3.1. Calculate the speed of an electron in Si with kinetic energy 0.013 eV, Draw
an equilibrium energy band diagram for silicon and indicate where this
electron will be. Compare your calculated thermal speed to the typical drift
velocities cited in the text of 10¢ cm/s. How does it compare to typical

saturation velocities?

The electron speed is
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Even with this very small kinetic energy, the electron’s instantaneous
speed is still about 1000 times faster than the drift velocity. It is
comparable to the drift saturation velocity for silicon of 1x10"cm/s.
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3.6. A voltage of 2.5V is applied to a sample of silicon whose cross-sectional area is
0.1 pm x1 pm. The length of the path is 0.1 pm. If the material is doped n-type with

Np=10"® cm?, what is the current in the sample? What is the current density? These

dimensions could represent the channel of a field effect transistor.

The cross sectional area is 4 = 0.1zm x1.0m = 10" cm’ , and the length is
L=0.1um=10" cm..

We know the current is given by /=JA, and J=a= To find o, we need to
find np and po. We can write that no=Np=10'%, and po Will be negligible so it
won’t contribute to conductivity. From Figure 3.4 for silicon doped to
10"%cm™, we find that the majority carrier mobility 1,=230 cm?/V-s, and

o= qun = (1.6x107°C)230)(10"*)=37(Q — em)”
Thus
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and.

I=J4=9%10°Amps/cm”-107° em™ = 9mA



3.11. Compare the mean free time between collisions for electrons and for

holes in intrinsic GaAs. How do these values compare to those for silicon?

Following the method of Example 3.2, we have
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where we obtained the value of x4, from Figure 3.7 and mg* from the
table inside the book’s cover. This is comparable to the case for silicon

(0.2ps).
For holes,
( 1 a2, 1m’
5 (0.34m,)| 4x10°cm™ IV - s x ——
— g, L 10%cm 14
L= = ST =7.7x107"s=0.077 ps
q 1.6x1077C

compared to 0.1 ps in silicon.



3.12. For the case of Problem 3.11, find an average gain in kinetic energy

between collisions for electrons and holes for an applied field of 100 V/cm.

The electrons attain an average velocity of (Equation (3.27))
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For holes the result is
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3.13. Estimate the saturation velocity of electrons in intrinsic GaAs. How does

your estimate compare with the experimental data?

Following Example 3.3, we make the assumptions again that an electron
loses all of its kinetic energy after each collision, that an electron gains an
energy equal to Epne between collisions, and the electrons remain in a
region of constant and valid effective mass.

From the table inside the book cover, Eppo for GaAs is 0.034 eV, and we
have from Equation (3.35),
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From Figure 3.9, we see that the saturation velocity for GaAs peaks at
about this value, 2x10’ (a very good match), but then decreases and
levels off at about 6x10°. The reduction is due to scattering into the other
conduction band minima, invalidating our assumption that the electron
remains in a region in which the concept of effective mass is valid- to go
from one such region to another involves crossing through a region in
which this assumption is not true.
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The minus sign indicates that the current is flowing from a region of higher
concentration to a region of lower concentration.



3.15. Consider a p-type Si sample of N4 = 10%¢m3 and Np = 0. Over a length of
1 pm the electron concentration drops linearly from 101°cm-3 to 103cm3,

Calculate the electron diffusion current density.

From Equation (3.40), we have

T :an%. Since the electron concentration is dropping linearly,

the expression for n(x) is

10° em™ .
n(x)=- f” x, and the derivative is
10" em
dn Wi 4
—=—10 cm
dx

At Na =10"%cm, the diffusion constant is, from Figure 3.11 (electrons are
minority carriers since the material is p-type), D,=9cm?/s. Thus



3.19. Light of hv=1.5eV (this in the near infrared, at 2=826 nm) at a power level
of 10 mW shines on an intrinsic sample of GaAs of area 1 cm?. Let the electron

lifetime be 10 ps.

a) What is the number of photons arriving at the semiconductor surface

per sec? (recall energy=powerxtime).

