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LPPLIED PHYSICS 297 ~ 1961
Books and References

This list will include all of the books on reserve in the Gordon
McKay Laboratory, and a fey additional ones, but will not include refer-
ences to original papers that are not general reviews, Books and articles
marked with a £ are on reserve in the library, The order of presentation
is arbitrary.

(1)+ Shockley; Electrons and Holes in Semiconductors. The basic early
reference to semiconductors contains three sections presented at different
levels, Not recommended as text for this course, but should be consulted
for early work and for "physical" discussions of phenomena bearing on
semiconductor devices,

(2)+ Brooksy Advances in Electronics, Volume 7 This was essentially the
text for previous version of the course that did not have Applied Physics
295 as prerequisite, and dealt more with the lore of semiconductors, and
lgsa with the rigorous treatment of the foundations of the subject, Should
be read in its entiréty in parallel with the course. /411 general material,
i,e. not pertaining to detail results on Ge or S5i should be assimilated,

(3)+ Proceedings of the IRE ~ November 1952, Contains a series of articles
on semiconductors. Shows the state of knowledge at the time, and the topics
of particular interest, These have now changed, Not particularly useful for
course, but should be regarded as general éducation,

(4)+ Proceedings of the IRE December 1955, Ditto, except that some of
the articles have more.permanent value, Note Herman‘s article which sets
down succinctly the elements of band theory and reduced Brillouin zone theory,

(5)+ Proceedings of the IRE Transister Issue 1958, Ditto,

(6)+ Physics -~ Volume 20 Proccedings of the Amsterdam Conference, This
wasthe second of a series of international conferences held at Reading (1; -
1952); Garmisch (3, 1956); Rochester (4, 1958); Prague (5, 1968). The con-
ference proceedings provide a sort of history of semiconductors, but also
contain many articles of value for this ccurse, The Reading Proceedings
will not be put on reserve, The /msterdam Proceedings eéntain, inter alia,
many articles on band structure and on cyclotron resonance, They should be
examined for articles aiding study , but caution is required regarding the
use of results from such early work,

(7)* The *Garmischand *Rochester Proceedings, OSimilar comment,

The Rochester Conference proceedings contain theoretical articles that examine
the one~electron theory in its relation to a many electron theory, 4lso,
discussion of low mobility semiconductors such as the transition metal oxides,
Vealth of papers on optical properties, This is the most up-to~date general
reference work and should certainly be examined., It will not be suitable for
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a texg, but references will undoubtedly be made to it during the course,

(8)+ Proceedings of the Photcconductivity Conference at Atlantic City,

The same comments apply. This volume is particularly interesting in that it
contains some longer review articles that are well worth reading for back-
ground, It also has the first reported work on the detailed nature of abserpt-
ion in semiconductors,

(9)+ Photoconductivity in the I'iements; Mcss Relatively elementary. Use

u—\

@ reference for data on specific semiconductors,

(10)+ Introduction to Cemiconduciors; Dunlap, Clear elementary text, written
largely from an experimental point of view,

(11)+ Electronic Semiconductorss ‘penke, /. text of medium difficulty, Gees
to great pains to explain the meawing of the mathematics, whenever possible,

(12)+ Semiconductors; ReyA. Smith, OFf medium difficulty. Treats things
phenomenclogicaliy for the most part, uses particle concepts whenever possible,
Clearly written from experimental standpoint, and should be read in parallel
with the course,

}13)+ Theory of Brillouin Zones; Jones, 4 short new text of particular use in
the first parts of the course, First chapters review the solutions to the one
electron problem, Latter chapters discuss the compkications of the point
group symmetry for the classificatonf electronic states,

(14)+ Electrons and Phononsj Ziman, Probably could be regarded as text for
most of the course, . since it has about the szme level of difficulty, and deals
with largely the same subjects,

(15)+ Metals and 4lloys; Mott and Jones, Oldar text, still used, Very clearly
written,

(16)+ Wave Propagation; Brillouin, Farly text of special interest to students
of electrical engineering background, Deveslops properties of waves in periodic
structures from a general viewpoint and so derives results cof significance in
several fiélds, The same general method of attack is used in an article by
Slater, Rev, Mod, Phys. 30, 397 (1958)

(17)+'Handb der Physik Volume 19; Articles by Slater and Jones.

These artivles, ,particularly the first, coculd be used as a single text for one
part of the course, 3later'!s article is an athoritative and comprehensive
review of the band theory ¢f solids and contains all we need to know, except
perhaps for the recent devclopments due to Phillips.

(18)+ Elements of Solid State Theory; lannier. 4 compact and advanced text,
which the reader well versed in quantum mechanics will find stimulating., It
is not, however, recommended as a starting textbook,




(19)+ Theory of lMetalss; Wilson, See comment under 14,

(20)+ The New Electronicsy Leflk Horowitz, Trace.  the early developments
of semiconductors and transistors, Background readinrg,

(21)+ Advances in Jolid State Physics

Vol. 1: Reitz Article on band theory, Same comments as on article by
Slater under 17,

Vol. 1: TFan General review article on semiconductors up to 1955,
Most of material found elsewhere,

Vol, 3: Welker and General article on group 3-5 compounds, Not needed

VVeiss for generali thcory: use as early reference on 3-5
compounds,
Vol, 4y Blatt hrticle on theory of mobility of electrons in solids,

paying particular attention to scattering mechanisms,
Could be used as parallel reading for section of course
dealing with transport,

Vol, 5: loster Lrticles on Group Theory.

