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EE2 - Physics for Electrical Engineers Midterm

UCLA Department of Electrical Engineering
EE?2 - Physics for Electrical Engineers
Spring 2013
Midterm, May 2 2013, (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 least 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 Your points
Problem 1 | Band diagram and electrical conduction 40
Problem 2 | Electron wavefunctions 30
Problem 3 | Fermi-Dirac distribution 30
Total 100
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1. (40 points) Band diagram and electrical conduction

Consider the following band structure diagram for electrons in a 1D crystal with lattice constant a. Solid

circles indicate occupied electron states. Empty circles in the valence band indicates an unoccupied

electron state (i.e. a hole).

(a) (20 point) Consider the following band structure diagrams for a 1D crystal at temperature T=0 K.
Sketch the Fermi level Er on each diagram. For each diagram, is the material a conductor or an
insulator?

—~nt/a 0 n/a—n/a n/a—n/a n/a
kx kx kx |
Case A Case B Case C

At T=0
Case A CO!‘A\) C/"v{‘

Case B }YléUhLo '

Caself Cond»cl»r‘.
)/: EF s imside th bdhA/ e ﬁ\a)lerial 13 & C@V\Clvcéb!‘.
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(b) (20 points) For each case shown below in the bandstructure diagrams, state whether the current /
flowing in the 1D crystal is zero, positive (+X direction), or negative (-x direction).

BB

~ni/a 0 nla—n/a 0 n/a—m/a 0 n/a
K, K, K,
Case A Case B Case C

Case A :‘::O _ﬂ\e Syb}'em 1% (N egw'l{bl‘/um, OY\A\ "H\@{t are ON
equd Number ol elfd*ons,Popu)al-;@ +o and -h <hikes

Case B I<O Nom‘e?W‘,lLﬁ.W) 0‘!‘5’0. b)kﬂﬂ' W;H') w’\AWIfMM band e)dms
Ocwpying exia +h shbks. Arvage vlzly <vi> To
Eledne have nqyahw d’mgc So I <0, '
Case C 140 CoMb;\ band 13 emp;‘/ b;f}‘ H'eft ar€  More
wlonce Dand eleckins Ocapyilg  shls Wik R <o
'j'ho_n R Yo ; Huwewr Mﬁt\ﬂiime bmJ ska
Wit R<0 hae guip velwl, SO 50 Gy 20
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2. Electron wavefunctions (30 points)

Consider a free electron system in a 1D crystal of length L with energy dispersion E=ZK12m,*.

(a) (10 points) If the electron has a wavefunction y(x,t=0) = jl_ze‘j""" , what is the expectation

value (i.e. average measured value) for the momentum p?

pY- h<ky =-hhky - Phue vam hoe uell dedne)

N momén fvm
<7k | O PREAD = Sk ke D L gohor
= 'J{l(ﬂb)j O = —hh,
: 407 \

The J:cinm\a QW on e Sheel h)\abpfr o Hil credit will be
31\’\9"‘ for Pad (a). -

(b) (10 points) Consider two electrons:
electron A has a wavefunction ¥, (x,t=0)= 1 g7 glhox
a2z

and electron B has a wavefunction y,(x,t=0)= e e where a=10° m.
av2r

Which electron has a larger uncertainty in position? Which electron has a larger uncertainty in

momentum? _ ; (R ’ _-L- -K.‘/Z“‘
Conhe te proaldy Aol /¥l /%l"“nﬁ"o‘_;/m .
M / /)"3)1 )'}’Bl’g 40 &:J_ éxé(b
A aVZIT e
P e port @ Joeent
4 5 _7 - —t— reqome vk V)'H‘ fo Jb
o) sl X O° 'Z‘o\ Sz/ve,e‘?vé ﬁ‘omdhﬁdly

Cie B Nea alug- wneerfuly A gve bl ol e pon(is

Uflcar&-a'mi, Pewngple Sdys MBP 7,%/Z

DP = cmallr & we B
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(c) (10 points) Consider two possible wavefunctions for an electron: wavefunction A is

1 -l . : 1 -x14a® - jkox
W, (x,t=0)= T—e kv and e wavefunction B is ¥/, (x,t =0) = ——e¢ e Why could
L \/ V27

a

wavefunction B be considered a better or more useful description for an electron than the
wavefunction A? Give an explanation in text — however you may cite any relevant equations or

figures.
Cozt 4> a phr wae whih has  1nde pog}l.%

Vncechnk D200, This Sobbun o Schedigers Eg

15 Wove ke bt hos no “Porkcl-bke’ poprtes o b cali Zohan,
Cee B & o Gussin wave Pa ket whzh  has

Finite ‘Po.ﬂlbn mce/ﬂ}n)‘y N0 In ol~

hods i s abethr descrp hon o;’* a locli2e)

Eartele  [ke as e/eclvm/ tat k)l mainbns

Wave pnperkes,  This represents Wik Pacticle &wl,‘b/

AREES e

i
— )

-4 7)(

- Xt/ ,t

A N2 PB(K)

Ax O\
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3. Fermi Dirac distribution (30 points)

(a) (10 points) Consider non-degenerate GaAs with the Fermi level Er fixed at 0.2 eV below the
conduction band edge, i.e. Ec-Er=0.2 eV. If the temperature increases from 200 K to 300 K,
what is the ratio of the electron concentrations n(300K)/n(200K)?

