


* _Ra.deorp&ahonofAmeri'”'- LR
?ﬁnééton,NewJérsey 2 AR R P S

-y

q-' ‘ .I L e ‘. X -~ 'I '.
. £iva (O 8
) —l ; ]
. 2 ¥, y - _‘ .I‘ i
. " !
= LY
a - 1 % A "‘.-
MdGrsw-ﬂHﬂI Book C :

New York

) J r
- i "\ 1 \
y [#oC
) 3 i g Y X 1 i i =
v ‘i )







| ;Tganélators’. Note

trm;alahon of ﬁm second German edmon of Eberha.rd Spenke g%
onische Halbleiter” has been augment.ed by a section on junc-
tance (Chap. IV, §10), and a series of problems inserted
, 'i-every chapter’ The problems not only serve to test the
famﬂmnty with the contents of the preceding chapter, but
hﬁntomryhxssi;udmsbeyondthahmtsofthstoxt,wenu
7 with the help of references to readily accessible sources, The
¢ cult problems have beep ma.rkod with an asterisk.
effort has.beern made to preserve Dr. Spenke’s original approach
tmamble ‘However, American practice has been followed with
to nornencla,ture and symbols wherever this has been po.s‘ible
: om.g undue v:olence to the original text.

D A. Jenny
" H. Kroemer

L) ‘_ ~ E.G.Ramberg



ForeWo_rd

This introduction to semiconductor theory is the result of a series
of lectures on the fundamentals of semiconductor physics, particularly
as related to rectifier and transistor problems, which my friend and -
coworker . Spenke has given at physical meetings and to groups of
younger colleagues in industry. = The reception of these lectures
demonstrated that a need existed in Giermany for an able introduction
~ to these fundamentals, even in the presence of the well-known book by
Shockley. The derivation of the important relationships from pre-
cisely defined basic concepts and assumptions, in a manner which
- 18 clear even to the beginner, was recognized as a particular advantage

of Spenke’s representation. Spenke’s audience is spared the unpleas-
ant sensation of being suspended in mid-air. .
The present arrangement of these lectures exhibits these advantages

in enhanced measure. Care has been taken also that Chaps. I to V
- make good individual reading for the young technically trained person
who has a special interest in the specific problem covered. The first
three chapters deal with subjects of importance to semiconductor
theory in general (and hence also fo thermionies, luminescence, and
photoconductivity) : '

I. The Conduction Mechanism in Hlectronic Semiconductors :
II: The Nature, Models, and Reactions of Impurities and Tmper-
fections
IIT. The Hole .

Other chapters supply the fundamentals for two fields of applica.ﬁon:

IV. The Mechanism of Crystal Rectifiers :
V. The Physical Mechanism of Crystal Amplifiers (Transistors)

Spenke’s own contributions t6 the basic publications for Chap. IV
are well known. B2 ' : _ ;
Whereas the first part of this book constitutes reéading matter which
should provide a firm basis for the treatment of the-semiconductor
problems, which are of greatest practical importance even to the
v i



B it onliewbid, o At ¥ :
th.apme oment.atwn in general physics, the second part is
C arily for more advanced students Who wish to have a

uuderstandmg of the ,fundamentu]s for Lhe first parl; and to'
e cla.nﬁcaMOn of the many. unsolved problems It t.overb"

,eggonably good ~rev1ewa d,f a.ll these ﬁe}ds are s.vaﬂa.ble in
pa.mcuia.rly ‘books: pubhshed abroad; h&wever apart from
- book,. ‘which 'r,reats transistor phyucs in particular, the
s obhged to collect, the fundamentals from a whole series of
phs, among which ;Bethe and Sommerfeld’s GI&BBIG&I article in
‘and Scheel’s “Handbuch der Physik” (vol. XKIV part 2 may
ke first place. However, this representatmn, in particular,
( ___nmanly at the physics of elert.rons in a metal and provrdes
troduction which may bé understood in detail only in combi-’
ith other artieles from Geiger and Scheel’s book. Iurther-
Sl Iauk§ of course, the new emphases and ideas which ha.ve
emiconductor theory since 1931. :

thoroughness and ;eahsm of the author are a guarantee t.hs.t in
re advanced portion of the book, the existing limits to our

ledge are never obscured and that, at the same. time, within these
meaningful considerations and conclusions are derived and

reliable manner. © The careful treatment of the acceleration
ns it Chap. VII, §6, of the-Zener cffect in Chap. VIL, §7 and
f the sta.tlstms and kineties of electrons as modified hy elec-
potentials in Chap. VIII are worthy of apfacml mention.

