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Abstra
tThis arti
le should provide answers to important questions for the exam of the le
ture 'Physi
s ofSemi
ondu
tor Devi
es'. It is mainly based on the questions given on the 
ourse homepage at theend of ea
h 
hapter in the se
tion 'For The Exam'. Additional information from the 'Problems'also given on the 
ourse homepage, have been used to 
omplete this 
olle
tion. However, I have tostate 
learly here that it is not enough to just study with this arti
le. For this reason, for manyquestions referen
es to the 
ourse notes are given, as well as referen
es to Singh - the textbook Iworked with - where more (detailed) information 
an be found. I gave some general notes at thebeginning of ea
h 
hapter, where information for the whole 
hapter 
an be found and some moreexpli
it referen
es at ea
h question. Con
erning the books, as stated above, I worked with Singh andhen
e only referen
es to Singh are given in this arti
le. However, three books have been suggestedfor the le
ture:
• 'Sze - Physi
s of semi
ondu
tor devi
es' ([3℄), whi
h is pretty hard to get hold of, sin
e thereare no 
opies to be found in the lirbrary
• 'Thuselt - Physik der Halbleiterbauelemente' ([4℄) a detailed semi
ondu
tor book in German,whi
h 
an also be downloaded as an ebook.
• 'Singh - Semi
ondu
tor Devi
es' ([2℄) a quite easy to read book about semi
ondu
tors, whi
hdoes not go too mu
h into detail, but provides all the information needed.I hope this arti
le provides some help to e�e
tively study for this le
ture.Good lu
k! Guenter Krois



Chapter 1Introdu
tion1.1 You need to know that everything moves like a wave and ex-
hanges energy and momentum like a parti
le. The 
orrespon-den
e between the wave nature and the parti
le nature of some-thing is given by the Einstein relation, E = hf , and the deBroglie relation, p = h/λ....1.2 You need to be familiar with the solutions of S
hroedinger equa-tion for the three-dimensional potential well.Literature Referen
es:Le
ture Notes, O
t 06 2009/p17; see also Problem 1.3You 
an make the answer to this question arbitrarily long and di�
ult, let's keep it simple. Basi
allywe need to know the S
hroedinger equation for one state:
i~
d

dt
ψ(t) = Ĥψ(t) (1.1)With the stationary solution

Ĥψ(t0) = Eψ(t0)where ψ(t0) = e−
i
~
E(t−t0)ψtUsing the Hamiltonian for a 3D potential well: Ĥ = P̂ 2

2m + V (x)
P=i~∇→ Ĥ = −~2

2m ∇2 + V(x) theS
hroedinger equation above be
omes:
i~
d

dt
ψ(t) = (

−~
2

2m
∇2 + V(x))ψ(t) (1.2)The solution for this di�erential equation is:

ψ(t) =

√
2

Lx

√
2

Ly

√
2

Lz
e−iωt sin

nxπx

Lx
sin

nyπx

Ly
sin

nzπx

Lz
(1.3)

Enxnynz = ~ω =
~
2π2

2m
(
n2x
L2
x

+
n2y
L2
y

+
n2z
L2
z

) (1.4)1



Chapter 2CrystalsGeneral literature referen
es: le
ture notes O
t 6th 13th and 20th 2009; Singh Chapter 12.1 For the exam you need to know that the allowed ele
tron ener-gies in a 
rystal are arranged in bands. You need to know whatthe Fermi energy is and must be able to explain the di�eren
ebetween a metal, a semi
ondu
tor, and an insulator in terms ofthe energy bands and the Fermi energy.Literature referen
es: le
ture notes O
t 6th 2009/p26-29; Singh p33-37See s
ans of Singh p36/37 in Appendix A, �g A.1.2.2 You must know what the Fermi fun
tion is and how to 
al
ulatewhether an ele
tron state is o

upied.Literature referen
es: Problem 2.1 and 2.4; Singh p32The Fermi fun
tion is a distribution fun
tion whi
h gives the probability that an allowed energy levelat is o

upied. At T = 0 the fermi-fun
tion is a simple step fun
tion. Hen
e, in order to 
al
ulatewhether an energy state is o

upied or not, we simply need the equation for the fermi fun
tion (ormore exa
tly the Fermi-Dira
 distribution fun
tion):
fE =

1

1 + e
E−EF
kBT

(2.1)2.3 A three dimensional potential well is 
alled a quantum dot ifthe sides of the well are small. If the sides are large, it is alsoknown as the free ele
tron model. You must be able to expressthe energies in this 
ase in terms of the wavenumbers k.Literature referen
es: Le
ture Notes O
t 13th/p17-23; Problem 1.3The equation for the energy has already been given above - see equation 1.4. Some relationshipswhi
h might be helpful here are: 2



Waveve
tor: kx = 2π
λ = nxπ

LxDe Broglie: p = h
λ → ~p = ~~kIf there is a question asking for the energy it takes to ex
ite an ele
tron from one energy level toanother, make sure you 
al
ulate the energy di�eren
e ∆E = En2 − En1 between the two givenlevels.2.4 You must know what the density of states is and the form ofthe density of states for the free ele
tron model.Literature referen
es: Le
ture Notes O
t 6th/p21+; Problem 2.3 and 2.4; Singh p25, derivation p509'Density of states is the number of available ele
roni
 states per unit volume per unit energy aroundan enery E' [2℄ The 1D-density of states is:

NE =

√
2m3/2E1/2

π2~3
(2.2)As 
an be seen the form of the 1D density of states is y = a

√
x (see also bottom right of �g A.10 inAppendix A)For the whole derivation see s
ans of Singh pages 509-513 in Appendix A - (�g A.9 and �g �g:Singh512DoSDerivation)2.5 In the expression n =

∫ E1

E0
N(E)F(E)dE n is the density of ele
tronsin the 
ondu
tion band, N(E) is the density of states, F(E) isthe Fermi fun
tion, E0 is the bottom of the 
ondu
tion bandand E1 is the top of the 
ondu
tion band. You should be ableto explain how the Fermi energy 
an be determined from thisexpression.Literature referen
es: Le
ture Notes O
t 6th/p21+; Problem 2.3 and 2.4; Singh p25, derivation p509The equations for the fermi fun
tion (2.1) and the density of states (2.2) are given, plugging thefermi-fun
tion in, we see that for T=0K it just 
hanges the limits of the integral to E0 = 0 and

E1 = Ef . The integral over the density of states is quite trival.See Problem 'Average ele
tron energy in a metal' in Appendix B.2.6 You should now what Miller indi
ies are.Literature referen
es: Le
ture Notes O
t 13th/p15; Problem 2.5; Singh p24'Miller Indi
es are a s
heme used to des
ribe lati
e planes, dire
tions and points. The followingpro
edure is used to the the Miller indi
es of plane:1. De�ne the x,y,z-axis2. Take the inter
epts of the plane along the axes in units of latti
e 
onstants.3. Take the re
ipro
al of the inter
epts and redu
e them to the smallest integers, h,k, and l. Theresulting numbers are 
alled Miller indi
es.The notation (hkl) denotes a family of paralles plaens, while the notation hkl denotes a family ofequivalent planes.' [2℄ 3



2.7 You should be able to explain what the di�ra
tion of ele
tronwaves has to do with the allowed ele
tron energies in a semi-
ondu
tor.If an ele
tron with a forbidden energy for a 
ertain material is shot at su
h a material, it is re�e
tedout again. This happens due to quantum e�e
ts and is explained by the solution for the S
hroedingerequation. Sloser explanations 
an be found in Solid State Physi
s books su
h as 'Kittel - Solid StatePhysi
s'.

4



Chapter 3Intrinsi
 Semi
ondu
torsGeneral literature referen
es: le
ture notes O
t 20th 2009; Singh Chapter 23.1 You need to be able to look at a bandstru
ture diagram fora semi
ondu
tor and be able to identify the 
ondu
tion band,the valen
e band, the energy gap, whether the semi
ondu
toris dire
t or in dire
t, and to be able to determine the e�e
tivemasses of ele
trons and holes. See problems 1 and 2.Literature referen
es: Le
ture Notes O
t 13th/p3+; Problem 3.5, 3.6;See 
opy of problem 'Band stru
ture' in Appendix B.As for the e�e
tive mass, it 
an be easily derived, knowing E = ~
2k2

2m . Just derivate E twi
e withrespe
t to k, sin
e the e�e
tive mass is given by the 
urvature of E over k.3.2 You need to be able to explain what a hole is.Make sure you understood the 
on
ept of a hole well and that you are able to explain it with your ownwords. One well formulated answer would be: 'An ele
tron hole is the 
on
eptual and mathemati
alopposite of an ele
tron, useful in the study of physi
s, 
hemistry, and ele
tri
al engineering. The
on
ept des
ribes the la
k of an ele
tron at a position where one 
ould exist in an atom or atomi
latti
e' [5℄3.3 You need to be able to 
al
ulate the density of ele
trons in the
ondu
tion band, the density of holes in the valen
e band, andthe position of the Fermi energy for an intrinsi
 semi
ondu
tor.See problems 3 and 4.Literature referen
es: Le
ture Notes O
t 13th/p3+; Problem 3.5, 3.6; Singh 64-68Density of ele
trons in the 
ondu
tion band:
n = NCe

−EC−EF
kBT ;NC = 2(

m∗
ekBT

2π~2
)3/2 (3.1)5



Density of holes in the valen
e band:
n = NV e

−EF−EV
kBT ;NV = 2(

m∗
hkBT

2π~2
)3/2 (3.2)

NC and NV respe
tively are the e�e
tive densities of states for ele
trons and holes. Knowing thatin an intrinsi
 semi
ondu
tor the number of holes is equal to the number of ele
trons (sin
e ea
hele
tron in the 
ond
ution band leaves a hole in the valen
e band):
n = p = n2i = NCNV e

−Eg

kBTone 
an easily 
al
ulate the position of the Fermi energy:
EF =

EC + EV

2
+
kBT

2
ln(

NV

NC
) (3.3)For a derivation of the �rst two equations see Singh or the le
ture notes given in the referen
es.
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Chapter 4Extrinsi
 Semi
ondu
torsGeneral literature referen
es: le
ture notes O
t 27th 2009; Singh Chapter 24.1 Be able to explain under what 
onditions donor and a

eptoratoms be
ome ionized.Literature referen
es: le
ture notes O
t 27th/14; Singh p79'Explanation for n-type: At very low temperatures all of the ele
trons are 
on�ned to the donoratom and thus 
an not 
arry any 
urrent. With rising temperature ele
trons are ex
ited into the
ondu
tion band ('freezout range', linear in
rement of the ele
tron density over temperature) untilall of the donors are ionized - 'saturation range'. At some point the temperature gets high enoughso that the intrinsi
 
arrier density ex
eeds the donor density, hen
e the 
arrier density is furtherin
reased. ' [2℄. See �gure 4.1.

