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Quantum numbers and periodic table

W, (r.8.8)=R,(16,0P, @

n : principal quantum number, defines shells
L: orbital quantum number

m,: magnetic quantum number

q—

Spin: Angular momentum of each electron

dP

For each value of n, [, m,, only two electrons

s . spin number (1/2 or -1/2)

Pauli Exclusion Principle

with opposite spins occupy each energy level.

~13.67°
E 5 ——
n
E r E r E r
H He Li
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n@l, 0€/&n=1, ~-1gmKlI

n=1 2 'I 3 4
I=0 01 I o1 2101
Atomic ls | 25 2p ‘ 35 3p 3d|4sdp
Ele- ]
“ulElZ]!I';Br m:nl Number of electrons Shorthand notation
1 H 1 | 151
2 He 2 152
i 1 152 25t
2 I];le 2 152 252
5 B 21 152 252 2pt
6 C helium core, | 2 2 152 252 Z_rr:
7 N 2electrons | 2 3 152 252 2p?
g8 O 2 4 152 252 2p*
9 E 25 152 252 2p5
0 Ne 2z 6 152 252 2pb
11 Na 1 [Ne] gsl
2 M 2 8
i3 F\Ig 21 gs; gp;
14 Si Nean core, 2 2
15 P 10 electrons 23 g:g .Epi
6 8 2 4 352 3p
17 25 352 3pS
18 Ar 2 6 3gl 3pt
I 19 K 1 [Ar] :si
2 52
& o 1] 2 3dl 452
%; '\E‘f 212 3d? 452
23 v 3|2 347 4.1':’-
U 501 3d5 45!
25 Mn 5|2 3d5 45
6 Fe 6|2 3d% 45
27 Co argon core, 712 3d7 4s?
28 Ni 18 electrons g8 | 2 345 4_;?
2% Cu 10 |1 3410 45l
30  &n 10 |2 3d10 452
3 Ga w0l 2 1 3d10 452 4p1
32 Ge 02 2 3d10 452 dp2
3 As 10 |2 3 3d10 452 4p
34 Se 02 4 3410 452 4pt
5B 02 s 3d10 452 4pS
il 0|2 6 3d10 452 4p5

Peyman Servati

p.3




: 8e
: 4e

14

2e
2s, 2p
, 3p

3s

1|
AN 7))
~—

reeesees @ smmmmmmmm -

D e

EN o,
"~

s .

.

p. 4

Peyman Servati

ductors and Metals

Icon

Semi

ELEC 315



Bonding and Crystalline Silicon

 To form a crystal we need to bring atoms close to each other.

0.235 nm

antibonding level
bonding level

» The potential well of the two atoms mix, resulting in the mixing of the orbitals
that form separate antibonding and bonding orbitals. Wl —y,

« The antibonding orbital energy level is \ |

at higher energy and bonding / ""“Wbondmg orbital
orbital is at lower energy.
 There is a separation between ,
bonding and antibonding energy Mé'd‘ J e
js.ow‘hbdﬂj
}sf ¥ T

bonding orbital
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g Penudy e} Sdedey (8
Silicon energy bands 't ve 22

* When more silicon atoms are brought closer c%
to each other, 3s-3p orbitals are combined to (‘/W

form a bonding (valence) band and an S [ —
antibonding (conduction) band, at actual Relative spacing of atoms —————BV ¢ E

spacing in the figure. Bands (shaded in the
figure) are a collection of a large number of
energy levels for electrons.

6N State

» These bands are separated in energy. 2N Electrons

Between these bands there are no energy
levels available for electrons. This separation Ec¢

1) f1 2)1’
=) 031 (3
2N Electrons %; >~ | Outer shell

ctren:

in the bands is referred to as the bandgap of 5 - ,
silicon E,- Evg E i 2Néicstt:c:z =00 |33
» The number of energy levels in the 5 4N41E1t§ri)snsl ]
. . . o - | 2N States
conduction and valence bands is equal and is . P 2N Electrons
. . . X A
given by 4N, where N is the number of Si b“‘& 3 %ni s T——
atoms. 8 ﬁ g é: 4N Electrons ' [‘f(%) "
. . . “i Valence band (4
« Given the density of Si: Ng= 5%10* /cm3, L : Itéi ha }2 Middle shell
— 31050
the number of energy levels (states) in 2 i ®
valence and conduction bands are: 2x10 /em — +()| 0)0 | 1 |Inner shell
« The last four electrons of each atom fill up the ¥2© f‘=2-55A Jepa
bonding (or _\@Ience) band. This band is full
with 2.4« (@ [&electrons.
* The antibonding (or conduction) band is
empty. Streetman & Banerjee, Solid State Electronic Devices
ply
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Lithium band structure (a metal)
* For a metal like lithium atoms have one ‘JN’ 2 &
electron in the last shell: 1s2 2s? 3s9 . B \ .L

