980 cm-s~> =4.56x10"*erg.

Eowm —E

10 km Sea Level

The ratio is

N (N 2 )Sea Level

N(N, )0, I
m__ g (456x10 *erg)(138x107 Perg K X273 K) _ o121 _ () 3y

Since nitrogen is lighter than oxygen, the potential energy difference for nitrogen
is smaller, and consequently the exponential term for nitrogen is larger than 0.25
for oxygen. Therefore, the nitrogen concentration at 10 km is more than 25% of
the sea level N, concentration.

(b) We know that
N(Oz)lokm — 025 , N(Nz)lokm — 030’ and N(Nz)SeaLevel — 4
N (02 )Sea Level N (N 2 )Sea Level N (OZ )Sea Level
Then,

N(Nz)lokm _ N(Nz)lokm v N(Nz)SeaLevel % N(Oz)SeaLevel
N (Oz )10 km N (N 2 )Sea Level N (Oz )Sea Level N (02 )10 km

=438.

=0.30x4x 1
0.25

It is more N,-rich than at sea level.

1.5
1

(E¢ —AE—E; )T

1- f(E, —AE) = 1-

1+e

e(Ef —AE-E JIkT

1+e

(Ef —AE-E; )KkT

1

—(E¢ —AE-E; )kT

1+e



1

—(E; —AE-E; )T

l+e
_ 1
1+e(Ef+AE7Ef)/kT
= f(E, +AE)
1.6 (a)
1.0 150K
f(E)
0.5
0.0
T

E, E

(b) At OK, the probability of a state below the Fermi level being filled is 1 and a state
above the Fermi level being filled is 0. So a total of 7 states are filled which
means there are 14 electrons (since 2 electrons can occupy each state) in the
system.

Density of States

1.7 Since the semiconductor is assumed to be, We are asked to use Equations (1.7.2) and
(1.7.4) to approximate the Fermi distribution. (This means that the doping
concentration is low and Ey is not within a few kTs from E. or E,. A lightly doped
semiconductor is known as a non-degenerate semiconductor.) The carrier distribution
as a function of energy in the conduction band is proportional to

Distribution(E) oc (E — E, )2e €& %

where e ®F*T is from Equation (1.7.2). Taking the derivative with respect to E and

setting it to zero, we obtain



d 112 ~(E-E, KT
—I|(E-E,)"e ]:
dE

1 ef(EfEf )ikt +ﬁ[— %)e(EEf et _ 0

1
2 JE-E,
The exponential terms cancel out. Solving the remaining equation yields

1 _1/2_L _ 1/2 _ _k_T = k_T
E(E—EC) _kT(E E)”? — (E EC)—2 N E_EC+2.

So, the number of carriers in the conduction band peaks at E.+kT/2.
Similarly, in the valence band, the carrier distribution as a function of energy is
proportional to

KT

Distribution(E) oc (E, — E)l/ze_(Ef “E) ,

«EE)KT -

where e is Equation (1.7.2). Taking the derivative and setting it to zero, we

obtain

d e cyegEeema] 1o oyue (5 -E)kT ey L) e
E (E,-E)"e ]—2(EV E)"%e +(E, -E) e =0.

Again, the exponential terms cancel out, and solving the remaining equation yields

1 RICE 172 KT kT
—(E —-E =—I(E —-E - (E,-BE)=— —»> E=E, ——.
le g -l - E-5)- -

Therefore, the number of carriers in the valence band peaks at E,-kT/2.
1.8 Since it is given that the semiconductor is non-degenerate (not heavily doped), E¢ is not

within a few kTs from E. or E,. We can use Equations (1.7.2) and (1.7.4) to approximate the
Fermi-Dirac distribution.

(a) The electron concentration in the conduction band is given by
_ [ — —(E-E )T
n= L.B. D,(E) f(E)dE NJEC AJE-E e dE .

In order to simplify the integration, we make the following substitutions:

E-E
KT

¢=x—>E=KTx+E, %dEde—)dE:dex, and x: from0toco.