Vol, 5: Xohn Basicreference for section of course dealing with
impurities in semiconductors, although this formulation
will not necessarily be used,

Vol. 7: Callaway Electron energy bands in solids,

Vol, 8: Newman and Photoconductivity in germanium. Probably not required
Tyler for the course, but may be needed for particular
references,

Vol., 9: Scanlon Review article on the polar semiconductors Pbs, Pb:,
— PbTe, Not needed for 'general! part of the course,

Vol, 11: Lax gnd Review article on cyclotron resonance,
Marrorides:

(22) Rev, Mod, Physics Vol 36, p 102: Heiman Review article on hand structure,
to be read in parallel with Chap. I of present course,

Rev, Mod, Physics Vol, 30, p. 122; Lax., Review article on experimental methods
of determining hand structure, also to be read in parallel with Chap. I of course.

(23) Reports on progress. in Physics Articles that may be found helpful,
but probably duplicage those already recommended




lm
(a) Infrared absorption in semiconductors (Fan 1936)

(b) Physical problems in the thermoe!cctricity, (Joffe and Stilbans 1959)
(e)- Grovp iheosyy ih 80lid state physics (Johnston 196%)
(@) Band structure calculations im sciids. {Pincherle 1960)

(24) >ProgressinTheoretical Physics Thore are many pertinent articles in this
journal, too many to list individuzily,

(25) Progeess’imSemiconductors; a serics of review books edited by Gibson, iigrain
and Burgess,
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Professor Brooks FeLraary @3, 1261

APELI%D PHYSICS 297

Professor Paul

PROBLEME

Using the character tables in Koster (SS Physics 5, 173-
256, 1957) find the correspondence between the representa-
tions of the space group at /~  in the diamond and zinc-
blende structures. Include the relations for the extra
representations of the double group. Carry out the same
procedure for the point /. in the two structures (see p.
230 of Koster for symmetry of [, ). When two repre-
sentations which are different in the diamond structure
become identical in the zincblende structure what happens
to the ecnergies of tue corresponding ctates?

Using the character tables in Koster, ottain the corre-
spondence between the irreducible rsprasentations at
. in the FCC, dismond, and zincbliende structures,
including the extra vepresentations of the double group.

By looking up the articles by Elliott (PR 96, 280, 1954)
and Dresselhaus (PR 173, 580, 1555) tabulate which cf the
single irreducible representations are further spliit by
spin-orbit interaction.
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APPLIED PHYSICS 297

Impurities in Semiconductors

1961

(a) Rederivation of effective mass equation for a band edge at k = O,
using Bloch waves.,

(b) Justification of selection of small region of Xk enace near k = 0,
and of neglect of band edges other than nearest one (ignoring degenera=-
cies, multiple minima)

(e) Justification of use of (static) dielectric constant

(a) Derivation of effective mass equation in multiple minima case(e.g. G2)
(b) Consideration of lifting of ground state degeneracies by corrections
to effective mass Hamiltonian., Reduction in terms of irreducible repres-
entations of group Td'

(c) Solution of equation discussed.

Discussion of labelling of levels as S, 23, etc.

(d) Discussion of nature of wave functions (a) the envelope function, (b)

he Bloch function (c) the multiplying coefficients.

Modifications for acceptor shapes,

Experimental

(a) Ionization and excitation energies. (i) thermal (ii) optical,
(b) Spin resonance (i) general snectrum
(1i) spectrum of P, As, Sb, in Si - determination
of [‘I’(O)_/2 from AH
(1ii) 1line widths - influence of Si
(iv) Endor technique

29

First comparison with experiment

(a) Znergies - ionization and excitation

(b) Matrix elements for radiative transitions



Impurities in Semiconductors page 2
Applied Physics 297

(c) Wave-~functions
(1) observation of h.f. interaction identifies ground state.
(i1) asymmetry of envelope functions leads to anisotropy in
stress induced impurity conduction
(i1i) study of relaxation rate also gives /¥ (0)/°

6. Corrections to theory

(a) Central cell corrections

(b) Fixed-up agreement with experiment

7« Further discussion of wave functions

Q
a ect of h.f. interaction of donor electron with Si™” - Feher experimen
(a) Effect of h.f. interaction of d lectron with Si%° - Feh iment
(b) 1idth of e. s. r, due to h.f. interaction of 5129 and donor electron

8. Other effects

(a) Magnetic fields

(i) effect cn continuum - done
(ii) effect on impurity -~ Hall effect, RRZ tunavle detector
(iii) splitting of optical transitions
(b) Strain effects
(1) 1ifting of degeneracies
(i1) effect on impurity banding

9, Deep lying impurities from theoretical standpoint

10, If time,
(a) Impurity banding
(b) Excitons
(¢) Stark effect
(d) Interaction with lattice vibrations
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RUFZRENCES

Kohn SSP Vol, 5 for all references before
listed below

Luttinger and Kohn PR 97, 869; basic paper
mation for semiconductors

1957, some of which are also

on effective mass approxi-

Luttinger and Kohn PR 98, 915; theory of donor states in silicon
Kohn and Luttinger PR 97, 883; hyperfine splitting in silicon
Kohn P.R 105, 509; role of dielectric constant from many electron

point of view
Kohn and Schechter P.R. 99, 1903; acceptor

Burstein, Picus, Sclar - Photoconductivity

optical effects.