joN

corlas | /
* When lithium atoms are brought closer to each &= s | 1 e
other, 2s, 2p and 3s orbitals combine and form ERR B = N
R : N
some energy bands. h.ht’:t_“ - g .___,2“ Py
* However, these three bands overlap and there \ K >4
is no separation between these bands in lithium, e\cd ]l; & P
in contrast to silicon. . 3 Interatomic
. o R B seperation [ R}
» The electron in the last shell of each lithium The salid bt s
atom fill energy levels from the bottom to the
middle of the continuous band. E _
.#k Overlapping T Free elactron
« The resulting band structure is half full and half E=0 — - -
. facuum |
em pty. :—_.Fn |ewel ] I |
% |
: G
o 1
i Electrons :_'_l
L
L
L e o i
Salid Adom
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Bandgap and Material Type

Ta3oek (FRee) fromienperahas

L‘&wf‘“s
ngJl&t*@r‘)
Semiconductor Semiconductor with Metals Insulators
with full VB partially/full VB (dielectrics)
CB swmall
T berd 30 T

T

0.3 eV <E,<3eV

E.<03ey T esmduéer

VB E,>3eV

cnetel

holes ‘J\n %ﬁ"b&f '
0= 4 (o A r) o R

\vq"h““'i
- Qlled

wb‘l "6 Py

(M' .
B.V. Zeghbroeck, online book, Chapter 2 3,24,2.5
P&T, Chapter 2,3,4
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Metals

ya(“ ..“a - fi“etl
band Why metals have such a high conductivity?

N free elechens are  very hyh

What/is the temperature dependence of conductivity in metals?

Grrrw e e i
CS: an £ sl SR S
Ct : T .~ Inconel-825
° o — NiCr heating wire =
s oo Tungsten e
n o ) ; st ;
o Vs pxT

[-v
g¥re )
\ets d‘(ﬂ“\‘glng —» Sca{tuua .
T * =P Mef. V‘.b“a"‘\aa ..e G""m’ -
Meare Se.q‘ltg,r;_,‘, :

= Mol = s |, KA1 | .

il T e r
e ; SR e Températ'ure(K):’ ]

Nickel %/

What |S eleCtrOm |g ratlon? Fig. 2.5 The resistivities of various metals as a function of
temperature above 0 °C. Tin melts at 505 K, whereas nickel
and iron go through a magnetic-to-nonmagnetic (Curie)
transformation at about 627K and 1043 K, respectively.

The theoretical behavior (p o 7') is shown for reference.

Streetman & Banerjee, Solid State Kasap & Capper, Handbook on
Electronic Devices Electronic and Photonic Materials

p.9
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Mobility and Scattering

Jl¥)
Generally the electric current density
can be written in terms of carrier

density and their drift velocity: /
e\Y‘—cp"wé-’ Sreed c c'zc}wr).

Jx(t)” qnfdx(t)\, ey

/e

In conﬁﬁlczcors the electric field
accelerates the electrons and as a
result increases their average speed:

<Vdy>»
<V M E, d =
FPE M

The mobility is proportional to mean
time between collisions or mean

scattering time T : LV4a> AT
quc—* SCQMIQ’AQ Jea

ﬂd‘_ M —p mass ¢4- g_‘&zs‘.,“

@z%dn
medel > emiteendunder

ﬂd’?@"”*ﬁ??}’ /U‘/,.‘.'}{_;z_::’. 2 }le,.jzz..
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Figure 2.1 Drift of electrons in a
conductor in the presence of an applied
electric field.

Electrons drift with an average velocity vy
in the x direction.

<—

jo} o

/ +

Vibrating Cu™ ions I r
Vv

]

(a) A conduction electron in the electron gas moves (b) In the presence of an applied fi

[ ¢ pplied field, =, , there
ob_oul randomly in a metal (with @ mean speed u) is a net drift along the x direction. This net drift
being fr quently and randomly scattered by along the force o? the field is superimposed on
thermal vibrations of the atoms. In the absence of the random motion of the electron. After many

an applied field there is no net drift in any direction. scattering events the electron has been displaced
by c net distance, A x, from its initial position
toward the positive terminal.