gsb treatment also points out the significance of the Fermi

tial for the current problems of diffusion theory and indicates

nship with the general electrochemieal potential of charged

whose grad:ent in the concentration and potential distri-

replaces as driving force the field, strength of the theory of

eous media. These concepts permit, in Chan X, an unusu-

reprasentatlon of the basis a.nd de"relopmen of _t.he diffusion



vi ' Foreword ; xi
If T am to define the circle of readers for whom the reading of the
second part may be useful, I am inclined to include, in addition to those
who are active in this field in industrial research, all the younger
<cientists who may wish to have a part, both benefiting and con-
tributing, in the solution of the preeminent semiconductor problems of
our time. The manifold relationships of semiconductor physics to
other field§ demand the cooperation of theoretical and experimental
_physicists, of physical and inorganic chemists, of crystallographers and
electrical engineers. I believe that all these specialists will find, in the
second part of Spenke’s book, representations which will extend their
"general knowledge of the semiconductor field in certain directions.
Hence I trust that this treatment may have a stimulating effect on the
advancement of theory and practice in this field as well, even though
+his cannot be the objective of a-publication of this type.

It should be mentioned, finally, that Spenke’s nomenclature follows
closely international usage, so that the book should be easily readable
for interested foreign workers, without the dreaded fruitless effort of a
general transformation of symbols. ; H5

My best wishes speed the book on its way.

Pretzfeld, February, 1954
- W. Schottky



Preface* [

8 |

. It was my privilege to take my first steps in the labyrinth of semi-
conductor physics under the guidance of Walter Schottky who, in the
preceding foreword, has so kindly outlined the circle of readers to
whom this introduction to the physics of electronic semiconductors
may be of value. Thus, the book is not addressed to experienced semi-
conductor specialists, but to the ‘“beginners’” and the “more advanced.”,
Hence it may be proper to enumerate some of the subjects and prob-

. lems which are not treated in the present book even though they also

-

belong to” the fundamentals of electronic semiconductor physics.
Among others, these are the problems in the forefront of ﬁ‘resent
developments in the semiconductor field:

The attempts to pass beyond the current one-electron approxi-
mations by treating a solid really as a many-electron problem.

The theory of the mean free path with the difficult problem of

energy and momentum transfer between conduction electrons and
lattice.

Excitons and pola.rons, plasma interactions, and multiple wlbmona

~ Conduction processes in an impuritysconduction band, which may
appear in highly doped semiconductors or at very low temperatures
because, under these conditions, they are no longer overshsdowed by

. the usual processes in the normal conduction band.

~ Semiconductor optics, the physics of phosphors, and the photoeffect.
Titanates, spinels, and ferrites, :
* Limiting frequencies in rectifiers and transistors.
The omission of all these interesting subjects naturally raises the
question to what objectives and intentions of the author the treatment

- of these important problems has been sacrificed. The answer lies in-
- the purely pedagogic purpose of the present book. Semiconductor
electronics requires for its foundation primarily wave mechanics and
statistics. However, crystallography, thermodynamics, and chemistry

also have a share in it and, quite generally, ‘it is incredible what

- miserable quantities of thought and mathematics are needed to provide

even the simplest tools for daily use in semiconductor phyaws” (from
& conversation of W. Schottky with the author). ;
_*To the first German edition.



- an example.

viii Preface ;

The present Introduction aims to be of some help in this respect.
Hence the author was not interested in the treatment of the above-
mentioned practical problems but in the most easily understood, and
yet precise, treatment of fundamental’ concepts and fundamental
- equations. Customarily, these are passed over more quickly in pro-
portion as the questions hidden under a simple external form are more
involved. The objectives and methods employed may be clarified by .