Kohn SSP 5 - review of optical props
spin resonance props

Feher P,R 103, 83k

Feher JPCS8, paper RI; Endor technique

Fan and Fisher JPCS8, perer J2; absorption

Lax Roth Zwerdling JPC35, paper L2 Zeeman
Wallis and Bowlden JPCSB, paper L3 Zeeman
Boyle JPCS8, paper LL Magnets optic effect

states

Conference, p., 353; review of

in Ge and megnetic field
effect on impurities
effect on phowolonization

on Ge impurities

Wallis and Bowlden JPCS7, 78 Theory of Zeeman effect

Wallis (to be published)
Haering (to be published)
Weinreich JPCS8, paper HS5; chemical shafb;

strain effects

Fritzsche JPCS8, paper I8; stress effects on impurity condition

keyes and Sledek JPCS1, 1L3; magnetic field effect on ionization energy

Price P.R 10L, 1223; strain effects

Tyler JPCS, paper C2; review of experiments on deep lying impurities

Kéhn SSP5, pe 319; appendix on deen lying impurities

Lax and Burstein P.R. 100; interaction with lattice vibrations

liohn SSF5; Stark effect theory
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General Quantum Mechanical Theory

Represent oscillating electricifield by vector potential

_ dat ~lwt \
A=~z F (6™ - e ) (33.1)
Tor electrons the perturbing potentlal is gilven by:
—_— é p= - 21; Fep (eiwt_e-iwt) (3342
o° 0¥
Now, assume the wave function can be expanded in the form:
T
¥ (r,t) = ) .a_(k,t) b (k,r) (35.3)

3 e
12 n n

where n refers to different bands and k 1s reduced wave vectore.
Since p = %Kybis a periodic operator only states with same Xk
interact through the vector potential. The timse-depsndent

17 2 o s
Schrodinger equation reduces to:

h _ . . -
-7 an(Eat) = an(g,t) Cn(K) Biwn 2_ (nfg Efn ,an,(g,t)
e ot N7 ‘
"'-gm: e ?1#_11 (ni._x?_'_g’n‘)an,(k_c,t) (53-4)
where .
(n|E < p[n’ =/ by lk2) E*p b, (kzr)ar

and en(E) is the energy in the n'th band. Attempt solution of
(33¢4) on the assumption that the perturbation is small. Use
successive approximations, replacing a's on right of (33.4) by

their unperturbed values:

an'(o)(g,t) =6 ,% - e (k) (33.5)



and let

1
-z e (k)b
an<1)(£,t) = bixt)e B B
EQe (33.4) then reduces to:
: 1(w ~-w)t
T Ly __ e 1 (w +w)t . e n .
-3 b (kst) = ETam, e~ ' n (nlE plo) + §f§5; e (HIE £|°)
(33.6)

where ﬁ“h = en(g) - eo(g) = absorptlion or emission energy-

integrate (33.6) with the initial condition

0
bn(E,o) = 6n
We have: . N
i(ah+w)t {w -~w)t |
_ e e -1 e -1 |
bplkst) =+ mg 'L (@ Fw) 1Tw -w) j (n[E B(O)
o) n n
- (3367 )
Using (33.7) and (33.5) in (33.3) we obtain:
1
=€ (k)t
Hh o ‘= 3 1
& (r,t)e = 0] * mpag > (aF ¢+ plo)p, kz)

.
(e =8 _€e _=o N
T w) To=er (53.8)

We use (33.8) to caleulate the current density according to the

usuval relation:

.

_ __e_ \\* ~e [\ ¥ -
_.I—-mog} ¥'p ¥ dr -nl;-d]\?ék?o_:r_’ (33.9)

~

We are Interested only in the forced part of the current, 1.6

that vhich depends on eium and eulum. We obtain:
FT T tut 1t 1at fat
W <°\mn><nlmo>{e B }
- w - ry :, -
m n - 1u%+w) iu% w)lﬂ%*w) iu% w)
e = iwt -1lwt
+ - 3Te (o -8 ) (33.10)

o
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1 ° 5 “ 1 & ) fot  ~lut
= -T—fw,uib@hﬂﬂﬁb)“ﬁLZ+EI B By (67 -e )
f m AW n 0
\ o W, -
(33.11)
Integrate (33.11) to obtain the polarization P. This gives the
result:
2 .
e P _ (o]pin)(n p‘o) w 2 92F
P={ Zz R % 21 3 = ~—g C0S ub
- m, n‘ o n w W, ~w mow

(33412 )
We collect separately terms which diverge as w— 0 and those

which do not. This glves us:

2
e"F f - 2 1 !
teEs | T kil -
> .2 : |
(:1 ~- n——_/a ;-n-c—);ﬁ-a; (OI_:;)‘H)(I‘!'RIO)J (55015)
The quantity
in—_:_%_— (oIRIn)(n1P_'o) (33.14)
o n

1s the f-value or oscillator strength.

