Physics 406, Spring 2012
Final Exam
May 4, 2012

Name SO Lutions

The ten problems are worth 10 points each.

Problem Score

10




1. a) Use the Heisenberg uncertainty principle and a free electron model to
estimate the coherence length € of a superconducting electron. What is
the dependence of this coherence length on the critical temperature T¢?
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b) Please write down the London equation and show how it is consistent
with the perfect diamagnetism observed in superconductors.
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2. Please sketch an energy band diagram for a n-p-n junction transistor
which is not connected to any external circuits. Assuming that the
concentration of impurities is N4 in the p-region and Nq in both n-regions
(assume that both junctions are abrupt and that impurities are completely
ionized) and that the intrinsic impurity concentration is ni(T), please sketch
minority and majority carrier concentration profiles for the n-p-n transistor.
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3. a) Please write down the steady-state equations for electron and hole fluxes
at a p-n junction which is not connected to any external circuit. Explain the
physical origin of each flux contributing to the steady-state balance.

(VS ‘5‘(:24;/@3/*6 — ekl
j\f\f‘ = j\r\% "5;‘%“\” :9;' S, "\ﬁ/tx»"u;,

0
]’v\o [6: = WE{/@’—‘”"VQJ’;L\/&JM ’& «(v/uvm;
(;Z(s V-—g QQ&% % V&V ™~ - v”&f{);of‘,.\ _"\}:: P - Vz@,gb,;;@,\,\

/9(\) LA QA AL e l/\.f}’ﬁﬂ_ab ’tfex.ﬁj‘uz_> , C’Vbxe::\
J.° he  AtrarigAlonn £ Lose |
. e psibe Aoy
Coreaked  ®w w. P o
L/Q/ ¢ "Lw«-d’vk '§ Q/&-’vﬁf‘t Ux{ktlo"v";% 9{ S @/K{t o e
B ot

A oa A all
RN da ‘(,/2; e connac/t G-Jw’tw\/’tqu,).

T
U« S dwnNT

| g‘ ‘-*“'VWQ"C/\/"Q-’% j
— © ~ Y Lo~ ‘\«Q? A
J (i - S’\Q% %\U

| A &t@c&c&«?} ¢teke \fﬁfc@m.Q,n;kut;o/w st

i ; /
] ] ) )
K S ) Q/UV% &*ﬁk{Q«{uwc,L‘ ¢ .&M{‘\ SN PN
CX)Q.M«’&Q & {5
A

{ el - - { f ‘/‘\" )/ ,,>) -
S Q/ZYU\/«,@U@LV./?} &M 2> 54 |



b) Now the p-n junction is connected to the battery with a forward bias V,.
Please sketch the circuit diagram (including the battery and the junction), and
derive an equation which expresses the total electric current | (carried by both
holes and electrons) as a function of the bias voltage V, and the zero-voltage
fluxes from part (a). Please define each flux in the equation carefully.
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c) Please repeat the procedure in (b) for a reverse bias Vy.

W\J‘) Vo earg e @) VAS

<

_ T C T - T o
iv\ﬁ i‘f\»‘ ) ;&vﬁ/:ﬁ_ Py
\)\rw- = j LV"’ Q 6
T _— - 2Me / o T
Yoe = Jpc €
-’k"\/“/‘\(p;‘- ,.:‘_
@J < ( j\:% - J\:W ef )
c — © "f’\'/"’/(féT) =
+ Q/(\ -X\ﬂ% - B?\F '{,
o o ?__.Q/\-/G/f,(G,T> -
:«&(Sg\%“\‘ Spi}j)&/\"&
.1:&
&NV T
- T.(4— ¢ [ts >
/ .
T=T, fev 2V T =
Mo ik LFle ‘&@’\"
e AN e T

._,7 1@ ) "d\&p (_,@\j&;fubf\f Ao



d) Please sketch the resulting current-voltage characteristic for the p-n
junction, including both forward and reverse bias regions.
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4. a) Assume that a 2D metal has a simple cubic lattice with a lattice
constant a =4 A, and that each atom has one valence electron which
becomes a conduction electron in the solid. What is the concentration of
conduction electrons per m??
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b) Using the free electron model, derive the formula expressing the Fermi
energy Er as a function of electron concentration n. What is the Fermi energy for
the 2D metal from part (a) (in eV)? Recall that electron mass is m=9.1x10" kg
and Planck’s constant is h=1.05x10"* J's.
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5. a) The average energy of a quantum-mechanical oscillator at equilibrium
with temperature T is given by

<e> = hw/(exp(hw/ kgT) - 1),
where hw is the energy difference between adjacent energy levels of an isolated

oscillator. In the framework of the Einstein theory of specific heat, write down the

internal energy per unit volume of the solid. The concentration of atoms in a solid
is n.

)Z N I%/w\%(ét&/u/\ be%f”‘«’\‘\r Tharw <

@“"”‘“Q’jg» e A, e M the wheouge

gmu\@% K \Ge

/S)fem At /\9'9&&&%&» s
i i

10



b) Derive the formula for the specific heat C, in the Einstein model. What
is the behavior of the specific heat as T—0 (such that ksT << hw)? How does this
behavior compare with experimental findings? What is the limiting value of the
specific heat as T—+ (such that kgT >> hw), and why?
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6. a) Imagine a 1D random walker which starts from x,=0 and takes a step of
fixed length L to the right or to the left with equal probabilities (the
probability to stay in the same position is 0). Derive the average
displacement, <x\>, after N steps for an ensemble of such walkers. Now
repeat this calculation for an ensemble of random walkers in which the
probability to go to the left, p, is less than the probability to go to the right,
pr. EXpress your answer in terms of pr-pL.
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b) Derive the average squared displacement, <xn*>, after N steps for the
ensemble of unbiased random walkers from part (a) (pL = pr). What is the

dependence of <xy*> on the number of steps N?
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7. a) What is the average energy of an electron in a 3D Fermi gas at T=0 K?
Please express your answer in terms of the Fermi energy Ef. Hint: you
may want to average the electron energy over a sphere in k-space.
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b) Using results from part (a), find the average electron energy in silver at
T=0 K (note that Er = 5.51 eV in silver).
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c) What is the temperature of an ideal gas with the same value of the
average molecular energy? (Note that ks=1.38 x 102 J/K = 8.6 x 10”° eV/K)
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8. Consider a 2D array of atoms arranged in a regular square lattice, with a
lattice constant of 3.6 A,

a) Assuming that the phonon dispersion is well described by the Debye
approximation (w = ck), find the phonon density of states g(w) for this 2D solid.
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b) If the speed of sound is ¢ = 10° m/s, what is the Debye temperature of this 2D
solid? Hint: use the density of states from part (a). You may need these
constants: h=1.05x10"* J-s, ks=1.38x10"22 J/K.
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9. a) An incident monochromatic X-ray beam with wavelength A = 1.7 A is
reflected from the (111) plane in a 3D solid with a Bragg angle of 26° for
the n=1 reflection. Please compute the distance (in A) between adjacent
(111) planes.
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b) Assuming that the solid has an fcc lattice, use the result from part (a) to
compute the lattice constant (in A).
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10. Please describe the basic idea behind a semiconductor laser. How is it
different from an LED light, and what are the similarities? What is the purpose of
bandgap engineering in semiconductor lasers? Please use a sketch of the laser
energy band diagram to justify your answers.
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