Figure 2.2 Motion of a conduction electron in a metal.

A ~
Vele-:zro: E—-

| |

- _._4_..:/ N, ‘:/“" Vs
| | ——
| |
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Semiconductors

Semiconductor  Semiconductor with
with full VB partially full VB

CBT %F/’n

0.3 eV <E,<3eV E, | P

g

What is the range of conductivity for
semiconductors?

What is the temperature dependence of
conductivity in semiconductors?

I e

= ;(}lﬂn +/Ay>7>)

T > n,p'rexf?“"“@"é.ffﬂ

> kot
/ T
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Bandgaps of Semiconductors

» The conductivity of semiconductors is mainly determined by their bandgap
* The bandgap is a function of the composition and structure of a semiconductor.

* In compound semiconductors (such as SiGe, GaAs, and GaP), the bandgap changes
with the relative ratio of the two materials.

257 AFF

: Examples:

X * GaP - green LEDs

g * GaAs - LNA MESFETs

g ] * AlGaAs/GaAs - HBTs, lasers
o

« InGaAsP - HEMTs
. SiGe - HBTs, biCMOS

30
20

a=5.6533A a=5.8688 A

10 °®
J InAs
matched to GaAs matched to InP A . .
0 | L L Gay "3 S  Si - everything else!
5.4 5.5 5.6 5.7 58 _ 59 6 6.1

Lattice Constant, A

From J.J. Liou
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Intrinsic Semiconductors he =Py

» The density (number per unit volume) of carriers (electrons in conduction band (CB) and holes in
valence band (VB)) in semiconductors determine their conductivity.

SE= PN+ M, D —» &5, = g po i 7,}‘? Pi=} U‘“*/"P)”'
* In intrinsic (pure) semiconductors (very low impurity and defects), the density of conduction electrons

and valence holes at OK is theoretically zero.

* As temperature increases, thermal energy is enough to move some electrons from VB to CB. As a
result, the number of electrons and holes increase exponentially according to Boltzmann Equation. Kk
Note that number of holes anq_\gj,ectrons are equal. —{=300

hand S
nep =fT)= Bexp "f“"‘" onnls cw"“"”‘*
g B e 3/zl='l' ’FU'“

9o
log, g = lgo® - —;%‘:; bg e = legio® ;;i:— Tz
109‘03 = Q -kb‘)k J— BzS'oPez - Eax\'awe é
A ?kx \oce :g
T t < electrons |A é

g,
holes !
ﬁ : ]l»lllslllljlill’)sllll Illl}sllllz
E 2 2. 3 _
e 1000/7 (1/K) C""J

T=0K Lower ngher Figure 5.16 The temperature dependence of the intrinsic'
T T concentration.
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Example

* Find the resistivity of silicon at 100 K and room temperature, knowing its bandgap is 1
eV, density of intrinsic electrons is 10'° cm-3, and mobility of electron and holes are 1000

and 500 cm?/Vs, respectively.

'amo %. (}*"“‘/u(’) ny

- S2.em
fw, f ,.Q-.lbxlo

300

~\9 |o -6
= l-éx\a (Iaoe+ '5°°) (@6 = 2-%xlo S7/c'.w-

doal o LT = kx3eo = 259n¥

3/zl<xlo¢
n; (1eo k) = B e 53 v-\l“b‘{‘—r"‘? Uy = Z'FQW
/2kx 300 AN
n“(';ao k): B e 3 i
.-53/&< ‘ao 30¢ '; 1015 23x 10”
Nne(1ee &) 2 n; (320 k) x R FE
o _Ey 300, ) E "’":_
= J6 x e 32<73°° oo s -
| ev A N
'0 - _'E B 1
= l@ X e /‘42‘?-9&1{ @ 108 2.1>:|0°’\g
- -~ R :
n"((ca): lwx(’ C—W3 '“"_»-"I"'rir"'l"'fl'f"??[TS"l:
1 1.5 2 loooj;(l/K)B 3.5 4

Figure 5.16 The temperature dependence of the infrinsic'
concentration.
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weet+ Extrinsic Semiconduciay

““»Addlng impurity atoms (B, P, Al, As, ...) in silicon crystal moa

electrons and holes in the network.