By analogy the last brackev
is:

£ =1~ %ro 5—?@ (o|p[n)(n|po) (83.15)

which 1s the osclllator strength for zero frequency. The f-values

are tensor quantities in general. TEquation (33.13) can therefore

be written:

= o~

2 < £ 2
e = 1 + 41e > . »2712 - 4neg f (33.16)
~ Mo n#fo W “ =~ m o ~ 0
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Equation (33,16) 1s the contribution of one electron. To get the
entire constant the polarization must be summed over all occupied

Bloch states, whence:

2 / < f f
e = 1 4 27 Z £ (k) }A ;== (33.17)
~ Mo x,m In#m W W

where f (k) is the Ferml factor for the m'th band and reduced

wave-vector k,

hw o = e, (k) =~ ¢ (k), mdf o = r—n_o"?l—w—' (m(gln)(n‘}_)lm)

mn
(33.18)
f = 1 = <2
— n#m ~ mn
where W and’§mn are both functions of k.
In ordinary atomic theory the f's obey a sum rule:
2.
n7m ,fimn =’£ all me. (33.19)
In this case g/nn = 0o This is no longer true for solids. Instead
1t can be shown that:
e
f === VeV e(k) (33420)

i.e. just the effective mass tensore.

Proof: Schrddinger equation for b(k,r) is:

- —\ / b

=\ b (k,z) + V(z) b (ksr) - e (k)b (k,z) =0

(33.21)



b

Now, consider the energy at a nearby point in k-space say

X + o, and let bn(g + 39, 1) = ol un(g,g). Then u satisfles

—

the equation:

2 2
-5V % u (k) + viz)y (kr) - i eV, o) -
2
, T 2|
- [en“-‘*g’ ~ Zm O |
Uh(k’-r:') (33422)

The elgenvalue an(g + o) - EET'GZ 1s the elgenvalue of a
o

schrgdinger equation which is almost identical with (33.21) except
for the perturbing term which can be made small as O . Thus

elgenvalue may be computed by perturbation theory in the standard

manner :
fLEK (nlgggﬂm)lz
2 2 =m ST
0l +2) = g = I (nlg - pln) ¢ 2
(o o m#n - hw
(33423)

Ixpanding en(g + ) in Taylor series about k and comparing terms

quadratic in the vector 0, we obtain:

2 2 4 2
1 2 _ A 2 A 2 ‘
3 (07" e ) = o O oo [ @[pegn)
—- o [e] mznn [0] nm

(33.24)
Since this must be identity for all values of the three components

Cx? Oy O g it follows immediately that

m > e
= Vk Yk en(k) =1~ 1A moB

> (n|p|m) (m|p|n) (33.25)
H

which was to be proved.
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Note that there is a separate sum rule for each state
k, n, also that strictly speaking the sum rule includes tran-
sitions to lower states, with negative f-values, which are
forbidden by the exclusion principle.

Classical Theory of Optical Propertlies:

“quation »f motion for harmonically bound electron:

y+ ¥ y+ wozy --epoei‘“t (33,26 )

where y representcs displacement from equilibrium. Solid represented
as assembly of harmonic osclllators each bound to a lattice point.

Dipole moment zero in equilibriume. For forced osclllation:

e . 1wt
~ ;ﬁ; Fo e (
y = 33427)
(woz-wz) + 10l
i N ezF .
: 2 o 2 33.28
i=1 3 1=1 % ﬂ% -w )f iwﬁi ( )

where P = polarization Fi = gffective force and uﬁ,”ﬁi frequency
and damping constant of 1'th osclllator.
If all oscillators are surrounded by an environment having

cubic symmetry, we have:

_ an . _
P = B +'5—"Po, P =P e (35529)

where Eo is electric fleld and Fi is the effective field at the

1'th oscillator. If there are s dlstinct types of osecillators
we obtaln finally:
s 2
47 1 [S) 1
P = (E + =P > n, =— T
°o o 3 o i J 1, (ws"=") + iw?fj (33430)




Using definition DO = Eo + 4ﬂPo = sEo, we have the Lorentz
relation:
8
1 + = @
-3 , & ~1 _ 47
l -4
3
42

where O polarizability
nJ = no., of Jj-type oscillators
EqQe (33631) reduces to € = 1 + 4ma if a is small. Main effect
cf the quantum~mechanlcal treatment is to introduce the f-valueso.

EQe (33.31) then takes the final form:

R ’ f f
a=-;-1—z {7 o -

& 2
o k,m \n (w -w )+iwz(mn w-iw?fo

(33.32)
EQe (33.32) only valid if a is small. The zero frequency term
1s not subject to the Lorentg condition, because the dipole moment

is distributed. Thus

1+ %ﬂ a,
€= 4mQ  + ——p—
~0 9y L El g
3
2 L f
Q.o = - %—' Z.} fm(_]ts) ._.2_._'1@_____ (55035}
o k,m ~twd
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Using definition DO = Eo + 4ﬁPo = EEO, we have the Lorentz
relation:

8

l +5% @
- 3 . £=1_ 47
& = I~ 3 T F¥2- 3 ¢ (55.51)
l--s—a

me 3 (w."’-wz) - 10.)75j

il

where o = polarizability

]

n no. ol j-type oscillators

J
Ege (33431l) reduces to € =1 + 4ng if a is smalle. Main effect

of the quantum-mechanical treatment is to introduce the f-values.

Eqe (33,31) then takes the final form:

2 < ( . f f

e > i m mn

o km M T ] Z: (wmnz-wz)ﬁwz{mn wz-ico?fo
(33632 )

EqQ. (33.32) only valid if a 1s small. The zero frequency bterm
is not subject to the Lorentz condition, because the dipols moment

is distributed. Thus.