Now the equation becomes



n= J.: AVKTx e FPEE T r gy A (kT )2 BB W I:\/;e‘xdx
where

J.:\/;e‘xdx = J.: (X)%1 e ¥dx = F(3/2) = % (Gamma function)
Hence, the electron concentration in the conduction band is

n :ﬁA(kT)yz e—(Ec—Ef)/kT .

Similarly, the hole concentration is given by

p=| DE[-E]E <[ BE ~Ee P aE.

Again, we make the following substitutions to simplify the integration:

E,.-E
KT

X—> E=-kTx+ EV,—%dE =dx - dE =—kTdx,and x: fromooto 0.
Now the equation becomes

p= J:j- B/kTxe & &) gy B (kT )" g (BT J‘:\/;e‘xdx

where

'[:\/; e *dx = J.:(x)%’1 e *dx=T(3/2)= % (Gamma function)

Therefore, the hole concentration in the conduction band is

Jr

D= TB(k-l-)3/2 e—(Ef —E, )/kT .

(b) The word “Intrinsic” implies that the electron concentration and the hole concentration
are equal. Therefore,

n=p agA(kT)“e@Ei)/” =%B(kT)yze(E‘Ev)/”.

This simplifies to



Aef(E“E‘ VKT _ Be—(Ei—EV)/kT

Solving for E; yields

E,
2 2

2

_E+E +k—Tln[1j: EC;E" —-0.009eV;k =8.62x107°eVK™", T =300K .

Hence, the intrinsic Fermi level (E;) is located at 0.009 eV below the mid-bandgap of the
semiconductor.

1.9 The unit step functions set the integration limits. D.(E) is zero for E < E., and D(E) is zero
for E > E,. Since it is given that the semiconductor is non-degenerate (not heavily doped), E¢
is not within a few kTs from E. or E,. We can use Equations (1.7.2) and (1.7.4) to
approximate the Fermi-Dirac distribution.

(a) The electron concentration in the conduction band is given by
_ [ _ ~(E-E¢ KT
n= LB_ D,(E) f(E)dE ~ jEC A(E-E,)e dE.

In order to simplify the integration, we make the following substitutions:

E-E
KT

¢~y >E=KTx+E,, %dEzdxedEszdx, and x: from 00 oo

Now the equation becomes

n= Jm AkTxe K& BT b gy = A (kTP BB W mee’xdx
0 0

where

J‘w xe dx=1.

0
Hence, the electron concentration in the conduction band is
n=A(KT) g (EB )T

Similarly, the hole concentration is given by
P= .[V.B. Dv(E)[l'f(E)]dE zJ.iv B( E, - E)e_(Ef _ET iE

Again, we make the following substitutions to simplify the integration:



EVk_I__E =X—>E=-KTx+ EV,—%dE:dx—mE:—dex, and x: fromoto 0.

Now the equation becomes

p=[ -BkTxe ™= kT ax = B (kT e 5 [["xedx
where

J'w xedx =1.

0

Therefore, the hole concentration in the conduction band is

D= B(kT)z e—(Ef—Ev)/kT ‘

(b) The word “Intrinsic” implies that the electron concentration and the hole concentration are

1.10

equal. Therefore,
n=p-— A(kT )2 p(Ec—Ei)/kT _ B(kT )2 o (EE )T

This simplifies to

Ae—(EC—Ei VKT _ Be—(Ei—EV)/kT

If we solve for E;, we obtain

E =

EtE K Lo EB* B 009 evik =8.62x10%eVK ™, T =300K.
2 2 2 2

Hence, the intrinsic Fermi level (E;) is located at 0.009 eV below the mid-bandgap of the

semiconductor.

(a) The carrier distribution as a function of energy in the conduction band is proportional
to

Distribution(E) oc (E — E, ) *e &5 7

~(E-EfykT

where e is from Equation (1.7.2). Taking the derivative and setting it to zero, we

obtain

d 12, ~(E-E; KT
ElE-EyeE ]
dE

1 1 —(E-E( )T 1) —(E-g Kt
——e8 +E-E |——1 =0.
2 JE-E ( kT]

C

The exponential terms cancel out. Solving the remaining equation yields



1 BV QS o kT - kT
E(E—Ec) _kT(E E)* - (E Ec)_2 > E=E+=-.

Hence, the number of carriers in the conduction band peaks at E,+kT/2.