~ A whole section is devoted to an equation as simple as Eq. (IX.1.01)
I @_TE s Sk N
di Trel g i

 In the usual presentations, this equation is introduced without further
justification, with at most a note to the effect that r.. is the mean life
of particles of type 8. 'The statistical problems related to the concept
of mean life are omitted altogether, and the concepts of mean life,
mean life expectation, and relaxation time aré commonly not dis-
tinguished. While in the present book such specialized problems are
not treated in detail, the reader is at least made aware of the existence
of the problem.

A whole series of kind helpers must be thanked for their valuable
assistance. First of all, some associates at Pretafeld are to be men-
tioned, namely, Dr. Arnulf Hoffmarn, Dr. Adolf Herlet, and Hubert
Patalong, Every newly written chapter was discussed with them in
detail, and the author is indebted to all of them for innumerable sug-
gestions for improvements in the text and the figures. Professor
Helmut Volz and Dr. Hermann Haken (University of Erlatgen) helped

" with a detailed “translation’” of Heisenberg’s original paper on the
‘hole into the language of “ordinary’’ wave mechanics. Dr. Hermann
~ Haken has also carried out a series of calculations on which §11 of

Chap. VIl igbased. With the aid of Dr. Dieter Pfirsch (University of

Frankfurt a. M.) a remark of Hintenberger regarding the effective
mass of an electron in a crystal was confirmed. quantitatively; the
‘result is to be found in Chap. II1, §2, and in Chap. VII, §6. For the
‘author and subject index T am aiso indebted to Mr. Patalong, who also .
bore the chief burden of proofreading, along with Dr. Otfried Made-
lung, Dr. Bernhard Beraphin, and Claus Freitag. In the preparation
of the manuseript, the untiring effort of Miss Aurelie Bathelt was
invaluable. My thanks are extended once again to all these kind .
helpers. Finally, it must not remain unmentioned that I would not
have arrived at a successful conclusion without the enduring patience
and the continuous encouragement of my wife. ‘

Pretzfeld, November, 1954

Eherhard Spenke

.
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@ = lattice constant
oo = Bohr radius :
a;, 8z &z = axis vectors in a translation lattice
A = cross-sectional area of n-p-n transistor
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A* = neutral acceptor
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A = integration constant
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B = integration constant :
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¢ = 1.6, 10~** ¢oulomb = 4.803 - 10~° em? g*sec! = elementary

charge
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e = elmtter
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E 4 = electron energy at acceptor level
E,, = atomid eigenvalue
E,.v = E; — Ey = association (activation) energy of acceptors
E¢ = electron energy at lower edge of conduction band
Ee¢p = Eq — Ep = dissociation (activation) energy of donors
n’ .
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&
I
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1,, = electron component of emitter current increment
2naa = density of field current

Terw = current density in forward dlrectmn,
ix = density of current component carried by electrons
i, = density of current component carried by holes
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fas = density of saturation current in electron emission of solids

s 4

T

%

E 44w = density of total current
- I = current
; 3 I, = base current
. I. = collector current
B - I, = electron component of collector current.
, - I, = hole component of collector current
o I, = emitter current A o
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B transistor
B L, = diffusion length of electrons
B L, = diffusion length of holes
%\ m = electron mass
i“ M.y = effective mass :
é_-' m, = effective mass of electrons
B my, = eﬁ“ective mass of holes
B M = mass
f M = dipole moment
%% n = principal quantum number
B n = electron concentration
E ny = total acceptor concentratmn
B
& nad = concentration of neutral acceptors
-;-('-;_;.-b na- = concentration of negative acceptors
B np = total donor concentration
‘mpx = coneentration of neutral donors
;' np+ = concentration of positive donors _ )
e - ng = neutrality concentration at the semiconductor end of

|, Schottky barrier layer
-5 n; = intrinsic (inversion) density




xwilé * List of Symbols
n. = electron concentration on n side of p-n junction
n, =-electron concentration on p side of p-n junction
ns = concentration at metal boundary of Schottky ba.mer]ayer
ng = electron eonoentrstlon
ng = hole concentration’
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: injection
Y g n, = incremental electron density in filamentary trans:stor due
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N = number of particles, number of particles of a selected
group
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s = density of particle current
S = distance between emitter and collector in -point-contact
transistor >
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B { = time