D g k)
o = - & £ (k) -t
0 G okm P Fief, (35433 )
ez N < f
Lt w D g ) 2 z
o k,m nym (W~ -w )+-1men
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(33033 ) has never been proved in general. The damping factors
arise from Interaction with lattlce vibrationss, In particular
7o cen identifnyo with 1/ﬁfk, where’fk is the relaxation time for

clectron lattlce collisions. Uszing thls result we find:

02 7?2 ez T
Q@ = « == N ., =—— -1 "N (33 3%
o i, Bl L_,_wdf('? m_ 0 eff 1+szz
where 2
[ 3¢ )
\\"‘d k

N = ° - 38
eff 1T g |Tk34 k

Integration belng over the surface of the occupled distribution,
and'T/is the value of Tjk at the Fermi surface. Similarly, we

may write:
2 2

2 . (@ 2-
o =& D0 £ (x) ». s (k)| Ton ")

1 m . m'— n B_ Loy L 2
o k,m n (w,, “=0") 0 Y
(33.35)
2 f wy
42 D p (k) - (k)] m, _* mn
m ” ... Ly ((U 6_0)2)4_'_(»22{ 2
° m n mn mn

The k summation can be turned into an integratlion, considering both
spin directions. If this 1s done, and the Lorentz relation ignored,

we obtaln finally:

2 |
e ] - 4ne2 N T/ + 4ﬁez zng fmn(“ﬁn)pmn(“hn)duhn
¢ = m ef g2 m 2 g
(o] 14w o m,n Wy ~O
(33.36)
e M = 4”62 N T 41162 T' fmn(wmn)pnm(wm)wb/mndw
m,w ef f 1+u? L’ m, m,n (w 2~u?)2+ugx 2 mn
mn mn
as
1 [ |
p(w )= —= | f (k)] 1-f (k) =
m = mn 4:TT3v, m [ n =< ‘v_lgwnm@s)\
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Surface integral in k space is taken over a surface of constant
frequency Q%n(g)u The function Pmn is thus a frequency density.
If w lles within an abscrption band, then €' may be simplified.
Usuvally f and p vary inappreclably over a frequsncy interval of

widthndz’mno Thus all except resonance function may be taken out

of Integral, and we have:

4"0._ 2 2 |
o 1 20 e
en = 2+ £ (w)p () (33.37)
1+F T2 0 Me®  mp T m
where Neffez
0o = —=—1 = D.C. conductivity
o

Thus with assumptions made here high frequency dispersion can be
directly related to absorption. If w 1s outside absorption band
there 1s still some contribution to absorption arising from

simultaneous action of electrons and lattice vibrations.

Opticel Constants

If complex dielectric constant (33.33) or (33.36) is

substituted in Maxwell's equations, the propagation constant for

an isotropiec medium i3 given by:

e

w

% = e_:’g o= (n-1k) £
(33.38)
(n-ik)z = gl-ie"
From (33.38) we have:
nz - ka = ¢! 2nk = ¢
n2 = —%— et +%-\,/e'2 + e"z kz = -%‘- e"2 +%‘-\/e'2+ e"2
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Pigure (33.1)

i

n refractive index

]

k extinction coefficient n = = absorption coefficient

(thin films)

n;k = optical constants
Figure 33.1 represents case in vhich DC conductivity terms in
e'y e" predominate; Three regions:

8o aff<<1,’ﬁ~/1o‘15 seco., n~ k = both large, m large, €' negatlvs,

1
e >>iell° n=\/_82_" =(€—2>2

v
2
n - k2 = gt~
2 2
Normal reflection coefficient R = (n-l)d i kz
(n+l) + Xk
<
a2
(33.40)
This is the Hagen-Rubens relation. In practical units:
1
-7 2
1 - R=2(10 lpi/) (33.41)

D = resistivlty in ohm-cm 1 = frequency
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be w?f))l, e"<<k'.. In the general case, we have:

1 SR |
ING .
1-R-= z(g)‘ 0T |1+ fp?)E
)
L
a2 )P ™ _
N(”‘-"o'[') wi s>l (33042 )

independent of frequencye.

2
c 4ﬁNeffe <12 ¢! changes from - to +, and rcles of n and K
T ° ’ ”
o)

interchange, metal becomes transparent ususlly in ultraviolets
Observed by R. s Wood on fillms of alkall metals.

Actually there are several coumplications of this simple
picture, as follows:

1. ZExbinction distance (or skindepth) comperavle with mean free

patha
21 o :
Z o 1 . N 2.2 5o
In general X = 5 T [uft + V14w T ]“-—— wTd 1
1+ T @ W™ v’
“‘2'_“1} ~ , wT>1

When w1<<1l, the condition that mean free path exceeds

skin depth may be written:

1
2
(Vo) " » L e 2 (33443 )
o S o
dﬂvo’t
1
’ — ZV
I VAAN] o
or 2\6—_—/‘ < c w

where v, = velocity of electron at Fermi surfacee.
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The condition (33.43) 18 reached at a frequency which
1s proportional to the cube of the reslstivity, and which there-
fore decreases rapldly with temperature, and occurs for good
metals at microwave frequencies for liquid alr temperatures Above
this frequency there is an eifective U which varies with frequency
so as to satisfy (33.43) with approximate equalitys Thus in this
regionqﬂ“irl/3 and 1-R varies as*b)zfg rather thanijl/zo Thus
absorption exceeds classical value by en Increasing amounte. 1In

the frequency range w . >>1, which occurs at much higher than the

classically calculated frequency, the penetration depth {% ;%-=
40\ 1/2
=/ which is independent of frequency and of U+ The

effective mean frse path 1s:

v T '
N o = o (33 .44 )
eff 1+u)2/t)2
e 1/2
If A ff<( o) s which occurs for sufficlently high frequency,
e T

the benavior is normal and | has the classical value. AS the
frequency is decreased, xeff increases wntil it exceeds the
penetration, at which polnt xeff can only be made to satisfy the
condition by a large decrease in’U into the region where wT << 1.
This is accompanied by a corresponding jump in 1-R. Results are
sketched in Fig. (33.2) for Ag at 1liquld helium temperature.