* N-type dopants have an extra electron. P-type dopants need an elect?on. They give an

len {Mylad'h"" -

fies the

electron (n-type) or hole (p-type) to the semiconductor network at a temperature like 50

K.
n-type n-type

0K 50 l 0K
r.b‘.—“-o-.—Ed E, T
E

dovele B - ‘f -

‘ Q0000000 Q0000000
NJ .

(denss @
done’

_}41"5 @o

Extra hole E
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Extrinsic Semiconductor
Different type of dopants for silicon are: 5’2 %/A“ n +% ,APP

n-type: donors for Si and Ge: P, As, and Sb
p-type: acceptors for Si and Ge: B and Al

* It is important to note that when a dopant is ionized (gives electron or hole to the
network), there will be a fixed ionic charge (positive for n-type and negative for p-type)
at the place of the dopant.

» So if a semiconductor is doped with N, p-type and N n-type dopants, the charge
neutrality equation W|u,[b,e,m the form of:

JApinsid——— > JQP...
e/'ngni'*no pzpi#po F‘NA
’k:\‘\ 4”:“”\71)’-’ exmstank #n+N, ?

= |
Charge neutrality ﬁ:}NAa——p#N; — h-p = ~D+‘ ”A e

\b H’, \ - Intrinsic
castes3 Nype J:c'_sms p-type slope = —E,/2k

o NP g

‘:"‘- Tonization

In(Nd)- A\ Extn,nsm < .L“_\:,[upe:—ﬂEﬂk

! NZF) é o t S Y.
Eg i Eg , T, ‘. : \
1 | A v"‘ﬂ e t
» , m v . N
M“"“}Q 00000000 @0 Q0 ( ,j‘ KRt i

CArY werl 00000000 oo &o o OBIO Figure 5.15 The temperature dependence of the electron
concentration in an ntype semiconductor.
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Fermi-Dirac Distribution

Fermi-Dirac Distribution function f(£,E ) is used to calculate the density of electrons
and holes. This function yields the probability for a state at energy E to be occupied
by an electron. This function for a given Fermi energy Er at temperature T'is given

by: 0K 21 /(E.E,)
1
J(E.Ep)= It 2 i
400 K
Boltzmann’s constant 300 K | 100K
k=8.62x107  eVK 04 ]
k=1.38><10_23 JIK 0.2 -
N(ES) : - _ _ E =l (meV)
¢/ S
gleonfles ¢ o
n(.Ec')" e lo'qx l;q'— \O‘ (3 ) n(e )" \o
§
gp 9(&) wt (€4 6s) 20 fex,8<)

E RN Y N

PlEV) 2

°< L‘l‘_
) (.Ev)*U"r(b'v E?)l e 216
UB t-hx PCfV) 3(5')['Tﬂ3£o'5 K sqo"'; @ 3“’1' £300 K Piev)- $.. 300 K ?@v):lo’x
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Carrier Concentration

4op-f CB
Based on Fermi Dirac Distribution, the density of electrons in the conduction band as a

function of Fermi energy can be calculated as: oo Iso eleetcenc
N(E) = J(EVF(E,6) ——p Nince = Jg JEIFEEIIE v = ~model

—) | dssume Ec-Ee>> Kt 26"“_:‘ ET thermal energy
n=N.f(E.E.) =iV.C = z'Nce—(Ec—Ep)/kT‘ N "L".—,: Lnl
Density of states of the conduction band N is given by: ji iizﬁi

Cr-Fec NQ E

* 3/2

where effective electron mass m =1.38m,and m, =9.Px10™' kg is the

mass of free electron. For silicon N.=3.22=10" /cm3 at room
temperature.

