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EE2 — Physics for Electrical Engineers Final Exam

UCLA Department of Electrical Engineering
EE2 — Physics for Electrical Engineers
Final Exam 2013
June 12 2013, (3 hours)

Name Student number

This is a closed book exam — you are allowed 2 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. 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 Your points
Problem 1 | p-n diode basics 25
Problem 2 | Conduction 20
Problem 3 | Equilibrium Carrier Concentrations 25
Problem 4 | Switching Dynamics 30
Problem 5
Total 100
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25
1. p-n diode basics (20points)
(a) (6 points) Label next to each of the 3 diagrams, whether this shows a p-n diode in forward,
reverse, or zero bias.

(b) (4 points) Consider two possible p-n diodes: p+/n and p/n+, which have either doping:
Device A: p+/n: N=10" cm"‘, Npy=10" cm™ .
Device B: p/n+: N,s=10" cm", Np=10" ecm™ .

Which bandstructure corresponds to which diode (label A or B)?
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(c) (J@points) Below is a figure which plots the current carried by electrons and holes separately as
a function of position for two silicon p-n diodes with different doping levels. Indicate, which

diode has a larger doping ratio Np/Na? (where N, is the donor doping on the n-side, and N, is
acceptor doping on p-side).
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(d) ( w/points) Explain qualitatively: If you wish to minimize the depletion region generation current
in reverse bias, is it better to choose low doping or high doping for your p-n diode? Why?
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2. Conduction in semiconductor (20 points)
(a) (10 points) At room temperature, a silicon bar that is 1 cm long, with a width of 10 um and a
height of 1 pm is doped uniformly with donors such that Ny=10" cm™. A voltage of 10 V is
applied across the length of the bar. Calculate the current / that flows.
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(b) (10 points) Now imagine that this bar is uniformly illuminated with light causing a
generation rate g(,p=1015 cm™. Will the current / change appreciably (say by more than 1%)?
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3. Equilibrium carrier concentrations (25 points)

For this problem, consider the given plot of the equilibrium electron concentration ng versus
temperature in a uniformly doped piece of silicon (plotted logarithmically in terms of inverse
temperature 1000/T).
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(a) (7 points) Label each region A, B, C as either intrinsic, extrinsic, or freeze-out.

10

(b) (5 points) Estimate the equilibrium hole density p, at 1000/7=3.33 .
T= 200L sz regine
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(c) (5 points) Estimate the equilibrium hole density p, at 1000/T=1.
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(d) (8 points) Below are plotted 6 Fermi-Dirac distribution functions, plotted on top of the
density of states N(E) for the conduction and valence band states (x-axis is energy). The
donor energy state is indicated with Ep. For each plot below, label which correspond to
regions A, B, and C in the plot above, and which don’t correspond at all?

f(E) f(E) f(E) \
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E, E,E, E, E,E. E, E,E.
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4. Switching dynamics (30 points)

Consider a silicon p+/n diode in forward bias, where the current i(7) is switched from I; to I, at time t=0,
where both /; and I, are forward currents. You may use the dynamic charge equation:

5= 20, 40,0
! dt
(a) (6 points) What is O,(t) at =0, and at t=c0?
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(b) (10 points) Derive an expression for Q,(t), in terms of 1, /1, and 1.
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(c) (7 points) Assume that the p-side acceptor density is N,=10'%cm™. If we have the choice of the
making the donor density Np=10"° cm™ or Np=10"7 cm™, which should we choose achieve the
fastest switching speed, and why?
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(d) (7 points) What effect will choosing Np=10"° cm™ versus Np=10'" cm™ have on the reverse
breakdown voltage magnitude V,?
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Solution to 3D free particle in volume L*:
e nk’ 2z 27 27
v(x,y,z) =Fe’ , E= o k, =n’T’k" =nyT’k’ =nzT, n,n,n,=..-2,—-1,0,1,2,...
Ohm’s law: J=0¢€
e

Conductivity of free electron gas (i.e. metal): oc=2 ! c=p"

m
Conductivity of semiconductor: O =nell, + pelt,

. L et et

Semiconductor electron/hole mobility M, =—2 u,=—=

m, m,

) 1 9 «\3/2
3D free electron Density of States N(E)= F( ;’3 ) E"?
s 2
hZ

Electron Effective mass m=——

d*E/dk
Fermi-Dirac distribution for electrons: f(E)= e‘5+)’”+1 , forholes: f(E)=1- m s
Equilibrium Carrier concentrations n,= | f(E)N(E)dE

Ec

Equilibrium Carrier concentrations in non-degenerate limit (Ec-Er > kT and Er-Ey > k7).
- ~(Ec—Eg YT — ~(Ep—Ey kT
ny=N_e , by=N,e

372 . 3/2
27xm kT 2zxm kT
GiSrai I s
n = ‘/”opo . \/ NNy e 5™
Intrinsic Fermi Level E, =k_T In Ny +M
2 N. 2

kT
Einstein relation for diffusion coeff: D= ?/U Diffusion length L=+Dr

Debye screening length (for n-type): L,= efT
\} e'n,
Dielectric relaxation time Ty = P (n-type) = (p-type)
o nOelun yZ Oelup