2+ Neglect of second-order processes outside fundamental absorption
band. The free electron absorption should make the sole contribution
in the frequency range below the fundamentel absorption band

(estimated at 1.7 evs. for Na)e. This should be

M= —a— = absorption coefficient

(33045 )
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and should be strongly temperature dependents, Actual absorption
is higher and tewmperature indenendent, apparently. This has not
been explained. May be due to second order process involving
gimultaneous band absorption and absorption or emlssion of a
phonon. Thls involves a breakdown of selection rules due to
lattice vibrations, or to other crystalline imperfections, or
possibly due to electron interactlionsz.
For region ¢, transition from reflectivity to transparency,
the condition is that €' changes sign-
2 2

nca - §322f17239~ = 0 (33046 )
where ncz is the square of refractive index due to lon cores
alones,

Results of Wood for alkali metals shown in table 33.1l.

TABLE 33.1

Element Calculated Observed Neff
Free Electrons

Li 1500 X 2050 0455

Na 2100 2100 1.10

K 2900 3150 0.97

Rb 5200 3600 0.94

Cs 3600 4400 085

® Calculated with nc¢ = 1y, N = actual electron densitye

eff
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References:
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Seitz, p. 629 - 661
E. H. Sondheimer, Advances in Physics, Vol. I,
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The early references are given in the review article by Hs Brooks,
Advances in Electronics, Vol, 7. Pages 117-127 of this article should be
read; they deal with several points not usually considered in the literature.

Later work can be found by looking first at twe reviews by Landsberg (a)
in Semiconductors and Phosphors, the proceedings of the Carmisch Conference
(b) in Solid State Physics in Telecommunications, the proceedings of the
Brussels Conference, Easily identifiable parus of these articles should be
read, along with the references given,

These . articles also give appropriate references (to Shockley and Read;
and to Hall) for recombination via recombiration centers.

Other useful articles are by Seitz, in the book "Imperfections in
Nearly Perfect Crystals" which discusses the general problem of imperfect-
ions; Herring, in the Proceedings of the Photoconductivity Conference,

The article by Arthur, Proc., Phys.Soc. B 68, 121 (1955) discusses methods
of determining lifetime and gives references, as dees that by Many and Bray,
Progress in Semiconductors, Vol. 3. The articles in the Physical Review and
in the B¢S.T.J. by van Roosbroeck are probably unsuitable for the course.

A good review article, especially on deep lying impurities, is that by
Newman and Tyler, Solid State Physics, Vol. 8.

The Geo E. report by H all, 59-RL-2211, is an up-to-date, and clear,
report on recombination mechanisms,
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Statistics

Derivation of Fermi Dirac distribution, including general case of
impurities with degenerate levels.

Maxwell Bolbzmann approximetion, and conditionz of validity.
Charge balance equation, Approximate solutions in several cases
iavolving impurities. The intrinsic cases, Oritical assessment
of derivation of energy gaps and ionization energies from experi=
ments involving carrier densities,

-

Mechanisms of recombination, Particular consideratilon of radiahive
recombination lifetime, and of the phenomenological thecry of re-
combination via impurities.

Trapping statistics.

Statistics of inhomogeneous semiconductors, simple junctions,

Inversion layer at swrface, radiation damage islands, dislocation
effects,



29. §E@tistica1 Mechanics of Semiconductors

Fundamental difference in character of impurity levels
and band levels. PFor band levels occupation probébility of
a given level is indeperident of whether other levels are
occupled. For localized impurity levels, however, occupa-
tion of one level prevents occupntion of other levels in
the same impurity centér because of Coulomb interaction.

Derivation of Ferml statistlcs from Boltzmann statistics.

W
[ oo r
é =/ _ve kT (29.1)
r )
where W = 5‘; ng €,
5=0

where ng = 0, 1, 1.e. ng is the occupation number of the
ensrgy level 3. Index r thus denotes the totality of
pcssible sets {Pl’ nz...nsp.,u} where s runs over all the
energy levels of the system. Actually, partition functilon
is restricted to a fixed total number of particles such
that f’, n =n_. Thus:
8 o
8=0

— n

/“ = coefficlent of x ° in:
«Q o
- . g £s ng
- s=0 kT 8=0
low @ X (29.2)
ell e
s

Equation (29.2) may be written as a product:

U %%
00, — kT 8
) ST e = (29.3)
s=0 nS
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For ordinary Fermitstatistics each ng has the values 0 and 1,

so that (29.3) may be written iwmediatgly as:

£
Q- = LT
. T (26.4)
s=0iF tExE ] .
n

The coefficient of x ° in (29.4, may be obtained by Cauchy's

theorem: _
- - S
oo _ kT
— s L+ xe |
Ao 2 e s (
o &= . ax 29.5)
- o ',/ y no+l

where contour surrounds the point x=0. Equation (29.5) is

evaluated by steepest descents, i.e,/integrand replaced by
T ‘

its maximum value: We let 8X = e and determine

maximum from the conditlon:

b- g,
0 r —_=""
v ’ (7 { RT
= <kT ln = no’ﬁ ~ kT £ 1n ‘l + e J
5=0
L (29.6)
ah
qg% 1
or n = ((_—L s
0 s=0 §s -%i
1l + e kT

which 1s the conventional reeult. However, when impurity
levels are present, and spin taken into account a more

complicated procedure resulty:

For band levels n

S 0 with weight 1

n

g = 1 with wetght 2

i

n

5 1 with weight 1



== -nsgs - - 8._8_’2
2., KT n_ KT |
n, e g = |1 + xe (29.7)
For localized levels:
(1) _ g : (1), _
n, = 1 with weight 81 all other ny s =0
ni(l) = 0 wlth weight 1
but there are no higher occupation numbers. Thus: (1)
< o (e G1 ) €1
N T -ni 1 n, 5 R
.4_? ) e x - =1+ & g %e - (29.8)
1 1
".'ni * (1}
- whence: . B-E
5 ‘ N xT
F=n% -k dplnfl + <p g, o © |
- ¢ '
— |' 3
- 2KT 2 In |1 + e <
- -
;‘ 1 <7 2
B T T _1 e ¢ - % (20.10)
: ' 1~tb"€i(l) T
TR 1l +e
1 8°
(1)
Here éi is the 1'th energy level in the 1'th impurity

center and ni(l) is the corresponding occupation number for
this level. First term of (29.10) represents number of
electrons in impurity levels, second term represents number
of electrons in band levels.

Consider the case of conduction band with single impurlty
level which can be occupled with either spln direction.

Equation (29.10) becomes:

(29.11)

[y TD <%
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-
-
s

where ND is the number of donor centers. If there are no
acceptors present n, = ND to maintain electrical neutrality.
Here .

3/2 -

A = == N cf., eq . (18030), or (1507)
Fq. (29.11) is derived on assumption the electrons in con-
]

duction band have energy €= gga k? and that distribution
is non-degenerate, i.e. kat large and negative (origin of

energy taken as bottom of conduction band).

b /xr 3
Let  x = Ae 4= Ae D/KI (29.12)
Then:
X% + (4 + N, - n )x = L = 0 (29.13)
5 D o I Dy 4 .

i =\
P -n_)® -1 -
X =15 (#ipmng)® + g nge - g (#Hipmm,)
Case 1: ND =n_; u:2>ND. Corresponds to Ge and Si at room
temperature, where ED”VRT. Then:
2x = ND
1.8, no. of electrons in conduction band 1s equal to number

(29.14)

in impurity centers. Condlition:for validity equivalent to:

"p ¢ 1n 226 x 107
kT ND
e.g. for Ny = 4 x 10%6 ¢m™® (concentration = 107% in Ge) glves

6 .
E‘I‘Q < 6.5. Since & ~.olev. for Ge this is fulfilled, but

not by large margin.



Case 2: N_ = n, ; & {{N.. Then:

1/2 1/2 1/2 1/2 AT
2x = ND U = ND A @ (29.15)
Case 3: Ny>n, ;5 #<<Ny ng u<< Ny-n,
Then: ~1£D1
- _ kT
2x n,4 = ne (29.16)
Case 4: ND> n,; M << D but <<HD - ng, then:
1 1
5 = (N-n_)%
2x = N 2 ﬂ? + 1 D o
D 16 172 172
By "t
= 1 0
= (NDA) e + 15 TNB_K7TT‘ e (29.17)

In comparing cases 3 and 4, we notice that unless ND

1s exactly equal to Ho the ¢ondition for 3 1s satisfied.at

low enough temperature. Thls shows the case 3 is always
realized in practice at sufficiently low temperature, and

that the position of the Ferml level converges to the impurit&
levels. In practice there 1s never an exact balance befween
donors and acceptors.,

Case 5¢ N~ 2 n_.; 4 >> N..
D o’ DN n

Do
Q 7 ‘ED1
N.n -ET;
= n, - E_a o (29.18)

When we take acceptor and filled band levels explicityy
into account equation (29.11) 1s replaced by:

B €85
Np T TWT N,
n = + 24 e ~ 2A. e -
0 €= H e h Bty
1+%-eET | 1+ge X



where:

n

o excess positlve impurity charge over neutral crystal =

ND ~ NA in general,

N = number of donors

o

NA = number of acceptors
€ = energy of edge of conduction band
EF = energy of top of filled band
’znka g
Ae= (‘“;2— s Gy = effective mass constant for electrons .
fo
5/
Ah = 21@%#3? ) 4 = effective mass constant for holes
S\ TR
€ o = energy of donor levels
SA = energy of acceptor levels

Generalization of (29.19) to many donor and acceptor ier
els is gtraightforward. If there are several levels for one
1mpurity the summation is inside argument of Ferml function.
Middle terms represent, respectively, number of electrons in
conduction band and minus number of holes in filled band.
Actually it can be shown to be immaterial whether a glven level
18 treated as an acceptor or as a donor in eq. (29.19). Eq.
(29.19) is of course, only valild when “§ 1s not near the edge

of either band.