Figure 4.1: Ele
tron density as a fun
tion of temperature.
7



4.2 You need to know how to 
al
ulate the 
on
entration of ele
-trons and holes for an extrinsi
 semi
ondu
tor.Literature referen
es: Le
ture Notes O
t 27th/p27; Nov 11th/p7See se
tion 3.3
p =

n2i
n

=
n2i

ND −NA

n =
n2i
p

=
n2i

NA −ND4.3 You need to know how to 
al
ulate the Fermi energy in an ex-trinsi
 semi
ondu
tor as a fun
tion of doping and temperature.Literature referen
es: Le
ture Notes O
t 27th/p27; Nov 11th/p7See se
tion 3.3
EF = EV + kBT ln(

NV

NA −ND
)

EF = EN + kBT ln(
NV

ND −NA
)These equations 
an be easily derived from the equations for n and p given in se
tion 3.3 with theequations given in se
tion 4.2.4.4 Know what a degenerate semi
ondu
tor is.A semi
ondu
tors so highly doped that they have 
ondu
tivity 
hara
teristi
s of metals.(http://en.wikipedia.org/wiki/Semi
ondu
tor)

8



Chapter 5TransportGeneral literature referen
es: le
ture notes Nov 03th 2009; Singh Chapter 3 (p90-124)5.1 Be able to 
al
ulate the response of ele
trons and holes to smallele
tri
 �elds.Literature referen
es: Le
ture Notes Nov 3rd/p3-7,14-18,22-25; Singh p93-94, 104-107, 120-124Several equations are important in this se
tion:Drift: Charge 
arrier movement due to ele
tri
 �elds.At small ele
tri
 �elds material properties su
h as mobility and 
ondu
tivity 
an be related tomi
ros
opi
 properties su
h as s
attering rate or relaxation time. One way to do this is the Drudemodel, whi
h makes the following assumptions:
• Ele
trons don't intera
t with ea
h other.
• τsc is the mean time between su

essive 
ollisions of ele
trons.
• In between 
ollsisions, the ele
trons move a

ording to the free ele
tron equation: ~dk/dt = ~F'After a 
ollision the ele
trons lose all their ex
es energy (on the average) so that the ele
tron gas isessentially at thermal equilibirium. This assumption is really valid only at very low ele
ri
 �elds.'[2℄ This means that an ele
tron is only gaining speed in between 
ollisions, due to the external �eld,whi
h gives for the average velo
ity: (be 
arful, Singh denotes the ele
tri
 �eld as ~F , here it isdenoted as ~E)

~vF = −e ~E = m∗a = m∗d ~vavg
dt

~vavg = −e
~Eτsc
m∗ = ~vdwith the drift velo
ity ~vd. For the 
urrent density we get:

~J = −ne~vd =
ne2τsc
m∗

~E
omparing to Ohm's law ~J = σ ~E, we get for the 
ondu
tivity:
σ =

ne2τsc
m∗9



and with the de�nition of mobility ~vd = −µ~E, we get for the mobility:
µ =

eτsc
m∗Wat
h out for the signs, the hole drift velo
ity is ~vd,p = µp ~E and the ele
tron drift velo
ity is

~vd,n = −µn ~E.If there are holes and ele
trons in the material, we get for the 
urrent density:
~J = −ne ~vd,n + ne ~vd,p = (neµn + neµp) ~E = σ ~EAnother important relationship is 'Matthiessen's Rule' whi
h des
ribes the relationship between thes
attering times of the latti
e and the impurities:

1

τsc
=

1

τsc,lattice
+

1

τsc,impurityDi�usion: Charge 
arrier movement due to 
on
entration gradients.For a derivation see le
ture notes of Nov 3rd p14.For the 
urrent density of di�usion we simply get:
~Jn,diff = |e|Dn

dn

dx

~Jp,diff = − |e|Dp
dp

dxwhere Dn and Dp are the di�usion 
onstants for ele
trons and holes
Dn =

kBTµn
e

; Dp =
kBTµp
eSumming up the e�e
ts of drift and di�usion we get the following 
urrent density equations:

~Jn = −neµn ~E + eDn
dn

dx

~Jp = neµp ~E − eDp
dp

dxIt is very important to understand the prin
iples of drift and di�usion in order to understand thepro
esses in a pn-jun
tion, whi
h is in turn essential to understand any semi
ondu
tor devi
e.5.2 Know that the drift velo
ity saturates at �elds above about1000 V/
m.see next question
10



5.3 Know when the low �eld formulas are not valid and what pro-
esses o

ur at high ele
tri
 �eld strengths.Literature referen
es: Le
ture Notes Nov 3rd/p1; Singh p93For low ele
tri
 �elds the 
arrier movement is des
ribed by the Drude model (doesn't take e�e
tivemass into a

ount though). The assumptions taken for this model are givenin se
tion 5.1'A

ording to these assumptions, immediately after a 
ollision the ele
tron velo
ity is the sameas that given by the thermal equilibrium 
onditions. This average velo
ity is thus zero, after 
olli-sions. The ele
tron gains a velo
ity in between 
ollisions, i.e., only for the time τsc.' [2℄Singh p98 High Field Transport: At high ele
tri
 �eld (F 1 − 100kV/cm) the ele
trons a
-quire a high average energy. The drift velo
ities are also quite high. As the 
harge 
arriers gainenergy from the �eld, they su�er greater rates of s
attering, i.e., τsc de
reases. The mobility thusstarts to de
rease. Hen
e, the drift velo
ity be
omes saturated at high ele
tri
 �elds.