B t = transit time

s T = absolute temperature

;. T.oax = &/4wo = dielectric relaxation time of solxd
E ¥ " u¢ = collector-voltage increment

‘u, = emitter-voltage increment
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Z =-atomi¢c number

| Z. = effective atomic number

¥ .' @ = a;8y = current amplification factor
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B B = tramsport factor
g v = injection efficiency :
[ v = collection efficiency
- Ye = emitter injection efficiency
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A = wavelength ' ;
un = electron mobility

il
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hole mobility

By = :
- p = space-charge density
o = conductivity

gen = collision cross section
op+ = ‘effeciive cross section of donors
> gy = intrinsic conductivity
+ = mean free time ¢
r = lifetime \
7px = lifetime of neutral donors
rp+ = lifetime of positively charged donors
= electron lifetime in p-type conductor
= hole lifetime in n-type conductor
1',.1 = relaxation time of assembly of particles, of current, etc.
¢ = ¥(r; k) = eigenfunction
¢ = Y(x, {) = time-dependent wave functiun
Y., = atomic eigenfunction .

¥ = work function
¥, = work function of metal
. ¥,.. = work function of semiconductor _
Wt o = Work funetion from metal to semiconductor
Wpuet vae = Work function from metal to vacuum

¥, = electron work function (see p. 358)
" w®, . = hole work function (see p. 362)
¥; or ¥;; = work function of metal I or II
w = 2xf = angular frequency
© = conduction electron
@ = hole
e( ) = substitutional 1mperfectmn (see Fig. 11.4.2)
O = interstitial lattice position (see Fig. 11.4. 2)
[l = vacancy (see Fig. 11.4. 2)
X = neutral
- = gingly pomt.wely charged
- - = doubly positively charged
' = singly negatively charged .
“ = doubly negatively charged












CHAPTFR 1

The Conductlon Mechamsm in
'Electronic Semmonductors _

gl. Introduction

The semiconductors, among the crystalline solids, conduct an eleo-
trical current better than insulators but not so well as metals. Accord-
ingly, their conductivity range at room temperature extends from
102 ohm~! em~! to 10% chm~—! em~!. These limits are drawn some-
what arbitrarily, and it will be shown that there is no fundamental
difference between insulators and semiconductors. It cannot be
decided at the present stage of development whether there is a phys-
ically meaningful border line between metals and semiconductors.'
The extreme sensitivity of the electrical resistivity to various factors,
particularly the “chemical composition,” is a characteristic property
of semiconductors.

The significance of the chemical compoaltmn in semiconductor
physics goes far beyond the previous usage of this term in chemistry.
The chemical difference between two bodies means, to the unbiased
reader, the difference, for instance, between cupric oxide (CuO) and
cuprous’ oxide (Cus0). The semiconductor physicist, on the other
hand, compares two samples by the magnitude of their electrical
resistivity, whereby variations of a fraction of a per cent in the oxygen
content can be of decisive significance. Minute deviations from the
stoichiometric composition (of the order of 10~*) may manifest them-
selves in the electrical resistivity by changes of several orders of mag-

1 The negative temperature coefficient of the electrical resistivity, i.e., the fact
that many semiconductors are better conductors at high temperatures than at
low temperatures, is often used to define a semiconductor. The existence of sub-
stances such as niobium hydride and nitride, which are “‘low-temperature con-
ductors,” speaks against the validity of this definition, for they are superconductors
with surprisingly high transition temperatures. On the other hand, they can

hardly be called metals and must therefore be classified among the semeonduetom, 75 1

although they are not true “high-temperature conductors.” A substantial num-
ber of substances fall in.this group, such as Cuf and the borides, csrbldes and
. nitrides of zirconium, hafnium, titanium, vma.dmm, and tantalum.