(b) The electron concentration in the conduction band is given by

Top of the Conduction Band
n= L_B_ D,(E) f(E)dE = jE D,(E) f(E)dE.

c

We assume that the function f(E) falls off rapidly such that

0

j D,(E) f(E)dE

Top of the Conduction Band ~0
J~T0p of the Conduction Band

D.(E) f(E)dE

EC

Now we may change the upper limit of integration from the Top of the Conduction Band
to co:

n=[ AJE-E e dE.
E,

Also, in order to simplify the integration, we make the following substitutions:

E-E
KT

¢=Xx—>E=kTx+E_, %dEde—)dEszdx, and x: from0to 0.

The equation becomes
n= J.: A~ KTX e_(kTX+Ec_Ef )kt kT dx= A (kT )3/2 e—(EC—Ef )T .[Ow\/;e_xdx

where

J:\/;e_xdx = Jj (X)%_1 e dx = F(3/2) = % (Gamma function)

Therefore, the electron concentration in the conduction band is

\/_ (E—Eq J/kT

n :7”A(kT)”e‘

(b) The ratio of the peak electron concentration at E = E.+(1/2)kT to the electron
concentration at E = E.+40kT is



n(E, +40kT)  A(E, +40KT - E_ )1/2e—(Ec+40kT_Ef T )
B 1/2 —(Ec+0.5KT-E; J/kT —
n(Ec+;kT) A(E, +0.5kT —E,) e

— (40KT /0.5KT )/ /gl Eer0T-E hE0SKTE K _ (410 5195 =5, 60%107°

The ratio is very small, and this result justifies our assumption in Part (b).

(c) The kinetic energy of an electron at E is equal to E-Ec. The average kinetic energy of
electrons is

sum of the kinetic energy of all electrons
total number of electrons

j (E - E,)D,(E) f(E)dE

_ JCB.

- L_B_ D,(E) f(E)dE

(K.E.)=

[[(E-E)AJVE-E e qE

~

[ AJE-E e de

In order to simplify the integration, we make the following substitutions:

E-E
KT

¢=Xx—>E=kTx+E, %dE:dx—mEszdx, and x: from0toco.

Now the equation becomes

IOwA(kTX)s/z e—(kTXJrEC—Ef)/kT KTdx A (kT )5/2@—(EC—Ef )T J‘”(X)z/ze_xdx

— 0

J.:A(kTX)l/z e—(kTXJrEC—Ef)/kT KTdx A (kT )3/2 e—(EC—Ef )T r’(x)l/z e*dx

0

where
J.: (X)3/2e_XdX = .[Ow (X)%1 e dx = F(S/Z) = % (Gamma functions)
and

© 0 3
IO (x)?edx = IO (x)2"'e*dx=T(3/2)= % . (Gamma functions)
Hence, the average kinetic energy is (3/2)kT.

Electron and Hole Concentrations

1.11 (a) We use Equation (1.8.11) to calculate the hole concentration:



nxp=n’— p:nf/n:(lo“’)z/IOSCm‘3 =10"cm™.

(b) Please refer to Equations (1.9.3a) and (1.9.3b). Since N4-N, >> n; and all the impurities
are ionized, n = N4-N,, and p = (ni)z/(Nd—Na).

(c) Since the Fermi level is located 0.26 eV above E; and closer to E., the sample is n-type.
If we assume that E; is located at the mid-bandgap (~ 0.55 e¢V), then E.-Ef=0.29 eV.

S S
e Y., B,  LE-E=055cV
------ PO El 20BeBr=029eV
Tl 2 T3 3:E+E; =0.26 eV
E,

Using Equations (1.8.5) and (1.8.11), we find

—(Ec—E, /KT

n=N_e =4.01x10"cm™ and p=n}/n=2.49x10°cm™’.