Ev
Density of holes is given by pCe)=9(€) [l -F(&, EF)] ~ Fovs® jog [F)[‘ HEs ]

1 ~(Ep=
pE NVII "f(EVaEF)]= NV[I' (EV-EF)/kTT|=NVe b - (EF -EV)
Ee-EvOKT P" v

-

2am’kry " | |
where N, =2 2 is density of states in the valence band and

effective hole mass m;s 0.946m, . For silicon N,=1.83%10" /cm?3 at room temperature.
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Example

Find the Fermi energy E . for an intrinsic semiconductor with conduction and valence

band densities of N.and N, respectively. . — S
g Fc)li : #"V P Y- (Ees -B<)/jeT —
n- NC € ——7‘;—‘: n; = NC = ) Ec
iwhringic -Efi) /T
(Ev-Er) X (Ev
P:‘ Nv V) ' A‘T_;—; P" = NV c E,
" (Ev-En) kT
€r; - Be v
nea2p; —» Ne e( i /KT = Nve ¢
/_\
e Ne 4 EFi=Be | b, EEEEr 5
Y T v et

iddle Ecv Ev kT |, Nv
'3‘;\&5%\—1.&' - c; _V *7Z  Ne
ba nsity of electrons and holes for an arbitrary Fermi energy can be written with

respect to £, :(E's- e )/m ( FF-EF:) JET Ec- B
_{"’—LN = — ("" aw) 3—’ — = 6 —sln=n;e T
f),': Nc (EFl' -E()/’,-_T ("n-"f\'d”‘C) nl —
Ey- € - .
9
" pis Nye (BN (i) (A

“o

Crr =
Find the product np = ni € ; """ x N e e KT
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Fermi Energy for Doped Semiconductors

The Fermi energy for a n-type semiconductor doped by dopant atoms with a density of NV,

can be written as: n-= Np
= - €c
Ne ND._. NC (EF Et)/h-r k ND 2 AGNC + ——?" a'
F KT@ 300k =26.9 meV —{heé::’v}
| E.=E, - kTIn N Ee —m——
£ Eer— J—) "o St ™" "4
Nn-= a0 & u~x 1728 L eermeacl .
ND = NiF € =r —_— lﬁﬁ + kT LV‘ ne gu 3

can be written as:
(Ev- EF)/HT
=)

| NA Ny e
‘EF:EV-l-len—
Epl'-FF'
NA=P””"Q' kY — Eca Eg; - KT hn A’{‘
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Recombination and Generation

Thermal generation is the process of electrons gaining energy and moving to the
conduction band. Electrons in the conduction band can recombine with holes in the
valence band through recombination process. The equilibrium between these two
processes leads to a stable electron and hole density.

Q0000000

00000000 at

ELEC 315: Semiconductors and Metals Peyman Servati p. 21

intrinsic extrinsic
For intrinsic material: p,=n,
Generation rate: T
8 (1) =g(T) (t)  (
damity Feechums 5 0 I Iu ()
getated /s fem gengratie~
Recombination rate: #(T) =08 np Hp M P; Xy o P o
dansy 2§ electcens . - T
cecomPined (S /o’ Cce‘#c'.fgg‘,tb:m&-w >N
Equilibrium: @sndtyte— g, (T)=r(T) 9%(,‘.7 ofy m?. 1‘4‘(1') Ay noPa
T o O‘ e _ill—n—z 3.—-(" D(rn.01£0(f7\cPo—9
g o t
E, (23] electrn b pair 2
|\ NoPo= N
iﬁ :3 ~r



Majority and Minority Carriers

pore Lry

In an extrinsic semiconductor, the dopants determine the number of majority carriers.
The number of minority carriers is determined by the equmbrlum betyeen the carrlers‘ i

through recombination. °0" jadringie _Po zt0" Vo=
—_— 2 10 zﬂ;
n,p, =n P; 3 = ‘03
Example: What is the mlnorlty and majority carrier concentration %?n temperature
in silicon doped with: =lo 1 e 3
Boron Phosphorus % =3 '
P°= Na:lO ew mj'f Jy
- 17 _ _ .1 (-]
‘Na" 107 em Poo=Ni —® Ny = (la ') l zldz
P" Po .0'7
M‘Mofd‘a
¥y
2) - 107,23 S - 1"%6 ‘ndade TMp Pelz _ _
Ng=" Mo Ng s (07 o} meg Ry L Saq iy
hi{l \01* 3 .3 W"‘u(;. o
?e = ot a2 07 ew
Ne (c'? T 8 g

3 10" 10" 5 3
‘ ) - + + Na = 'OIQ_ ‘0172 q.qu‘? (;3 E;g'c-r; g %

ﬂ°+ NA 3 Pg‘\' ND \—Q nO:’ ND" h"'zb . J g. 5

-2 T le - -
P°n°=ﬂ‘ 1T 962%2?-‘[Kl°‘85 1t em 0000000

Ka‘}‘n"o
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Excess Carriers, Direct Recombination