; 8



4 - 1. The Conduction Mechanism in Elcctronic Semiconductors

nitude (possibly 109.* Similarly, a minute amount of a foreign sub-
stance, such as a chlorine content of the order of 10-¢ in selenium
(1 chlorine atom per 10¢ seleniura atoms), can influence the electrical
resistivity decisively. T his is the reason why in  semiconductor
physies a difference between, for instance, sclenium with an addition of
10~ chlorine and 10— chlorine is ¢alled a ‘‘chemical “difference,”
although both are essentially selenium and the only distinction lies in
 the minute amount of added foreign substance.
Other factors which can influence the resistivity appreclablv shall be
 listed briefly; some of the meanings may be understood only by the
reader who is a.lready somewhat familiar with the seiniconductor field:
(1) The previous history of the material, part.lcul.nly the thermal
treatment in certain atmospheres. (2) “The ﬁne or coarse polycrystal-
linity or single crystailinity of the material, as well as possible pre-
dominant “crystal directions and textures. (3) Possible deviations'
from the chemical homogeneity of the material, where ““chemical” is
to be understood in the foregoing sense as applied to semiconductar .
physies. This is particularly applicable to the neighborhood of erystal
grain boundaries, where a. certain lattice distortion can favor vacancies,
interstitials, and precipitation of foreign atoms.? (4) Microscopic and
colloidal precipitation of dissimilar phases (in the metallurgmal SENse),
which can form metallic conductivity bridges or msulatmg layers.
(5) The surface structure of the entire sample or the single erystallites
can affect the resistance appreciably because of space-charge barriers
with polarized characteristics. (6) The surrounding atmesphere can
“affect the properties, partwularly at high temperatures. (7) The
resistivity of a semiconductor is often highly temperature dependent.
'(8) The magnitude of the electrical field during memur?ments infiu-
ences the semiconductor properties in many cases.

In view of the great number.of cffective paramweters, it is not sur- .
prising that the field of semicanductor physics is characterized by a
multitude of confusing phenomena and apparently contradictory
observations, For many years one had to be satisfied with the obser-
vation and analysis of “ ordel:—m-nmgmtude effects” in the semnicon-
ductor field. Few physicists appreciate this type of researchﬁawhu.h
led to the bad reputation of semiconductor physics as the ‘ physms of
dirt effcets.” In spité of this reputation, an ever-increasing number
of scientists have become interested in thls field over the years. One

! The same senmtmt:r can bo found in the optical sbsorptlon 80 that the appear-
ance of a substance may he changed drastically b]r, for instunce, heating in the -
vapor of one of the components: for example,*opper iodide, alkali halides.

2See Chap. I I The Nature, \dodels and Reactions of Impurities and Imperfec, -
tions.
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alvong with it nductor physics, Purf~

ca.pamtors crystal recuﬁem a.nd detectors transmtors,'
ud.ea ove,rvolta.ge mg;ﬂa.toﬁs a.nd vanstom of S;LC photo-
: gihmc&l problems apparenﬂy not- related 1:0 electneal Gon-
, the principles of semiconductor physies are of decisive impor-
instance: luminescent sereens for cathode rays and X-raye,
phic exposure and development process, the protection of
nst corrosion by various a,tmosphexes, \,urmsmn—remsbaut

T the Second Warld War, a profotype subat.a,uce Was
orm of germa.mum, in whwh the complications do not
rmountable and it is possible to progress beyond order-
relations toward a number of theorc.tma,llv ‘derived
which are accessible to quantitative verification by experi-
iﬂ};m is f.he reason why, m the followmg chapters we shall

'\mth mtemaﬂs or mechamsma which mvolve pﬁma rily io
ion. Problems of cohesion and the magnetic sammo du
ferrites, have to be left out, Nor shall we ‘cox ler
lects in detail; therefore we can eliminate the extensive sub
osphors.  But we shall treat the conduction mechanism of
'mlconduchm*s within the framework of the ba-nd model 10
chapter is devot.ed '

§2 The Bmd Model
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stic Picture and the Band Model®
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Hence the two models of solid-state i;heory, namely, the atomistic

picture on one hand and the band model on the other, correspond to
_ the two approximations of molecular physics which are the “method

of atomic, eigenfunctions” (Heifler-London) and the “collective treat-

ment’’ or the “method of the molecular eigenfunctions’” (Hund and

Mulliken). The Heitler-London method uses the limiting case of -

“widely spaced complete atoms as a starting point and considers the
mutual intéraction only as a perturbation. According to this concept,
an electron belongs to a specific nueleus and its behavior is medified
only by the presence of the surrounding stoms. In solid-state physics
this approximation correaponds with the atomistic picture where the
‘ electrons are assigned to single lat-

tice points—ions, atoms, or molecules

(Fig. 1.2.1). Their behavior differs -

‘from that in an isolated atom only

inasmuch as it is modified by, for

instance, a polarizable environment

with a dielectric constant € # 1.