Therefore, the electron concentration is 4.01x10" cm™, and the hole concentration is
2.49x10° cm™.

* There is another way to solve this problem:

n=n e(Ef —E; J/kT

, =2.20x10"cm™ and p=n’/n=4.55x10°cm™’.

(d) If T =800 K, there is enough thermal energy to free more electrons from silicon-
silicon bonds. Hence, using Equation (1.8.12), we first calculate the intrinsic carrier
density n; at 800 K:

n, =N, (B00KN, (800K )e T = 2 56 x 10" cm™

where
r —3/2 3/2

N, (T =800K)=2 M =2.8x10" x cm™ =1.22x10*cm™
| h ] 300K

and
22m kT T 32

N, (T =800K)=2 ﬂ+ _1.04x10° x| cm™ =4.53%x10"cm™.
. h 300K

Clearly, n; at 800K is much larger than Ny-N, (which is equal to n from the previous
part). Hence the electron concentration is n~n;, and the hole concentration is
p:(ni)z/nzni. The semiconductor is intrinsic at 800K, and Ey is located very close to the
mid-bandgap.

Nearly Intrinsic Semiconductor



1.12 Applying Equation (1.8.11) to this problem yields

n/p=n=2p—->2p’=n’ - p:%ni =7.07x10%cm™ and n=1.41x10"cm™.

1.13 (a) B is a group III element. When added to Si (which belongs to Group 1V), it acts as an
acceptor producing a large number of holes. Hence, this becomes a P-type Si film.

(b) At T =300 K, since the intrinsic carrier density is negligible compared to the dopant
concentration, p=N,=4x10'® ¢cm™, and n = (n;=10"’cm>)*/p = 2500 cm™.
At T =600 K,

n, = N_(600K)N, (600K )e &™) ~ 1 16x10"cm”?

where

—2 m kT—3/2 T 3/2
N, (T =600K) =2 ZZ "0 :2.8x10‘9x(wj cm™ =7.92x10"cm™

h2
and
[27m kT T 32
N, (T =600K) =2 ”+ _1.04x10° x| cm™® =2.94x10"cm™.
h 300K

The intrinsic carrier concentration is no more negligible compared to the dopant
concentration. Thus, we have

p=N,+n =(4x10"° +1.16x10")em™ = 4.12x10"°cm™ , and
n=n?/p=(1.16x10"cm™f /4.12x10"cm™ =3.27x10"cm".
The electron concentration has increased by many orders of magnitude.

(c) At high temperatures, there is enough thermal energy to free more electrons from

silicon-silicon bonds, and consequently, the number of intrinsic carriers increases.
(d) Using Equation 1.8.8, we calculate the position of the Fermi level with respect to E,.

E, —E, =kTIn[N,(T)/p(T)]=0.34eV, T =600K.

At 600 K, the Fermi level is located 0.34 eV above the valence band.

Incomplete lonization of Dopants and Freeze-out

1.14 From Equation (1.9.1), we know that n + N,"= p + N4". Since N4 is much larger than N,
all the samples are n-type, and n = Ng* - N, = 3x10" /cm’. This value is assumed to be

constant. Using the Equations (1.8.10) and (1.9.3b),



p=n2/(N; = N; )= NN, exp(- E, /KT )=CT>exp(~ E, /kT),

where C is a temperature independent constant. Using the sensitivity of p defined by
op/dT,

op/oT =(3+E, /KT )xCT? exp(- E, /kT)

Therefore, the larger the energy gap is the less sensitive to temperature the minority carrier
is. For the definition of the sensitivity of p,

(@p/aT)/ p=(B+E,/KT)/T

The temperature sensitivity of the minority carrier is greater for larger E,.

1.15 (a) Let us first consider the case of n-type doping. The dopant atoms are located at
energy E4 inside the bandgap, near the conduction band edge. The problem states that
we are considering the situation in which half the impurity atoms are ionized, i.e.
n=N4/2. In other words, the probability of dopant atoms being ionized is 2, or
conversely, the probability that a state at the donor energy Ep is filled is Y.