Figure 5.1: Velo
ity-�eld realations for several semi
ondu
tors at 300K. Note how the drift velo
ity of sili
on slowlysaturates, while the drift velo
ity of GaAs peaks �rst and saturates after de
reasing again. (from [2℄)Singh p100 Very High Field Transport - Breakdown Phenomena: At E > 100kV/cm; thesemi
ondu
tor su�ers a 'breakdown' 
aused by two e�e
ts whi
h multiply the 
arrier density:Impa
t Ionization: Carriers are a

elerated to an energy above the gap before they s
atter. Theygenerate more ele
tron-hole pairs. This results in an avalan
he breakdown of the devi
e.Band to Band Tunneling: Zener Tunneling: At strong ele
tri
 �elds, the ele
trons in the valen
eband 
an tunnel into an uno

upied state in the 
ondu
tion band.
Figure 5.2: Zener tunneling in a pn-jun
tion (from [2℄)11



5.4 Be able to explain drift and di�usion. Know the transport equa-tions where the 
urrent density is des
ribed by a drift term anda di�usion term.Literature referen
es: Singh p92-94,104For the equations see se
tion 5.1
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Chapter 6p-n jun
tionGeneral literature referen
es: le
ture notes Nov 10th and 17th 2009; Singh Chapter 5 (p159-179)Make sure that you really understand the pn-jun
tion and there pro
esses therein and that you
an explain in detail. It is very important for the oral exam, sin
e you will need it to explain anysemi
ondu
tor devi
e properly. The pro
esses in a pn-jun
tion are way easier to explain if youare able to draw the 
orresponding graphs properly. Have a look at Singh p161/162 (in
luded inAppendix A - �g A.2)6.1 Be able to 
al
ulate the 
onta
t potential.Literature referen
es: le
ture notes Nov 10th/10,11; Singh p163See le
ture notes and Singh for derivation - you should know this derivation!
eVbi = kBT ln(

NDNA

n2i
)6.2 Know the �eld, the potential, and the 
harge distribution in thedepletion model of a p-n jun
tion.Literature referen
es: le
ture notes Nov 10th 10-20; Singh 160+; Problem 6.1All these parameters 
an be derived by the depletion approximation dis
ussed in the referen
es givenabove. Sin
e the derivation is very important, I in
luded the s
ans of the derivation (see �gurees6.1, 6.2 and 6.3). Please make sure that you also understand the theory behind this approximation.The depletion approximation simpli�es the 
al
ulation of important properties of the pn-jun
tionsu
h as depletion width, 
harge distribution, ele
tri
 �eld, et
. The following assumptions are takenin this approximation:1. 'The physi
al jun
tion is abrupt and ea
h side is uniformly doped.' [2℄2. The mobile 
harge density in the depletion region is very small and thus will be assumed zero,of 
ourse only for the solution of the Possion equations, not for the 
al
ulation of the 
urrent�ow.

13



Figure 6.1: Depletion approximation 1 - Charge distribution and ele
tri
 �eld in a pn-jun
tion; Le
ture notes of Nov10th p15

Figure 6.2: Depletion approximation 2 - Potential in a pn-jun
tion; Le
ture notes of Nov 10th p18/196.3 Be able to 
al
ulate the width of the depletion layer.This question basi
ally belongs to the one above, sin
e the depletion width is '
overed' by thederivation of the depletion approximation.

14



Figure 6.3: Depletion approximation 3 - Depletion width in a pn-jun
tion; Le
ture notes of Nov 10th p206.4 Be able to explain 
arrier generation and re
ombination in a pn-diode. Know the equations for drift and di�usion of ele
tronsand holes.Literature referen
es: le
ture notes Nov 17th 10-12; Singh 113The pro
esses how 
arriers are generated and how they re
ombine should be very 
lear to youanyway. The ne
essary equations are given in the next question.6.5 Be able to derive the diode equation I = I0(e
eV
kBT − 1) and knowwhen this approximation is not valid.Literature referen
es: le
ture notes Nov 17th p10-14; Singh 174-178This is another rather long derivation whi
h should be known. However, as with every derivation, assoon as the basi
 prin
iples are 
lear it is pretty easy. I found it pointless to type the whole thing, soI just in
luded the a

ording 
opies of the le
ture notes and added some notes for a few lines whi
hmight be un
lear.We start the whole derivation with 
al
ulating the di�usion 
urrent for minority 
arriers in a n-typesemi
ondu
tor (the 
al
ulation for the p-type is 
ompletely analogue)

15



Figure 6.4: Derivation of the diode 
urrent 1; Le
ture notes of Nov 17th p10,11

Figure 6.5: Derivation of the diode 
urrent 2; Le
ture notes of Nov 17th p11,12

Figure 6.6: Derivation of the diode 
urrent 3; Le
ture notes of Nov 17th p14In the left part of �gure 6.5 it might be un
lear where the pn(0) and pn0 parts 
ome from. Theysimply 
ome from our derivation of the built-in potential. As given in se
tion 6.1 the built-in16



potential is:
eVbi = kBT ln(

NDNA

n2i
)Knowing the law of mass a
tion: nnnp = pnpp = n2i we 
an rewrite the built in potential to:

Vbi =
kBT

e
ln(

pp
pn

); Vbi =
kBT

e
ln(

nn
np

)and hen
e:
pp
pn

=
nn
np

= e
eVbi
kBTFor our derivation we need to know that pn(0) = ppe
eVbi−V

kBT sin
e there is a voltage applied to thepn-jn
tion and pn0 = ppe
eVbi
kBT for the intrinsi
 minority 
arrier density.6.6 Be able to explain what happens to the depletion widths, andthe drift and di�usion 
urrents for forward and reverse bias.Literature referen
es: le
ture notes Nov 17th p7,8; Singh 170,171This is also a very important question for the understanding of a pn-jun
tion. It is again easier tounderstand and explain this question when you are able to draw the a

oring graph (see referen
es).
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Chapter 7Conta
tsGeneral literature referen
es: le
ture notes Nov 24th 2009; Singh Chapter 67.1 Be able to des
ribe a metal-semi
ondu
tor jun
tion. Knownunder what 
onditions a S
hottky barrier is formed, when anohmi
 
onta
t is formed, and when a tunnel 
onta
t is formed.Literature referen
es: le
ture notes Nov 24th p3; Singh p227-236,240-243Here it is again important for the understanding (and to be able to explain it properly) to be ableto draw the band diagrams with all important parameters properly.7.2 Be able to explain how a jun
tion 
an be more transparent forele
trons than for holes.7.3 Know the relationship between 
urrent and voltage in a S
hot-tky 
onta
t.Literature referen
es: le
ture notes Nov 24th p15; Singh p235-236Basi
ally we get the same relationship as width diodes in se
tion 6.5
I = Ism + Ims = Is(e

eV
kBT )7.4 Be able to explain the role of interfa
e states.Literature referen
es: le
ture notes Nov 24th p12; Singh 228'A

ording to the dis
ussion so far, the S
hottky barrier height for n- or p-type semi
ondu
tors de-pends upon the metal and the semi
ondu
tor properties. However, it is found experimentally that theS
hottky barrier height is usually independent of the metal employed. This 
an be understood qual-itatively in terms of a model based upon nonideal surfa
es. In this model the metal-semi
ondu
torinterfa
e has a distribution of interfa
e states that may arise from the presen
e of 
hemi
al defe
ts(e.g., an oxide �lm) or broken bonds, et
. The defe
t region leads to a distribution of ele
troni
levels in the bandgap at the interfa
e. The distribution may be 
hara
terized by a neutral level ?018



having the properties that states below it are neutral if �lled and above it are neutral if empty. Ifthe density of bandgap states near ?0 is very large, then addition or depletion of ele
trons to thesemi
ondu
tor does not alter the Fermi level position at the surfa
e and the Fermi level is said tobe pinned. In this 
ase, the S
hottky barrier height is e [e?b= Eg - e?0℄ and is almost independentof the metal used. The model dis
ussed above provides a qualitative understanding of the S
hottkybarrier heights. However, the detailed me
hanism of the interfa
e state formation and Fermi levelpinning is quite 
omplex.' [2℄
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Chapter 8JFETGeneral literature referen
es: le
ture notes De
 1st 2009; Singh Chapter 8 (p338-349)8.1 Be able to des
ribe the operation prin
iple of JFETs and MES-FETs.Literature referen
es: le
ture notes De
 1st; Singh p338-3428.2 Know how to 
al
ulate the pin
h-o� voltage.Literature referen
es: le
ture notes De
 1st p2,3; Singh p341
Vp =

eNDh
2

2ǫIf you 
ompare that with the results for the �eld in the derivation of se
tion 6.2 you will realize that
Vp is just the �eld at xn = h. The depletion width is, as above:

xn =

√

2ǫ(Vbi − V )

eND8.3 Be able to 
al
ulate the drain 
urrent for a JFET or MESFET.Know the what the linear regime and the saturation regimesare.Literature referen
es: le
ture notes De
 1st p9-12; Singh Chapter 8 (p346-348)This is a quite long derivation. I talked with Prof. Hadley about it and he said we do not haveto know the whole derivation by heart, but we should know what is going on in the derivation andbe able to make use of it. So have a look at it, either in the le
ture notes or in Singh and try dounderstand what is happening and how the derivation works, you don't have to remeber all theequations. The prin
iple is pretty simple a
tually.20



Chapter 9MOSFETGeneral literature referen
es: le
ture notes De
 15th 2009 and Jan 12th 2010; Singh Chapter 9(p374-384; 396-400)9.1 Be able to des
ribe a MOS 
apa
itor in terms of the �atbandvoltage, threshold voltage, a
uumulation, depletion, and inver-sion.Literature referen
es: le
ture notes De
 15th; Singh p374-3849.2 Draw the 
harge density, ele
tri
 �eld, and ele
trostati
 poten-tial as a fun
tion of position in a MOS 
apa
itor.Literature referen
es: le
ture notes De
 15th p14-18; Singh p381See S
ans of Singh Appendix A, �g A.89.3 Be able to draw the band diagrams for a nMOS 
apa
itor or apMOS 
apa
itor.Literature referen
es: le
ture notes De
 15th p5-9; Singh p378,380See S
ans of Singh Appendix A, �g A.6 and �g A.7.This page might also prove helpful:http://jas.eng.bu�alo.edu/edu
ation/mos/mosCap/biasBand10.html - Java Animation of the banddiagrams9.4 Know how the equation for the drain 
urrent in the linearregime is derived.Literature referen
es: le
ture notes Jan 12th p6-9; Singh p396,397As in se
tion 8.3 it is important to understand how the derivation works, in this 
ase how the gradual
hannel approximation works, not to learn the whole derivation by heart.21