c The atomistic picture is particularly

. useful in the treatment of problems

where the electrons in the inner shells

: of the lattice atoms play an import-

b . ant part, such as in the emission

A and absorption of X-rays. The at-

FIG-_I-2-t1; Theftwol_"-:lnegzltectrﬁn ap-  omistic picture is indispensable for

%f:;’:c:l‘;‘:zbibxt; il e idthe theory of ferromagnetism and

in & crystal (schematically). (a) cohesion, and it is very valuable for

The atomistic picture. () The the treatment of erystals with pro-
band picture.

nounced ionic character such as the

alkali halides. Although it allows very plausible gualitative state-

ments about the conductivity problem, the quantitative treatment -

must be left to the band model, which, as pointed out pr'eyiously, is

‘based on the approximation of Hund and Mulliken in molecular
physics. The starting point in this case is the opposite extreme of the
Heitler-London method, namely, very close-spaced nuclei. This limit-
ing case does not allow the assignment of an electron to a single nucleus,

for it is affected continuously by the force field of all the surrounding
nuclei. In this method, the mutual interaction between the different
electrons is treated as a small perturbation. Besides the obvious
treatment by a perturbation calculation of higher order, it is possible
to apply a first-order treatment by introducing screening factors for

the field of the nuclei which act on.the electron under consideration.

1
|
|
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In sohd-stat.a physws, ﬂ:ué;‘p,rq ced
_el where a par’ucula.r elgebmn m,g.tﬁe;?ted by the field of all

i n. etween the electron un({gnt,oons:derahon and the other'
5 18 -taken into account in the form of a modlﬁcat.mn of the

. pmblem hes not in tha mtroductmn of an interaction between.
3 “hu,t simply in filling the energy levels of the one-electron
\ with all the electrons which must be accommodated in th&
Y The ~occupancy of the en-
ws the principles of

_Atom core

: a‘aks for the energy-level S e ' © '
'=Whiqh forms thé basis for  o— i \m's__ IS" it

: 91131'3135 shows 3 Fro. 1.2.2. The: pot-ant.ml anersx dis-

_ mtg a]temtlng tributmn of an electron (a) in a single

“forbldden” ene atom and (b) in the lattws of ordered
atoms.

.can be demon-

y with & purely conceptua.l approach wlthout resorb— :
l_methods e

ryataP is not in the force field of a su,pgle atgm but
c? potentla.l field of many umformly dmtnhumd-
"e dmeret.e eigenvalues of the electrqg enargy in

- of an ‘‘electron in a crystal” when we want to emp'lnmze tbet an

to the crystal.
D 'thaam. See.p. 163.
this 1s the sum of kinetic energy and potential energy, the ]ntta"_ﬁn&

but is exposed to the strong lsttlca forces whmhhk.d toa: more Y
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the single atom are multiply degenerate because of the gpatial accumu-
lation of many atoms in the crystal (Fig. 1.2.3), Many different
eigenfunctions are associated with one and the same atom eigenvalue;
they are always grouped in the same manner around a different lattice
point.  Becauss of fhe exchange interaction, gach atom eigenvalue is
split into & mulfitude of quasi-continuous bandlike energy eigenvalues.
The splitting becomes more pronounced as the atoms approach each
other more closely, and therefore the exchange interaction increases.