From Problem 1.2 part (a), we know that if f (Ep)=1/2, then Ep=E;. From Equation
1.8.5,

We also know that E.=Ep and E.-Ep=0.05¢eV.

3/2
N, (T) = 2{2”'“*“”} —2.8><1019><( T ] cm.
h? 300K

NC(T)ei(Ec*Ef)/kT — NC(T)e_(EC_ED)/kT :% N %: e(Ec_ED)/kT )
d

This equation can be solved iteratively. Starting with an arbitrary guess of 100K for T,
we find T converges to 84.4 K.

Similarly, for boron

2em kT T 32
N, (T)=2| et —1.04x1019x SRLE )
h? 300K

N, e e e _Be o, 20

_ e(Ea—E\,)/kT'

a

Starting from T =100K, we find T converges to 67.7K.



(b) We want to find T where n; is 10N4. This can be written as
T 3/2
n = Nc(T NV(T)e—(Eg Jiakr) _ 1.71%10" X(—J e ~(Eq )/(2kT) _ _ 10N,
300K
where

3/2
N (T)= 2{2”?"“”} —2.8><1019><[300Kj cm™ and

2zm KT T 2
N,(T)=2 i _— —1.04><1019><(L] cm™.
h 300K

We need to solve the equation iteratively, as in part (a) for n;=10N4=10"cm™. Starting
from T=300K, we get T=777 K for n;=10Ny.

For n;=10N,, we simply replace N4 in the equation above with N,. Starting from T
=300K, we find T=635 K.

(c) If we assume full ionization of impurities at T =300 K,
2

_ N -
For arsenic: n= N, =10'°cm™ >>n,, p ZN—':2.1><104CI’T’I ’
d

2
n.
For boron: p = N, =10"cm™ >>n,, n =N—'=2.1><105cm‘3

a

(d) Please refer to the example in Section 2.8. For arsenic,

N . 19 -3
E, ~E, =KTIn e = LO9XI0CM © 4 gy
p 2.1x10°cm

For boron,

N l .04x10”cm™
p 10”cm™

=0.24eV .

(e) In case of arsenic + boron,

2 10 -3
n=N, -N, =9x10"cm~,and p="1 le.lleO“cm’S,and

N 9x10°cm

19 -3
E, —E, =KT In[ " | = 0.026(eV )in| LOHX10CM ) _ 99 v .
p [.11x10"cm




1.16 (a) If we assume full ionization of impurities, the electron concentration is n = Ny =
10"7cm™. The hole concentration is p=(n;)”/n=(10'""cm>)*10""cm>=10° cm™.

The Fermi level position, with respect to E., is
E, - E, =KTIn[N,/n]=0.0261n[2.8x10"cm™ /10" cm™|=0.15eV .

E¢ is located 0.15 eV below E..

(b) In order to check the full ionization assumption with the calculated Fermi level, we
need to find the percentage of donors occupied by electrons.

E, —E, =(E.—E,)-(E,—Ep)=0.1eV , and
1 107(cm™)

(Ep—E,J/kT 1 + e(0-1eV /0.0266V)

n, =N =2.09x10"em™ =2% of N,.

d
1+e

Since only 2% of dopants are not ionized, it is fine to assume that the impurities are
fully ionized.

(c) We assume full ionization of impurities, the electron concentration is n = Ny =
10"cm™. The hole concentration is p=(n;)*n = (10"°cm™)*10" cm™ = 10 cm™.
The Fermi level position, with respect to E., is

E, - E, =KTIn[N,/n]=0.026x In[2.8x10"cm™ /10°cm™|= 0.027¢V .

It is located 0.027 eV below E..

Again, we need to find the percentage of donors occupied by electrons in order to
check the full ionization assumption with the calculated Fermi level.

Eo —-E; =(E. —E, )-(E, —Ep)=—-0.023eV , and
1 10°(cm™)

n, =N = 1 + e(-00236V /0.026eV)

d FEAIL =7.08x10"cm™> =71%of N, .
l1+e

Since 71% of dopants are not ionized, the full ionization assumption is not correct.