One photon has energy of 1.5 eV, so to produce a power of 10 m\W, we
require

N (photons) x 1.5eV | photon x (I 6x107°7/ eV)
Ls

10mWw =

N =4.2x10"photons/ s

b) Verify that photons at this energy can be absorbed.



For the photons to be absorbed, the energy of a photon must be greater
than the bandgap. The energy gap of GaAs is 1.43 eV, so these photons
can be absorbed.

¢) Assuming every photon is absorbed and creates an electron-hole pair, and
assuming the GaAs sample is 1 mm thick, what is the optical generation rate?

There are N=4.2x10'° photons/sec arriving on an area 1 cm?, and
absorbed in a volume 1 cm?x0.1cm=0.1 cm®. Since each photon produces
and electron and a hole, the average optical generation rate is

N 4. S pi s/ s/ em’ I
< _‘p> . 4.2x107 photons /s [ cm :4.2><l0”e-hpau‘s.--"ser:.--"cm3

~ thickness 0.1cm

d) What are the equilibrium electron and holes densities (in the dark)?

Since the GaAs is intrinsic, np=py=n=2.2x10% cm™.

e) What are the excess carrier concentrations when the light is on?

Since this is steady state, %=O. From Equation (3.63) we have
t
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If the photons are uniformly absorbed, there is no diffusion current, and
An=G,,t, =42x10"cms7 (10x107s) = 4.2x10°cm™

f) What are the recombination rates for electrons and holes when the light is
off? When the light is on?

From Equation (3.60),
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g. What are the steady-state carrier densities n and p?

For electrons we have
n=ng+An=2.2x10° cm™ + 4.2x10° cm™>=6.4x10% cm™

Since the material is intrinsic, ng=po=n;, and since the excess electrons
and holes are created in pairs, An=4p, so
p=po+Ap=no+An=n=6.4x10° cm™.

h. How much does the conductivity of this sample change compared with its

dark value?
We know that
o= q(,unn + 1, p] = q[:,unno + 11,00)+q( 11,50 +,u.pAp:)

The mobilities for intrinsic GaAs are, from Figure 3.7, 1,=8000 cm?/V-s
and y,=400 cm?/V-s. In the dark, the conductivity is

o= q(;rnno LBy ) =1.6x% 10"19(_"[(8000(?1”2 ¥ 5'](2.2 x10°cm™ ) + (400(‘;';:2 'V - 5')(2.2

=3.0x107 (Q—cm)”
When the light is on, the result is
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showing that the conductivity nearly triples when the light is on in this
case.



i) Suppose the power level is kept the same, but the wavelength of the light is
shifted further into the infrared, at E=l1v=1 eV (1=1240 nm). What is the

generation rate now?

It is zero. These photons have energy smaller than the band gap and
cannot be absorbed.

3.26. A sample of InP is doped such that Ef-Ey=0.2 eV. It is also illuminated
such that An=Ap=103cm?. Find the quasi-Fermi levels and sketch the energy
band diagram. Repeat for An=Ap=1010,

We find the equilibrium carrier concentrations:
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Po=Ne ™ ' =68x10%cm e %26 =31x10"cm™
2
2 1.97 x 10’
= 4 L—bl =0.12¢cm™
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The total carrier concentrations are:
n=n,+An=0.12+10’ 10°cm™; p=p,+Ap =3.1x10" +10° = 3.1x10%cm™>
From which we can find the quasi -Fermi levels:
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be the same as E; since the majority carrier concentration is almost
unaffected.
When the excess carrier concentrations are 1010, n=hg+An=1 O'Ocm'a, and
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hole concentration is still negligible compared to the equilibrium
concentration of holes and so Ey, is still equal to E.
The energy band diagram for both cases is shown below:
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