' ‘Besides thig method, quantitatively treated by Bloch? to obtain the
band spectrum of a erystal, it is possible to start from the wave nature
of the electron according to Brillouin.! Tn this case it is understand-
uble that at certain wavelengbha and propagation dgreehons an electron

3 h?
b s, a
e e L de Broglie _! Brogg
. . \\\\ PR e S el ‘de W;;."g Bra
ook ") ideioes b
\ /i B o T L Mm'ig Bregg
A DLy
Lattice =-———— Separcte Frealalmotions . Et’rf: 1??::::1"
atoms 1 | -
Lattice : Amplitudae of the
spacing . lattice potentiai
(o) (b} ¢

Fig. £2.3. The band model of the énergy terms. (a) The aphtt.mg of the aumvsd
bands from the atouic cigenvalues upon spatial approximation of initially sepa-
rated atoms (Bloch approximation). (b} The splitting of the forbidden bands from
the continuous spectrum of free electrons upon increasing the a.mpht.ude of the
periodic lattice pot.entml (Brillouin a.ppmxlmat;on)

wave can encounter Bra g reflections mmﬂa.r to those of X—rays This
means that for certain electron waves a reflected wave is formed
because of interference with the lattice, which has the same wa.velengih
and therefore, according to de Broglie, the same electron energy and
hence is degenerate with the incident wave. The degeneracy is can-
celed by splitting of the common energy e:.genva.lue becaus’ of the
interaction with the periodic lattice potential in space. This s
becomes more pronounced as the amplitude of the l.a.ffﬁ_ £ teritial
increases. The Bloch treatment demonstrates the spht’ﬁ:ng of the
disoreto atomic levels into the allowed bands, whereas the Brillouin

eaused by the force field of the nucleus. We avoid the expression “ total energy,”
becaure we ghall gee in Chap, X that in some solid state problems an electrostatic
. epergy confribution must be considered, which stems from an electrostatm macro-
potential, see p. 338. |
18ee Chap. VII, §2 and §3.



qiiowa the wht‘hng oi an ongmalLy contm\mus energy
of free electron waves into the forbidden bands.

ectron has a sharply deEled energy which corresponds e one
ibed levels of the strictly periodic ideal lattice, it is repre-
 a similar eigenfunction as that of a free electron, hence with a

o

'J"‘_V..;.'s(f;(a:"?c') —de™  f= ;}tz’_" = wave hu'mb'er : (I 201)'

: ctlon of an electron i ina crystal dlﬁers from that of a free
a modulation of th.e wa.va amphtudé due to. tha pen@dlc-
3 tlal e . ; . ey . i "V o R

) = u(; i e @20
u(z; k) = penodlc mﬁh the lattice penod e

'lute square u(x k)’ of the wave amplitude u(a:, k) gwes the
¥y of the presenoe of the elec’bron so that in the caso of a

HITTON.

istribution of the local Tro. I2.5. Distribution of the local
ug_hout the lattice in pmbablhti throughout ‘the lattloe in

all lattice cells. Iithe sharply deﬁned emergy value of
on lies in & deep! level (Fifz. 1.2.4), the probability of finding -
ctron near a }attwa poh:t’wuppremablyr hlgher than for }oca.txgns

Al

ina hzg?o' level (Flg R 5), the probafnhty does not :
‘between lattice points and intermediate hcahons, ‘and
rather evenly “smea,réd aut” t,hroughout the entire



10 I. The Conduction Mechanism in Electronic Semiconductors

more or less Sharp localization of the electron, but only by combining
- geveral neighboring levels so that an ‘acourately defined energy value
has to be abandoned. Even so, an important property of these eigen-
functions of the band model is not sacrificed: All these functions repre-
sent an electron which moves unhindered and uniformly through the
lattice, so that one is tempted to call it a free electron, The Brillouin
picture points even more strongly to the existence of free electrons; for
only at certain energy values is the electron prevented by Bragg reflec-
tion from propagating through the lattice, so that avoiding, these for-
bidden energy values ought to result in a free electron. The fact that .
this is not entirely true is best demonstrated by studying the behavior
of an electron in a crystal under the influence of an external force such
as an electric field. ey - : :
For thig purpose an effective mass mey is defined by the following
equation: : : :

F = Mg '%":: % (1.2.03}

v = velocity of the crystal electron. It is not surprising that the
values for me derived from this defining equation are very peculiar
because the interaction between electron and erystal has been com-
pletely ignored. mg values which are higher than the free electron
mass m are acceptable for narrow bands with little splitting and appear
even plausible, for narrow bands with little splitting indicate strong
binding of the electrons to the lattice points, and it is entirely.reason--
able that this Jeads by way of a large effective mass to sluggish elec-
_trons. The dependence of the value of m. on the exact energetic
location of the electron in its energy band is less understandable. The
- most surprising fact ia'_q.t first that m. is negative in the upper part of a
band. . 2545t