If impurity levels are very near band edges, so that

impurities are completely ionlzed, eq. (29.19) simplifies to:

Ny = N, = ng = ny (29.20)
where 7 - £, EF- >
) &T . KT ,
n ZAee n, = 2Ah,e (29.21)
From (29.21) it follows that:
.
“p-&
: kT
n_n_= 40 A e (29.22)

It follows that product of the number free holes and free
electroﬁs 1s independent of the concentration of donors and

acceptors. We can write (29.22)

_ 2
n,n = n, (29.23)
1 AR
n, = 2(4,)% e FT (20
where AE, 1s energy gap between bands. From (29.23) and (29.20)

2 2

n, - nmng - n, = 0 (29.24)
1 1 2 2

ne Eno +\/Zn0 + ni




Usually ng <4 Ny, then

n (29.25)

In equilibrium lncreasing electrons suppresses holes and
vice-versa, Dynamic argument:
g = rate of generation of hole electron pairs

rnenh = rate of rscombination

g = rnn = rniz (29428)

r relative temp.~independent, and of order Vg, where v = av.

veloclity and o = cross section. Take V'~ lO7cm/§ect@

- . if
o ~10 15 cmz, r = 10 80m5/sec. Then  AF

n, ~ 1014 cm—5, thus

G = 0.65 ev.,

g«~'1020 pairs per cmsper secC.
at room temperature. From detailed balancing g is high in
regions where recombination %s rapid.
If impurities remain ionized we may wrilte:
dne d

Ny
q T gt~ & T rhghy

n, o= =N (electrical neutrallty)

Thus for electrons in eXcess: dnh
qE = & - raplng + )



dny, 2
e =T {éi - nh(no + nh) (29.27)

Life-time of hole is thus Z?Z,ngvleo'Bsec.
&

Actual measured life-times in good bulk materials may be of c

order 10-4sec. to 10 °sec. This would make cross section

and hence generation rate 1000 times smaller than assumed, l.e.

g;f\-'lol'7 pairs/cms/sec.

(7’/\/].0-180m6

‘Degeneracy:

Equation (29.15) may be written:

4 € |

LA VA

T ST In Z;ND (29.28)
Ir ED very small as 1n Ge and Si, then Tl remains large and
negative so long as Ny << 4p AJIOEO per cc. at room temperature.

19 7

At a VOOK., N ~—~-10 and at 10°K. 5 x 1Ol per cc. ‘hen

D
B moves close to the conduction band, it remains much less
than given by (29.28). More generally, g reaches 1s

maxXimum polnt when

2
s 3
N 2 ( N
==~ = 4,48 or =
0y 300/ | 5,37 x 102%> &
T = 0.78 x 1071 y 273 (29.29)
so that |
|E
# . _-D .3
2 P + 4kTm : b4



- 10 =~

If ND is large, then 29.29 a. is satisfied for a high
temperature and 4 becomes large. The dégeneracy criterion

lsuwsnally given as:

) 2/3
_ -11
T, = 4.2 %10 Ny
2/3
} 12 (SND\
8mk \ T

If temperature above this, there 1s no degeneracy.



AP 297 1961 Term Paper Topics

Virite a critical essay on cas of the following tepicse In-
dicate clearly what information can be obtained from ecxperiments
involved. Estimate the errors in these cases, and compare them with
errors in other experiments measuring the same gquantities. Xeep any
discussion of experimental or calculational dctails down to a minimum.
List your references.

1) Elastoresistance of semiconductors
2) Recombination mechanisms in semiconductors
3) Magnetic susceptibility of semiconductors
4)  Spin resonance in semiconductors
5) Impurity band conduction in semiconductors
6) Mechanisms of photoconductivity
7) Radiation damage in semiconductors
8) Hot electron phenomena
9) Tunneling in semiconductors
10) Phonon drag effect
11) Exciton spectra
12) Specific heat and thermal conductivity of semiconductors
13) Thermoelectris effects in semiconductors
1) Diffusion of impurities in semiconductors
15) Factors determining lifetime in semiconductors
16) Trapping in semiconductors
17) Optical properties of impurities in a magnetic field
18) Neutron diffraction and lattice vibration spectra

19) Electrical effects of grair boundaries and dislocations in -
semiconductors.

20) Avalanche breakdown in junctions and in homogeneous semi-
conductors at low temperatures.

21) Group theoretical selection rules on phonon transitions.



Applied Physics 297
1961

Problem Set II

1) Determine the allowedness of the following transitions for the diamond
crystal under the perturbafion in brackets (a)fﬂzg'—* r}/(electromagnetic
radiation, electric dipole) (b) " 25Lﬂ7 L, (e.d) (c) r‘zs’"o A (e4de)
(@) Lyt Ly(esds) (e) 25""‘15’ (esd.) (£) Ly* — Ly(eods)

() Fz'—-}Ll (6 types of phonons) (h) ["2'»,\ A (phonons) (i) r'ls"al.l
(phonons) (3) r’15L7 A (phonons), (k) Ij;~?11'(phonons)

2, Assume a semiconductor with non-degenerate conduction and valence band
edges at k = O energy gap 0.2 ev and effective masses = 0,04 times the free
electron mass, On the assumption that optical transitions between the two
bands are allowed, estimate the absorption coefficient 0,05 e,v, above the
threshold energy for absorption, Ignore possible phonon effects and

-

exciton effects,
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