What the gradual 
hannel approximation is, is explainend in Singh p395:'In the absen
e of any sour
e-drain bias, the depletion width is simply given by the 1D model wedeveloped fo the pn diode. However, stri
tly speaking, when there is a sour
e-sraind bias, one has tosolve a 2D problem to �nd the depletion width and, subsequently, the 
urrent �ow. In the gradual
hannel approximation, we assume that the �eld in the dire
tion from the gate to the substrate ismu
h stronger than from the sour
e to the drain, i.e, the potential varies 'slowly' along the 
hannelas 
ompared to the potential variation in the dire
tion from the gate to the substrate. Thus thedepletion width, at a point along the 
hannel, is given by the potential at that point using the simlpe1D results. This approxmation is good if the gate length L is larger than the 
hannel depth, whi
his typi
ally a few hundred angstroms.'9.5 Be able to explain 'pin
ho�' and what 
ontrols the drain 
ur-rent in the saturation regime. Know the equation for the drain
urrent in the saturation regime.Literature referen
es: le
ture notes Jan 12th p10; Singh p396,397This question belongs to the one above.9.6 Know why the simple model for MOSFETs is inadequate todes
ribe very small MOSFETs.Literature referen
es: Singh p395With all the 
urrent 
al
ulations (for JFET, MESFET and MOSFET) two approximations havebeen made, �rstly the mobility of the ele
trons is regarded as independent of the ele
tri
 �eld, asexplained in se
tion 5.3. This is, however, only valid for very small ele
tri
 �elds. As modernMOSFETs are very small, the �elds a
ting in these devi
es are quite high, so this approximation isnot valid anymore.The se
ond approximation is the gradual 
hannel approximation, as explained in the se
tion 9.4.9.7 Be able to draw the ele
tri
 �eld as a fun
tion of position alonga 
ross se
tion from the gate, through the oxide and into thesubstrate for various body voltages. Know how 
hanging thebody voltage modi�es the drain 
urrent.Literature referen
es: Singh p381,399,400
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Chapter 10BipolarGeneral literature referen
es: le
ture notes Jan 19th 2010; Singh Chapter 7 (p260-278)10.1 Know the forward a
tive, reverse a
tive, 
ut-o�, and satura-tion operation modes of a bipolar transistor.Literature referen
es: le
ture notes Jan 19th p17; Singh p26610.2 Know how the emitter, base, and 
olle
tor are doped and why.Literature referen
es: Singh p260-26610.3 Be able to explain how a bipolar transistor works and why thebase must be thin.Literature referen
es: Singh p260-266
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Chapter 11Opto-ele
troni
sGeneral literature referen
es: le
ture notes Jan 26th 2010; Singh Chapter 1111.1 Be able to des
ribe how a light emitting diode, solar 
ell, anda laser diode work. Know what determines the 
olor of a LEDor laser.Literature referen
es: le
ture notes Jan 26th 2010; Singh Chapter 11If you thoroughly understood the pn-jun
tion, you will only have to learn a few more details to beable to explain all of these 3 devi
es. Detailed information 
an be found in Singh:
• Opti
al pro
esses: p458-463
• Solar 
ell: p465-468
• LED: p472-479
• Semi
ondu
tor laser: p482-49111.2 Be able to explain total internal re�e
tion and how it is usedin an opti
al �ber and why it 
an be a problem 
oupling lightout of an LED.Literature referen
es: le
ture notes Jan 26th p9Total internal re�e
tion is the e�e
t of light being 
ompletely re�e
ted ba
k if it travels from amaterial with a high index of refra
tion to one with a lower index of refra
tion (e.g. from water toair). This e�e
t is used to keep light in a �bre wire, however for LEDs it is a disadvantage sin
e, thephotons whi
h are produ
ed in the LED are spread out in all possible dire
tions, many travel ba
kin the semi
ondu
tor material, 
reate some ele
tron-hole pairs in the base material and their lightis transformed to heat energy and thus lost. Other photons rea
h the surfa
e of the LED, but totalinternal re�e
tion 
auses them to be re�e
ted ba
k into the material. In order to make the e�
ien
yof an LED better several steps 
an be taken. Firstly the surfa
e of the LED 
an be roughened up,in order to de
rease the probability for total internal re�e
tion to o

ur. Se
ondly the base materialshould be 
hosen to have a higher band gap than the material produ
ing the light, thus photons24



re�e
ted ba
k will not be able to be absorbed by the material, if some re�e
tive materials are appliedat the very base of the LED the photons 
an even be re�e
ted ba
k out again.For more information on total internal re�e
tion see:http://en.wikipedia.org/wiki/Total_internal_re�e
tion for more information