Minority carrier rate equations for excess optical uniform carrier generation (low-level injection)

d@m) _, _on a0p) _, _Sp
dt W gap T, (p type) » dt gop ; (n type)

Continuity equations for excess minority carriers (low-level injection, no E-fields, no optical generation)

d(dn) _ dz(é'n)_ﬁ i d(dp) _ dz(é'p)_Q i
dr - Dn dxz (p type) ’ dt - Dn dxz r (n type)

n p
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Fundamental constants
Planck’s constant:

h=6.63x102 7T s

7=1.06x1017Ts

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

€=8. 85><10"2 F/m
po=4m x 107 Ns%/C?
1eV=1.60x10"7
=1.38x102 J/K

Final Exam

h=4.14x10" eV s
7=6.58x10"% eV s
€=8.85x10"* F/cm

7=8.62x10"° eV/K

Bare electron mass my=9.11x10"! kg my=5.69x10"'¢ eV s cm’
Speed of light ¢=2.998x10° m/s ¢=2.998x10'" cm/s
Fundamental charge e=1.602x10"° C

1A=10""m, 1 nm=10" m, 1 pm=10"° m.

Material properties

All parameters at room temp Silicon GaAs

Crystal Structure Diamond Zincblende

a 543 A 5.65 A

Mass density 2.33 g/em’ 5.31 g/em’

€ 11.8 13.2

E, 1.11eV 1.43 eV

in (for intrinsic/low doping) 1350 cm®/V s 8500 cm/V s
uy, (for intrinsic/low doping) 480 cm”/V s 400 cm’/V s
m 0.26my 0.067mg

m'p 0.49my 0.5mg
Effective DOS N, 2.8x10" cm™ 4.7x10" cm”
Effective DOS N, 1.0x10"” cm™ 7.0x10™ cm™
n; 1.5x10" ecm™ 2x10° cm™
D, (for intrinsic/ low doping) 35 cm” s'1 220cm’ s’
D, (for intrinsic/ low doping) 12.5cm’s” 10 cm” s™

Useful equations

Electron momentum: p=mv=hk=hf2 Planck relation: E=hf =hw
2 2

Time independent Schrodinger’s Equation (1D): WAy, dx(zx) +V (x)p(x) = Ey(x)
m

Expectation value for position (x) = I xP(x)dx = I x|l,1/(x)|2 dx ,

Expectation value for momentum (

<x2> = onz |;1/(x)|2 dx.

p) == |V (oo =n ] kit .

) =)~

Uncertainty

R R e (P

(ax)(8p,) > 2

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

Heisenberg uncertainty principle:

n’i’n’

_ZnF , N= 1,2,...

v(x)= —sm(Tﬂx) for 0<x< L, y(x)=0otherwise , E=
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7,9 = et n()EG) +eD, LX)
Drift/Diffusion current densities:
dp(x)

J,(x) = ep,p(x)E(x)—eD, e

p-n diode (assumes abrupt junction)

Contact potential A= Lt o HInn—" = k—Tln(—-—N‘]sz J , Po _ My _ pernr
e p, e n, e n; Py N,
2¢(V, -V

Depletion (transition) region width W= 2e(Fo=He) (18 i , X, = w—Na_

e N, N, N,+N,

2e(V, -V
Maximum Electric field within depletion region Epx = \/ e(Vo=V) ( NNp )
€ N,+N,

Ideal diode I-V:

Ideal diode: excess minority carriers

I= eA(%p" +%np)(eel’/k1‘ _1) = (&_‘_gj(eemr _1) =10 (eeV/kT _1)

P n o T

Ap, = 6p(%,0) = p(x,0)— P, = p, (""" -1)

Anp = 6”(—xp0) = n(—xpo)—np = np (eeV/kT _1)

Ideal diode: excess stored minority charge Q,=eALAp, Q,=edALAn,,
Capacitance C= 40
dv
Depletion (junction) Capacitance C,=ed g NNp = Gt
2¢(V,-V)N,+N, W

Diffusion Capacitance

Lifetime <, (s)

2
C,=C,,+C, ,=7,8,+7,8,= koA(n”L" +p,L,)e""*" (applies when V> kT / ) X

10° — , rrrrrrny - v 10°

A--alT fkalal e
i L TN B S
10° S | " L=~
- 10’ 3
10° 10°F
w
10°} e
107 F ,g 10’
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10-10 d ol ot ol 4 l, 0 PTOTT DUPOPR PV PR SO ERUT B e S S
10° 10" 0™ 10° 10® 10”7 107 10" 107 10° 10° 10" 16® 10° 10”7 10° 10" 107
Acceptor density N, (cm’) Donor density N, (cm”)

Figure. Minority carrier lifetime for electrons (left) and holes (right) as a function of doping density
in silicon at room temperature.
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