(d) For T=30 K, we need to use Equation (1.10.2) to find the electron concentration since
the temperature is extremely low. First, we calculate N, and N, at T=30K:

3/2

r T 3/2
N (T =30K)=2 2’”:—;‘” =2.8x10" X(30T0Kj cm™ =8.85%x10"cm™
and ) _

[22m kT T 32
N,(T=30K)=2 h—;"’ =1.04x10" x(30-|(-)Kj cm™® =3.29x10"cm™.

The electron concentration is



117 (a)

n= ME_EC_ED)/(ZH) — 8.43X108cm73 .

And, the hole concentration is
2
p=n/n=0

where

N.(B30K )N, (30K) _
n =\/ o )2 BOK) e 0m) 5 39 4107 e
Since n; is extremely small, we can assume that all the electrons are contributed by
ionized dopants. Hence,

8.43x10%cm™

n= Nd (1_E(EDITWJ :8.4-3><108(:r|'r3 %W:8.43X1079.

The full ionization assumption is not correct since only 8.43x107% of Ny is ionized.
To locate the Fermi level,

-1
E,—E, =kTIn [1—Nl] ~1]=-0.048 eV .

d

E.-Ef = 0.05-0.048 = 0.002 eV. Therefore, the Fermi level is positioned 0.002 eV
below E., between E. and Ep.

We assume full ionization of impurities, the electron concentration is n = Ng =
10'°cm™. The hole concentration is p=(n;)*/n = (10'°cm™)*10"°cm™ = 10" cm™.
The Fermi level position, with respect to E., is

E, - E, =KT In[N,/n]=0.0261n[2.8x10"cm™ /10" cm™|=0.21eV .

It is located 0.21 eV below E..

We need to find the percentage of donors occupied by electrons in order to check the
full ionization assumption with the calculated Fermi level.

E,—E, =(E.—E,)-(E,-E,)=0.16eV , and

1 lom@mﬁ)

N, = Ny 1+e(ED—Ef)/kT = 1 + e(0-16eV/0.026eV)

=2.12x10"cm™ =2.12x107'% of N,.

Since only 0.21% of dopants are not ionized, the full ionization assumption is correct.



(b) We assume full ionization of impurities, the electron concentration is n =~ Ny =

(©)

10"®cm™. The hole concentration is p=(n;)*/n = (10'°cm™)*10"*cm™ = 10? cm™.
The Fermi level position with respect to E. is

E, - E, =KT In[N,/n]=0.0261n[2.8x10"cm™ /10" cm™|= 0.087eV .

It is located 0.087 eV below E..

We need to find the percentage of donors occupied by electrons in order to check the
full ionization assumption with the calculated Fermi level.

E, —E; =(E.-E,)-(E, —Ep)=0.037eV , and
1 10%(cm™)

(Eo-E, kT — 1 + {00376V /0.026eV)

n, =N, =1.94x10"cm> =19% of N, .

1+e

Since 19% of dopants are not ionized, the full ionization assumption is not accurate but
acceptable.

We assume full ionization of impurities, the electron concentration is n = Ny =
10"cm™. The hole concentration is p=(n;)*/n = (10"°cm™)*/10"cm™ = 10 cm”.
The Fermi level position, with respect to E., is

E, - E, =KT In[N,/n]=0.0261n[2.8x10"cm™ /10" cm™|= 0.027eV .

It is located 0.027 eV below E..

Again, we need to find the percentage of donors occupied by electrons in order to
check the full ionization assumption with the calculated Fermi level.

E, —E,; =(E. - E,)-(E, —Ep)=—0.023eV , and
1 10°(cm™)

n, =N =
d — -
D 1 e(ED E; )/KT 1 e( 0.023eV /0.026eV )

=7.08x10""cm™> =71% of N,.

Since 71% of dopants are not ionized, the full ionization assumption is not correct.

Since Ny is not fully ionized and Ng4(ionized) << Ny(not-ionized),
n=Ny[I- (g )= Nge'= &7 = N g EEW

Solving the equation above for E; yields

e uk_Tl(N_J
2 2 N

c
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