0> o B SR T- 200K T2-200K

o BB, - 02/0.00
‘(\ (200) _ M. (209) - (Y &= L8171 ﬁ
) ‘8'7c‘—-a=>/m M Goo) ~ R

aadls S (O

7N

N g

Nieo)

(b) (10 pomts) Now assumed that the concentration ng of electrons in the conduction band is fixed
at no—IO cm’, If the temperature increases from 200K to 300K, will Er increase, decrease, or
stay the same? Why?

Aﬁ "‘M ersbe )Ws e B Ankloshon 4wl exnd, A\Nﬂ.f o
Yo condudwr bound Aumsil, of shles  Thehe E.

Muet olecmw W o
)cef;,o no Cenbhm‘},
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(c¢) (10 points) Now consider intrinsic GaAs in equilibrium at T=300 K. If the temperature increases
to 400 K, will the intrinsic Fermi level energy increase, decrease, or stay the same? Why? You
may use any combination of text, equations, and sketches to argue your answer.

(E)
AE)
- == E,

The elleckic DOS s hger o fVile bund
Foc b conduchon bapd v Gahs Decavr 1M > m,

Trehre in oder 4o <chs®y te inkeneic condibin 1), P

E#Ev .
FF> ; Le EF'%dth‘mﬂ‘&aﬂenegy

n; ;P' > N e-(EuEF)ILT; N, e (EF-E,_)lm’

N c e. G‘/“; Ee/kt o Nva" EF /k,TaEV/M'

62. Er'/hT K M éE(, ‘I'E./) )kT
AL
2 E: Nv EAEv
- () 57

EP LJ QM Nl) E*EV
Ee Wl o 05 e deapaabe increases,
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2 . (nm n*h’n?
x)=,—sin| —x | forO<x<L, x) =0 otherwise , E, =———, n=12,...
o \/; (L ) {2 2ml?
Solution to 3D free particle in volume L*:  (with periodic boundary conditions)
1 h’k? 27 27 2
V(L)%Z):Zs/?e! 5 E = Y- kx =nxT,ky =n)_T,kz =nzT, nx’ny’nz =."—2,—1,0,1’2,".
Ohm’s law: J=08
Cul
Conductivity of free electron gas (i.e. metal): o=let c=p"
m
Conductivity of semiconductor: O =nels, + pel,
T T
Semiconductor electron/hole mobility M, = et: u,= f—,ﬂ
m, m,
1 (2m' 32
3D free electron Density of States N(E)= F(ﬁ—";) EV
v 4
h2
Electron Effective mass m=———0
d*E/dk
Fermi-Dirac distribution for electrons: f(E)= ;‘E‘E"}T—f and for holes: f,(E)=1- f(E)
Equilibrium Carrier concentrations n, = I f(E)N(E)dE
Ec
Equilibrium Carrier concentrations in non-degenerate limit (Ec-Er > kT and E-Ey » kT).
n, =N, e~ Ec=Ex kT . Py=N, o~ Er—E AT
3/2 * 3/2
2xm kT 2xm kT
NC:2(TJ ,Nv=2( th ]
n, = \/noPo - \/NCNV e
Intrinsic Fermi Level E = Eln 2y +M
2 N, 2

kT
Einstein relation for diffusion coeff: D= 7/‘ Diffusion length L=vDr

Debye screening length (for n-type): L,= _e_zkl
e‘n,
Dielectric relaxation time T, = £ (n-type) = (p-type)
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Fundamental constants

Planck’s constant:

Permittivity of free space
Permeability of free space
Conversion from eV to J

h=6.63x103*17 s

h=h2r =1.06x10>*J s

€0=8. 85x10 2 F/m
po=4n x 107 Ns¥/C?
1eV=l. 60x10 L]

Midterm

h=4.14x10" eV s
h= h/27 =6.58x10'% eV s
€0=8.85x10""* F/cm

Boltzmann’s constant k=1.38x10"2 J/K k=8.62x10" eV/K
Bare electron mass me=9.11x10">! kg
Speed of light ¢=2.998x10% m/s ¢=2.998x10'° cm/s

Fundamental charge

e=1. 602x10 3¢

1 A=10""m, 1 nm=10° m, 1 um=10"° m.

Material properties

Silicon

All parameters at room temp Silicon GaAs

Crystal Structure Diamond Zincblende

a 543 A 5.65 A

Mass density 2.33 g/cm’ 5.31 g/em’

€ 11.8 13.2

E, 1.11eV 143 eV

Un 1350 cm®/V s 8500 cm’/V s
Uy 480 cm‘/V s 400 cm‘/V s
m g 0.26mq 0.067myg

my 0.49my 0.5my
Effective DOS N, 2.8x10" cm” 4.7x10"" cm™
Effective DOS N, 1.0x10"" cm™ 7.0x10"° cm™
n; 1.5%10" cm™ 2x10° cm™
Useful equations

Electron momentum: p=mv=hk=h[A Planck relation: E=hf =hw

Time independent Schrodinger’s Equation (1D):

Expectation value for position (x) =

Expectation value for momentum ( p)

T xP(x)dx = T

— == +V(x)y(x) = Ey(x)

)= Ixz o dx.

1
S
\j
kS

b

Heisenberg uncertainty principle:

Uncertainty

h
(ax)(8p,) =2
Solution to 1D particle in box (infinite quantum well of width L with boundary condition w(0)=w(L)=0)
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