. e . 2
If we have a semiconductor under equilibrium:  n,p, =n,

External energy sources such as light can also give energy to electrons to move from
valence to conduction band. This generates an electron and a hole. We call these
carriers excess carriers and the condition for equilibrium is not held anymore: np# n,

Holes: P=Do#D r(T)=clynp
Electrons: n=n,4n n-HE
Recombination rate: (1) = o (py+ pYnoe 1)

=@y, #, PO p &, D wigh A

T Gmowndpors AT Thygeet
i Wy fowy:

r\?-“""ﬁ\":\ ndgpe : Nz Np Iﬂr | Kl Na
light evergy> BOPED ) L e
. oo~
g = g‘ﬂa"' 3 op TJ D "}":;‘i,"’s:* Y dep
ph T 2 o € "sheble
da _g-r RN “ Ay 4
-~ 4q- = S "

’H‘_"— ) 6 l 5 S ::n 20+ N

Ligar ) r
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Indirect Recombination

Direct recombination is the process of electrons in the conduction band recombining
directly with holes in the valence band.

Another mechanism of recombination is indirect recombination. The electrons from
conduction band move a defect (trap) level in the middle of the gap and then

recombine with a hole in the valence band.[_p ‘L’“""? -f Aeop Sdate s

Recombination rate: ,.n(y), &N i
rAT)=e,N, p
radiojive cecomhiradte=
Lirafr—
ey 1M
Nen - r‘adwd-' T - I 3 T E.
- _§._§___ _%_g____ o trap states
Tg 1 T P S denp setes
— E,
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Quasi Fermi Level

When a semiconductor is under light illumination, the photons give energy to
electrons to move them from valence band to conduction band. This leaves a pair of

electron and hole. As a result of this the conductivity of semiconductor increases
upon exposure of light.

For this non-equilibrium conditions, we can define quasi Fermi energies for both
electrons and holes. Remember in equilibrium there is only one Fermi energy.  ,
P L NP Rl SN L ;{r)

n No+"N
Ep ® By KTIn—- 2 G KThe == P2 pot+?
| P +P eqel
p - * —‘i——-
Epye Egy=kTIn= = Eei- Ml v b di
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Minority Carrier Lifetime

Excess carriers (electrons or holes) generated in a semiconductor under non-
equilibrium conditions, the carriers remain until they get recombined. The transient N
response of excess carrier density is characterized by a parameter called carrier Ps="A

lifetime. Carrier lifetime 7 is the average time th ra P-Hape
YY)
recombined. nanOS‘ L) 5 g-v< 9 : ',\m.;/"'
A
For total electron denS|ty g(T). r(T) /uﬁ ; AW 3

.. id)
_ni‘ T :
d = —D(r?e ol ®at.---4go---""""~
+ k& light & 4
Excess electron density:(p-type) d:;gt) Ap,A(t) *' ‘w,.,,,,.y Dark * 1 'fh o
1 1 lighr
= 7(0)e"'% — ned
()= A0 “%.p, D‘rNA s
Excess hole density:(n-type) dle( ) =—etn, (1)
1 l

t 0e 't @,= =
p(H)=p(0) Twn,  otr ND

Direct recombination Indirect recombination
d;pgcﬁ'
| |
electrons Tnd =:(——;J"‘ b N
r NA HAeNA € R N tas\Prect
' \
holes = —_—
TPA v ND fc?’
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ka2 Density of States Effective Mass |

%bserved mass of electrons in a semijconductor is different from the\mass df a 12
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In a semiconductor, we can define effective masses for electrons m
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Indirect and Direct Bandgap

Si and Ge has indirect bandgaps,
the minimum of conduction band
and maximum of valence band
do not line up in E-k diagram.
GaAs has a direct bandgap.

Different conduction band minima
correspond to different effective
masses.
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F_ig. 4 E_ner_gyhand su:uctures of (a) Si and (b) GaAs, where £, is the energy bandgap. Plus
signs (*) indicate holes in the valence bands and minus signs (~) indicate electrons in the con-
duction bands. (After Ref. 20.)
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Fig. 5 Shapes of constant-energy surfaces for electrons in Si and GaAs. For Si there are six
ellipsoids along the (100)-axes with the centers of the ellipsoids located at about three-fourths
of the distance from the Brillouin zone center. For GaAs the constant-energy surface is a
sphere at zone center. (After Ref. 21.)
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