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Winter 2020
Midterm, February 12 2020, (1:45 minutes)

Name Student number

This is a closed book exam — you are allowed | 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 | Carrier concentrations 35
Problem 2 | Quantum Mechanics 20
Problem 3 | Bands | 15
Problem 4 | Bands 2 30
| Total 100
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1. Carrier concentrations (35 points)

For this problem, consider the given plot of the equilibrium electron concentration s versus
temperature in a uniformly doped piece of silicon (plotted logarithmically in terms of inverse
temperature 1000/T).
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(a) (10 points) Label each region A, B, C as either intrinsic, extrinsic, or freeze-out.

(b) (5 points) Is this an n~type or p-type piece of semiconductor? What is the donor or acceptor
density? (give a number)

n-type -
No= 10" on
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(c) (10 points) On the band diagrams below, sketch the Fermi-level Er for each case. Please also
add a line which indicates the energy level of either the donors (£4) or acceplor states (Eyq)
(depending on which type of semiconductor it is).

E._ E
Ex @—f_________ El — —

Mheins, e &krm,c %Nele ol
(a) (b) (c)

{d) (5 point) At T=300 K, what is the equilibrium hole concentration ps? (give a number)

N=2.350% (3 ab 200K

= AN 2, 200%
PO W"ﬂo - T S 2.2/ cm™

(e) (5 point) At 7=300 K, what is the Fermi energy Er? Express this in units of eV, relative to its
distance from either one of the band edges E. or E\. (give a number)
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2. Quantum Mechanics (20 points)

{(a) (5 points) Consider a 1D metal of length L with free-electrons (V(x)=0) and periodic boundary
conditions. What is the expectation value for momentum <p> for a free electron with

wavefunction w,(x):J%e"""‘ ?

Lpy: R,

. . . . . 1, - il
(b) (5 points) Now consider an electron in a state with wavefunction y(x) = \/% (e”‘r' +e /0 ) :

What is the expectation value for momentum <p> ?

Zev =D
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. . . . . | VR e )
(c) (5 points) With an electron in the same state with wavefunction ,(x) = \/% (e”‘“‘ +e A ) L if

we perform a measurement of momentum, list the possible momentum values that might be
measured along with their probability that they are measured?

F 2 possblc Voles: Thko
~hko
D07 pobibilly de, N

(d) (5 poinis) Which state, y1 or w2, has a larger uncertainty in momentum Ap ? Why?

9{‘0"(' yj\’) has /“@f“ Uﬂccf"u?ﬂ')l Sitee
v Can Puve 2possbe pracied bb/ws,

ﬁ/ﬁ’ﬁ qf (}/) )705 AP:: O i
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3. Bands 1 (15 points)
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(a) (b) (c) (d) (e)

Consider the following 1D electronic band structures with filled electronic states as indicated by the
closed circles. For each case, write whether the electrical current density in the x-direction Jx is zero,
positive, or negative.

(a) /Vli9

(b)
Pos
(c)
Nes
(d)
20
(e)

. Pos
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4. (30 points) Bands 2

TN

Consider the semiconductor represented with the conduction and valence bands shown above.

{a) (5 points) Does this material likely have larger electron or hole mobility? Why?

Lomer elabm ity a= g%; ey
I.]'ﬁ Sl l"f— ZPI‘ Mol - %zf/dkt

(b} (5 points) Does this material likely have a larger electron or hole effective density of states?
Why?

Loger hde densly of skl de b B
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(c) (10 points) Now consider that this semiconductor is intrinsic, and 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

The yms}};r. D% Juger b holes To mamhm
Wre wniehbn }M‘ no‘ pa J;r fm’ﬁ‘;ls;l L fOnﬁ‘M‘Jr_S/
"'h. FUMf,Wl myst !hﬁﬂaﬁ& as hf’ﬂP Wirea g5 .

(d) (10 points) Explain physically and qualitatively. Under what conditions can an electron have a
negative effective mass? What is the physical meaning of a negative effective mass?