Figure 11.1: Le
ture notes of Jan 26th p13, re�e
tion, absorption and total internal re�e
tion in a LED.11.3 Know the di�eren
e between spontaneous emission and stim-ulated emission. Know why a laser diode has a threshold 
ur-rent.Literature referen
es: Singh p481,490The �rst part should be known, the treshold 
urrent o

urs, be
ause if the 
urrent is too low 'thenumber of ele
trons and holes inje
ted is small. As a result, the gain in the devi
e is too small toover
ome the 
avity loss.' [2℄11.4 Be able to des
ribe light absorption in a semi
ondu
tor andwhat this has to do with the bandgap.Literature referen
es: Singh p458-463
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Chapter 12AppendixA Very important pages of Singh - S
ans

Figure A.1: Left: Banddiagram and Fermi Energy for a metal. Right: Banddiagram and Fermi Energy for a insula-tor/semi
ondu
tor. (from [2℄)

26



Figure A.2: Left: Band diagrams for a pn jun
tion. Right: Dire
tion of the di�usion and drift 
urrents for ele
trons and holes. Remeber these two diagrams well!(from [2℄)
27



Figure A.3: Derivation of the built in voltage (from [2℄)
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Figure A.4: Band diagrams for a Shottky 
onta
t, without bias. (from [2℄)
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Figure A.5: Band diagrams for a Shottky 
onta
t, with a voltage applied. (from [2℄)
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Figure A.6: Band diagrams for MOSFET. (from [2℄)
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Figure A.7: Bandbending of MOSFET at Inversion. (from [2℄)
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Figure A.8: Charge distribution, ele
tri
 �eld and potential for a MOSFET. (from [2℄)
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Figure A.9: Derivation of the 1D density of states-1. (from [2℄)
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Figure A.10: Derivation of the 1D density of states-2. (from [2℄)
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B Important problems - solvedB.1 Average ele
tron energy in a metalFor a metal at a temperature of T = 0 K, the 
ondu
tion ele
trons at the bottom of the band havean energy E = 0 and the 
ondu
tion ele
trons with the highest energy have an energy E = Ef.Assuming that the density of states is given by N(E) =
8π

√
m3E
h3 , what is the average energy of the
ondu
tion ele
trons?An expression for the average energy should be given in terms of Plan
k's 
onstant h, the Fermienergy Ef, the e�e
tive mass m, pi = 3.14159... and numeri
al 
onstants. The fun
tions sin, 
os,tan, asin, a
os, exp, ln, and sqrt 
an be used. For instan
e, 2*sin(h*m)*exp(Ef) is a valid (butwrong) answer. Be sure to in
lude a * to indi
ate multipli
ation; write 2*h*m not 2hm to multiply2 times h times m.Hint: Not all of the 
onstants h, m, Ef, and pi appear in the answer.Answer: Here we need to mess around with the density of states again. However, the prob-lem is pretty straight forward. The distribution of the density of states (whi
h is in this 
ase the3-D density of states for a free ele
tron Fermi gas with L=1), tells us how many states there are forele
trons to o

upy at a 
ertain energy. Now to get the average energy we just have to 
al
ulate thesum over the energy of ea
h single ele
tron and divide it by the number of ele
trons in the band.We 
an get the number of ele
tron by integrating over the density of states times the fermi fun
tion(whi
h tells us how many states are o

upied):

n =

∫ ∞

0
N(E)fFD(E)dEsin
e we do our 
al
ulation for T = 0K the fermi fun
tion is a step fun
tion and its only e�e
t inthis 
ase is that it 
hanges the limits of the integral:

n =

∫ Ef

0
N(E)dE =

8π
√
m3

h3

∫ Ef

0

√
EdE =

8π
√
m3

h3
(
2

3
E

3/2
f )To get the sum over the energy of ea
h single ele
tron we just have to integrate over the density ofstates times the fermi fun
tion times the energy:

Esum =

∫ ∞

0
N(E)fFD(E)EdEfor T = 0K we get:

Esum =

∫ Ef

0
N(E)EdE =

8π
√
m3

h3

∫ Ef

0
E3/2dE =

8π
√
m3

h3
(
2

5
E

5/2
f )To get the average we devide this result by the number of ele
trons we derived before:

Ē =
Esum

n
=

8π
√
m3

h3 (23E
3/2
f )

8π
√
m3

h3 (25E
5/2
f )

=
(25E

5/2
f )

(23E
3/2
f )

=
5

3
E

5/2−3/2
f

Ē =
5

3
Ef36



B.2 Band stru
ture - Exam Mar
h 2007The band stru
ture of a semi
ondu
tor is shown below B.12. The zero of energy is 
hosen to be thetop of the valen
e band.

