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1. A semiconductor has E; = 1.40 eV and mj = 0.5mg; m; = 0.1mg at 7" = 300°K.
(a) Calculate the position of the intrinsic Fermi level, E¢, with respect to the middle of the
band gap, E; — Emidgap = Ei — Eq/2.

Solution: The intrinsic Fermi level is defined in terms of the bandgap, temperature and
effective carried masses as
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Using the given values, we find that the distance of the Fermi level from the center
of the gap is

E.—E, 3
E; — T” = 70.0258 In(5) = 0.750.02581.61 ~ 0.0313eV

(b) Calculate the intrinsic carrier concentration, n;.

Solution: The intrinsic carrier concentration in terms of the effective densities of states,
N, and N, and the bandgap energy as

n; = NeNyexp [-Eq /KT .

Recalling that the effecive densities of states are given by
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we find that for a bare electron

kT 3/2
Ny =2 <m02) —2.61 x 10'° cm™3.
2mh

Using the above, we find that

n; ~ (0.05)%%2.61 x 10" x exp(—0.70/0.0258) ~ 4.8 x 10%cm 2.



(c) Impurity atoms are added so that the Fermi level, Ey, is 0.35 eV above the middle of
the band gap.
i. Are the impurities donors or acceptors?

Solution: The impurities are donors as donors raise the Fermi level. The intrinsic
Fermi level is raised by only 0.03 eV relative to the center of gap. The 'measured’
0.35 eV is much larger than this indicating the semiconductor is an extrinsic n-
doped semiconductor.

ii. What was the concentration of impurities added?

Solution: We need to make an additional assumption here, the assumption that
the donor impurities are shallow. It is only the shallow impurities (within a few
kT of the band edge) that will contribute to the repositioning of the Fermi level
relative to the intrinsic Fermi level.

E; - E;

Np =ng = n; exp {k‘T}

that evaluates to
Np ~ 1.07 x 10"2cm 3.

2. Determine the equilibrium electron and hole concentrations in silicon for the following con-
ditions.

Solution: Using the fact that there is no free charge density in an equilibrium material, we
can write that

no —po +Ng — Nj =0.

The law of mass action ngpy = nf combined with the above gives that

ng + (NS — Nj)ng —n? =
po+ (Ng = N)po —n

with solutions (omitting the spurious one generated by multiplying through by ng (po)),
we find
Ny - N} Ny =N+
" = (%) ¥ (%) i

N+t — N- Nif— N7\’
po = <a2 d>+ <2 d) +n?

These relations can generally be simplified significantly. For an intrinsic semiconductor,
N < n; and N, < n; and, therefore, ng ~ n; + (Nj — N;) and po ~ n; — (N — N ).
For an extrinsic semiconductor, for example, an n-type, n; < NJ and ng ~ N(j with
po = no/ ”12 . In our present case, the intrinsic carrier concentration is given by

n; = vV N.N, exp [—;];gT] ~1x100%m™3.

2



We see that in all cases, except (d), below, |[Ng — Ny| > n; and, therefore, the semi-
conductors are extrinsic. For extrinsic, non-degenerate seminconductors, we can equate
the majority concentration with the difference | Ny — N,| and calculate the minority con-
centration from the law of mass action that n? = ngpo. When the semiconductor is so
lightly doped that it remains intrinsic, we can simply subtract the doping concentration
from the intrinsic (see (d) below).
T = 300°K, Ny =2 x 10"®cm™3, N, = 0.
Solution: We have that

ng~ Ng— N, =2 X 10%e¢m ™3

and therefore

T = 300°K,Ng =0, N, =1 x 10"%cm—3.
Solution: We have that
po~ Ny — Ng=1x10%cm™3

and therefore
2
ng ~ KPS x10%cm ™3
bo
T = 300°K, Nj =2 x 10%%cm =3, N, = 1 x 10%cm 3.
Solution: We have that
no~ Nj — N, =1.x10"%cm™®
and therefore

~ x10°cm ™3

T =300°K, N =1 x 10%m™3, N; =0.
Solution: Here we have
ny ~ 1.1x10%m™3
po ~ 9.9x10%m™3
T =500°K, N =1 x 104em™3, N, =0.

Solution: At 7" = 500°C, the n; = N.exp [Eclgff] ~ 8.53 x 1013cm™3. We need to use
the general form to find the ng and pg. Writing

Nt — N+ Nt — N’
ng = —d —a \l (dza +n? ~ 1.49 x 10Mem ™.
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we therefore find that

n2
po A~ — &~ 4.89 x 103em 3.
no



3. (a) f E.—Ef =0.2eV in GaAs at T' = 500°K, calculate the values of the equilibrium carrier
concentrations, n and p.

Solution: The equilibrium carrier concentrations are given by

E.— E;

n = NC(T = 50006) exp [—Imc
T=500°

] =9.05 x 10"®cm™3.

The band gap of GaAs at room temperature is roughly 1.424 eV. As E.—E; = 0.2eV,
then Ey — E, = 1.224eV and we can evaluate

E.— E;

_ 6. —3
T ]—7.56><10(3m .

p = Nyexp [—

(b) Assuming that the value of n you obtained in (a) remains constant, calculate F. — E;
and p at T' = 300°K.

Solution: We have

E.— E;=—kTlh (;) .

Plugging in

n =9.05 x 101°
N.(500°C)

E.— E;=—kTIn < > ~ 0.1eV.

The value of £y — E, should now be circa 1.324 eV. Evaluating

E; - E,

=N, —
P exp ( T

) ~ 4.40 x 10 *em 3.

4. A certain semiconductor is doped with Ny = 2x 10cm ™ and N4 = 0. The intrinisic carrier

concentration for this semiconductor is n; = 2 x 103cm™3.

(a) Determine the majority and minority carrier concentrations at thermal equilibrium.

Solution: Here, we have that NJ ~ n; so we must use the general solution for concen-
tration in terms of doping to find the effective concentrations. Writing

Nj — Nj Nf - N
no:H+\J <da +n? ~ 3 x 103 em 3.

2 2

(b) Determine the position of the energy level relative to the intrinsic Fermi level, Ey — E;.

Solution: We have that

Ef— E;=kTn (”) ~ 0.01eV

ng



