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UCLA Department of Electrical Engineering

0 Ensineertha-Electromagnetic
EEZ Spring 2012

Midterm, May 8 2012, (1:45 minutes)

Name

Student number

This is a closed book exam — you are allowed 1 page of notes (front+back).

Check to make sure your test booklet has all of its pages — both when you receive it and when you

turn it in.

Remember — there are several questions, with varying levels of difficulty, be careful not to spend too
much time on any one question to the exclusion of all others.

Exam grading: When grading, we focusing on evaluating your level of understanding, based on what
you have written out for each problem. For that reason, you should make your work clear, and
provide any necessary explanation. In many cases, a correct numerical answer with no explanation
will not receive full credit, and a clearly explained solution with an incorrect numerical answer will
receive close to full credit. CIRCLE YOUR FINAL ANSWER.

If an answer to a question depends on a result from a previous section that you are unsure of, be sure
to write out as much of the solution as you can using symbols before plugging in any numbers, that

way at you will still receive the majority of credit for the problem, even if your previous answer was
numerically incorrect.

Please be neat — we cannot grade what we cannot decipher.

Topic Max Points Y our points
Problem 1 | 1D crystal 30
Problem 2 | Quantum Mechanics 30
Problem 3 | Carrier Concentrations 40
Total 100
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EE2 — Physics for Electrical Engineers Midterm

1. 1D crystal (30 points)
Consider a 1D crystal of total length L, made up of atoms with a lattice constant (spacing) of a.
(a) (15 points) Assume that each atom contributes one valence electron. First, using the free electron
model, what is the Fermi level Er at absolute zero temperature?
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(b) (15 points) Explain why a 1D crystal (length L, lattice constant @) made up of a single species of
atom can only be a semiconductor if each atom has an even number of valence electrons. While
you may cite any necessary equations, you must clearly give an explanation in text.

lﬂ O (z{yé;'n[ W?% }@H”i?'é %)&Ugj [4)\ f I’ﬂt F@m@ii?_ i/lﬁbfﬁ
O‘} ’};t /av”'f%@ P@lﬁﬁ/ﬁ@l Wji)i Ofen UpP banﬁlﬁaf%

Cir{; ’Hi %ﬂn'”[@m 20m ﬁdy@ﬁ et }z? + Q:ﬁ: whte 1 (San
' /N 3 | FA ( W*{fé@{‘ &
,,,,,,,,,,,,,,,,,,,,,,,,,, NS
} Contains 2 gl&kg

jﬁ; 9"‘f9

; ng“?&?n& ZN&&I@;
hﬁ

/
y
!
/
A
7
W
//
7
/m ‘ y ¢

a
E&alﬂ DMA c@ﬂﬁ?M c::e}i)/al @@L Z/\/ ﬁ?hf}&ﬁ L/M
N~ = te nunbe ok ahomsin a oyl 1L

P
<

&

ach  abom L@ﬂ&mﬁ an &ven nom ber ok elet (NS,
abF 170 Ep will be'in Hee gap and & banhwill b@
wmfi){@édy Bl The is trecorditon b a somcondudor
(05‘“ M%MWX ]—;[ Cach M@m }w}? an  odd lum be~
@; @Zﬁ‘@';r@y?ﬁ; E@, will be. in e m;jgjia oka bﬂn&j

Which iz e ondidon e a meta)

Page 4 of 12



EE2 — Physics for Electrical Engineers Midterm

2. Quantum Mechanics (30 points)

(a) (15 points) Consider an electron (with effective mass m*=0.067mq) in a 1D quantum well of
width L=1 nm with infinitely high barriers. If the electron is in state n=2, and makes a transition
to state n=1 by emitting a photon, what will the energy (given in units eV) and wavelength
(given in units um) of the photon be?
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(b) (15 points) Explain why an electron in a quantum well cannot have zero kinetic energy (£ ).
Explain what this has to do with the uncertainty principle (using text, and any relevant equations
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3. Equilibrium carrier concentrations (40 points)

(a) (10 points) Consider the given plot of the equilibrium hole concentration pg versus temperature
in Si (plotted logarithmically in terms of inverse temperature 1000/T). For each region of the plot
A, B, C, sketch the position of the Fermi level Er on the band diagram below.
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(b) (10 points) Estimate the value of the acceptor doping density Ny.
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(c) (10 points) At the temperature T=500 K, what is the energy of the Fermi level Er (in eV) with
respect to the valence band edge?
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Conductivity of semiconductor: , O =nel, + pell,
7 1
Semiconductor electron/hole mobility M= nefn u, = &,f’
m, m,
] o 32
3D free electron Density of States N(E)= = (—gg—} E"
/4
hZ
Electron Effective mass m = ——
d*E/dk
Fermi-Dirac distribution for electrons f(E)= ﬁ;—;—l
Equilibrium Carrier concentrations ny = J J(EYN(E)dE

Ee
Equilibrium Carrier concentrations in non-degenerate limit (Ec-Er > kT and Ep-Ey > k7).
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Einstein relation for diffusion coeff: D= "e“ﬂ Diffusion length L=~NDr
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Debye screening length (for n-type): L,= 62
e I’lo
Dielectric relaxation time T, = A (n-type) = < (p-type)
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Minority carrier rate equations for excess nonequilibrium carrier generation (low-level injection)
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Continuity equations for excess minority carriers (low-level injection, no E-fields, no optical generation)
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Fundamental constants

Planck’s constant:

Permittivity of free space
Permeability of free space
Conversion from eV to J
Boltzmann’s constant
Bare electron mass

Speed of light
Fundamental charge

h=6.63x10"*J s
h=1.06x10"*J s

€0=8.85x10" F/m
ug=4m x 107 Ns%/C?
1eV=1.60x10"]J
k=1.38x10" J/K
me=9.11x10"" kg
c=2.998x10% m/s
e=1.602x10" C

1A=10""m, 1 nm=10"m, 1 pm=10"° m.

Material properties

Midterm

h=4.14x10"7 eV s
7=6.58x107"% eV s
€o'~—“8.85><10'14 F/em

§=8.62x107 eV/K

c=2.998x10"" cm/s

Silicon

All parameters at room temp Silicon GaAs

Crystal Structure Diamond Zincblende

a 543 A 5.65A

Mass density 2.33 g/lem’ 531 g/em’

€ 11.8 13.2

E, 1.11 eV 1.43 eV

U 1350 cm®/V s 8500 cm”/V s
Ly 480 cm®/V s 400 cm’/V s
m 0.26myg 0.067mq

m*p 0.49m, 0.5my
Effective DOS N, 2.8x10"” cm™ 4.7x10" cm™
Effective DOS N, 1.0x10"” cm” 7.0x10" em”
n; 1.5x10"% ¢m™ 2x10° em”™

Useful equations

Electron momentum:

Time independent Schrodinger’s Equation (1D):

Heisenberg uncertainty principle:

Solution to 1D particle in box (infinite quantum well of width L):

2 . {nam .
X)=,—sin| —x , K=
w(x) 7 (L )

Solution to 3D free particle in volume L

.
W(X’y’z) :_Z%_E_e./k , E=

Ohm’s law:

2m * Y A

Conductivity of free electron gas (i.e. metal):
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p=mv=hk=h/A Planck relation:
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