Figure B.11: Band stru
ture of semi
ondu
tor(a) Is this a dire
t or an indire
t semi
ondu
tor? Why?Answer: Indire
t - The maximum of the valen
e band and the minimum of the 
ondu
tion band arenot lo
ated dire
tly above ea
h other(b) What is the band gap?Answer: approx. 1ev - take the di�eren
e between valen
e band maximum and 
ondu
tion bandminimum(
) What are light holes and heavy holes? Explain how you 
an determine the e�e
tive mass ofthe holes from this diagram.Answer: The e�e
tive mass is given by
m∗

x =
~
2

d2E(~k)
dk2xHen
e it is inversely proportional to the 
urvature of the Energy - the light holes are the ones withthe higher 
urvature, the heavy holes are the ones with the smaller 
urvature.One a

urate but rather 
ompli
ated possibility of approximation for the e�e
tive mass is via mea-suring the fo
al length: The equation for a parabola is ax2 + bx + c = 0 if the zero point of the
oordinate system is put at the 
rest of the parabola b = c = 0, derivating the remaining y = ax2twi
e gives 2a for the 
urvature. The fo
al length of a parabola is f = 1/(4a), hen
e one 
an easilyget the 
urvature on
e the fo
al length is known. The fo
al length is the distan
e between fo
al37



point and 
rest of the parabola. The fo
al point 
an be found by letting some perpendi
ular lightrays re�e
t of the surfa
e of the parabola, where the angle of the in
ident and the re�e
ted beamhave to be the same (see B.12)

Figure B.12: Finding out the fo
al distan
e of a parabola(d) When is a semi
ondu
tor degenerately doped?Answer: (http://en.wikipedia.org/wiki/Semi
ondu
tor) Semi
ondu
tors so highly doped that theyhave 
ondu
tivity 
hara
teristi
s of metals.
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C Best of Equation - A Sele
tionThis 
hapter should provide you with a short overview of all the equations you should know for the exam.Physi
al 
onstants:
e = 1.6e− 19C; h = 6.626e− 34Js; kB = 1.38e− 23J/KIntrodu
tion:Einstein relation: E = hf De Broglie: p = h

λ → ~p = ~~k, Waveve
tor: kx = 2π
λ = nxπ

LxS
hroedinger: i~ d
dtψt = Ĥψt Hamiltonian 3D potential well: Ĥ = −̂~

2

2m ∇2 + V (x)Solution wavefun
tion ψ(t) =
√
2

Lx

√
2

Ly

√
2

Lz
e−iωt sin nxπx

Lx
sin

nyπx
Ly

sin nzπx
LzEnergy: Enxnynz = ~ω = ~

2π2

2m (
n2

x

L2
x
+

n2

y

L2
y
+

n2

z

L2
z
)Crystals:Fermi-Dira
 distribution fun
tion: fE = 1

1+e
E−EF
kBT1D Density of states (know the derivation - see se
tion 2.4) NE =

√
2m3/2E1/2

π2~3Number of ele
trons: n =
∫ E1

E0

N(E)F(E)dE (also have a look at Problem 2.6 in Appendix B)Intrinsi
 Semi
ondu
tors:E�e
tive Mass: m∗ = ~
2(d

2E
dk2 )

−1Density of ele
trons in the 
ondu
tion band: n = NCe
−

EC−EF
kBT ;NC = 2(

m∗

ekBT
2π~2 )3/2Density of holess in the valen
e band: n = NV e

−
EF −EV

kBT ;NV = 2(
m∗

hkBT
2π~2 )3/2Law of mass a
tion: n = p = n2

i = NCNV e
−Eg
kBT Fermi energy: EF = EC+EV

2 + kBT
2 ln(NV

NC
)Extrinsi
 Semi
ondu
tors:

p =
n2

i

n =
n2

i

ND−NA
; n =

n2

i

p =
n2

i

NA−ND
; EF = EV + kBT ln(

NV

NA−ND
); EF = EN + kBT ln(

NV

ND−NA
)Transport:

~vF = −e ~E = m∗a = m∗ d ~vavg

dt ; ~vavg = − e~Eτsc
m∗

= ~vd; ~J = −ne~vd = ne2τsc
m∗

~EOhm's law ~J = σ ~E; σ = ne2τsc
m∗

; Holes ~vd,p = µp
~E Ele
trons ~vd,n = −µn

~E
~J = −ne ~vd,n + ne ~vd,p = (neµn + neµp) ~E = σ ~E Matthiessen's Rule 1

τsc
= 1

τsc,lattice
+ 1

τsc,impurityDi�usion: ~Jn,diff = |e|Dn
dn
dx ; ~Jp,diff = − |e|Dp

dp
dx ; Di�usion 
onstants: Dn = kBTµn

e ;Dp =
kBTµp

eCurrent density equations: ~Jn = −neµn
~E + eDn

dn
dx ; ~Jp = neµp

~E − eDp
dp
dxpn-jun
tion:Built in Potential (know the derivation, see se
tion 6.1) eVbi = kBT ln(
NDNA

n2

i
) Depletion Approximation -know the derivation, see se
tion 6.2, make sure you know the equations for the 
harge density, the ele
tri
�eld, the potential and the depletion width, or that you 
an derive them.Know the diode 
urrent I = I0(e

eV
kBT − 1) and be able to derive it, see se
tion 6.5Conta
ts:Relationship between 
urrent and voltage in a S
hottky 
onta
t: I = Ism + Ims = Is(e

eV
kBT )JFET MESFET:Pin
h-o� voltage: Vp = eNDh2

2ǫ Depletion width: xn =
√

2ǫ(Vbi−V )
eND

Have a look at the derivation of the drain
urrent, see se
tion 8.3MOSFET:Have a look at the derivation of the drain 
urrent, see se
tion 9.4 (gradual 
hannel approximation)BJT:Emitter e�
ien
y γE = IEn

IEn+IEpBase transport fa
tor with IE = IEn + IEp and IC = ICn + ICp: αT = IC
IEnCommon-base 
urrent gain α0 = IC

IE
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