& fice ik %%L o 6/&?(?0:'\ Nes a
Nleyatie el s wha 1 Ocepits & Sobof-
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This 2 beqpe oowkile o Pofv Ko

Wil Merae e B tuabee, ik will moe

o & shle wily Nnephve Grvp welonhy

M2 Oceon  fndawedill becarse He abon
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5. Fundamental constants

Planck’s constant:

Permittivity of free space
Permeability of free space
Conversion fromeV to ]
Boltzmann’s constant
Bare electron mass

Speed of light
Fundamental charge

h=6.63x10% ] s
h=h27 =1.06x10" J s

€0=8.85%10"* F/m
po=dm x 107 Ns*/C?
1 eV=1.60x10"%1J
k=1.38x10" J/K
m0=9.11x10"" kg
¢=2.998x10® m/s
e=1.602x10""C

1 A=10""m, 1 nm=10°m, 1 gm=10% m.

Material properties

Midierm

h=4.14x10"% eV s
h= h2r =6.58x10"% eV s
=8.85%x10"" F/fcm

k=8.62x107 eV/K

¢=2.998x 10" cmy/s

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 giem?

€r 11.8 13.2

E, 1.11 eV 1.43 eV

iy 1350 cm’/V s 8500 cm*/V s
iy 480 cm*/V s 400 cm’/V s
m'n 0.26mo 0.0671m0

m'p 0.49mq 0.5my
Effective DOS M. 2.8x10" cm™ 4.7x10"7 cm*?
Effective DOS N, 1.0x10" cm™ 7.0x10'% cm™
1i 1.5x10'% cm? 2x10° cm™

Useful equations

Electron momentum:

p=mv=hk=hfA

Time independent Schrédinger’s Equation (1D):

Expectation value for position (\.) = j xP(x)dx=

— -

B &y

I .x[y/(x)rd.t ,

Planck relation: E=hf =hw

+V (W (x) = Ep(x)

(.\'2> = _[ X’ ll}/(.r)l2 dx.

-

>
dx”

Expectation value for momentum ( p) =—jh j ¥ (x) aiy/(x)dx =h I k [l,y(k)|2 dk
X .

Uncertainty

Heisenberg uncertainty principle:

(ax)(ap,) 22

Ax = ,K(x—(x)f) = \/(.1'2>—(x)2 Ap, = 1’((!’, —<P_t))2> = \/(P.:2>“‘(P.r)2

h

Solution to 1D particle in box (infinite quantum well of width L with boundary condition y/(0)=y(L)=0)
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2 nw wh'n’
N=,—sin| —x | forO<x< L, x)=0otherwise , E =——, n=12,..
wx) L ( L \] vix) : S 2ml

Solution to 3D free particle in volume L*:  (with periodic boundary conditions)

| ke Ik’ 27 21 27
(x, v, 2)=—5e"" , E= k.o=n ==k =n—k =n—, n,n,n =.-2,-1012,.
i " 2m : LA L FTEL : o
Ohm’s law: J=0c&
., . . . ne‘t .
Conductivity of free electron gas with one carrier type (i.e. metal): o= oc=p"
m
Conductivity of semiconductor (with two carrier types): 0 =negl, + pey,
: - e, el,
Semiconductor electron/hole mobility M, =— u,= £
m, m,
L2
. 1 [ 2m W2
3D free electron Density of States N(EY)= 5= ?- E
e\ I
. . h’
Electron Effective mass m =—-
d*E/dk?

Fermi-Dirac distribution for electrons:  f(E) =ﬁml and for holes: [ (E)=1- f(E)
g et + 5

Equilibrium Carrier concentrations Ny = I f(EYN(E)dE
£
Equilibrium Carrier concentrations in non-degenerate limit (Ec-Er > kT and Ep-Ev 5> kT ).
Hy= Nce..I:Eg =Ep WiT ) Po= N‘:e'(ff £ kT

312 - 2
kT 27am kT
Effective Density of Stales N.= 2(%} , Ny = 2(—-]—,3—)
I r
Intrinsic carrier density n, o= \[nup[, = JNCN‘_. e B
Intrinsic Fermi Level Eg =Eln N—" +M
2 N, 2
kT kT e
Einstein relation for diffusion coeff: D, =7 M, D, =T,U,J Diffusion length L=~Dr
. ekT
Debye screening length (for n-type): L,= =
en,
. . . € € €
Dielectric relaxation time Tp =—=—— (n-type) = (p-type)
o "()eﬂfl pﬂeﬂp
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