How this comes about because of the neglected lattice forces in the
defining equation (I.2.03) may be more easily understood from the
following considerations. We start with the assumption that the
velocity of the electron v and the external force F have the same direc- -
tion, so that the external force F acts on the electron by increasing its
energy. This raises the electron in the band diagram of Fig. 1.2.3 so.
that it approaches finally the upper edge of the allowed band in which
it was located at the beginning of the process. The more the electron
approaches the band edge, the more the condition for Bragg reflection
is fulfilled, and the lattice reflects more of the incident wave in the
form of a reflected wave. At the upper band edge, the condition of

1 See Chap. VII, §6.
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inci ident and reflected wave resylts in a sta.nd:ng electron
: the véloclty v of the electron has’ become zero. Durihg this

to explam Zero ve}oc;ty, if one ignores the a.ctual cause,_
the Bra.gg reﬂectmn of the lattice.

r the negative values of the effective mass and we can pro-
e deducmona derived frem this surprising result..

Therefore in order to treat conductmdsy problenms it is neces- :

fill the band diagram of energy levels, which was developed in -
evious section, with many electrons in a crystal, as was implied
e encI of secnon a. .The Pauli principle restricts the number of -

sition from th*e filled levels to the empty ones' is very gmdual 2
mperatures and becomes more abrupt at lower temperatures'
‘limit: of absolute .zero is approached (I'— 0), where the
s discontinuous. This transition is governed by the Fermi
rom which the expression “Fermi level’”’ for the dwzdmg
ween filled and empty levels ongmates
the Fermi level, o:ge or more bands are completely filled mth .
It can be éhown that these bands do not contribute to the
or the electrons in the lower part of the band have a positive
mass and are accelerated in the direction of the external
shereas the effective electron mass in the upper part of the band
ve, which results in an acceleration in the opposite direction.

- respective contributions to the current cancel exactly as the
calcu"ia.txon shows:! A filled band does not czmm'bute to the
i1y

ep lying bands, conreepondmg to the inner electron shells of
atoms, are the ones which are filled and do not contribute to -
D} ducﬁﬂtly From this standpmnt the ob]ectmnable result of
ve effective masses in the upper part of a.band leads to a reason-
esult: The electrons of the inner shells do not play a part in the
action process. One can consider them as bound electrons which,
Pp. 202 to 203, 204, and 267.

L - . v



12 L The Conduction Mechanism in Electronic Semiconductors

for the consideration of conductivity problems, form an “atorm core”
together with the nucleus.itself. The internal structure of this atom
core is, in this connection, as uninteresting as the structure of the
nucleus itself. The conduction of the current and similar transport
phenomena depend entirely on the outer electrons of the lattice atoms.
This leads to a natural classification of the solids into insulators and
metals (Fig. 1.2.6). If the number of electrons to be placed in the
energy dmgram is such that a series of deep bands are just filled.and no
electrons are left over for the higher

g bands; the crystal is an insulator; for
g3 | fillea  all the completely filled bands do not
contribute to the conductivity. A

.m} A m} " fore must have a partially ﬁll&d up-
'ﬂt%r {anzdﬁa. ?n?t:l model of an insu-  ,ormost band, for instance, a half-
filled band.?

" The behavior of the conduchon elecirons in such a partlally filled
conduction band of a metal is actually extremely complicated. The
effective mass ik not the same for all conduction electrons, but depends
entirely on the particular location the electron occupies in the energy
band at any one time. Besides, the effective mass is not isotropie, but
is rather. described by a tensor in any crystal system (even in sym-

conductor, namely a metal, there-

metrical ones), so that force and acceleration of the electron are in - '.

general not in the same or exactly opposite directions but at an angle
with each other. If the crystal system is not symmetrical, further
complications set in. In the theoretical treatment, of conductivity

« problems, these difficulties are removed t.hrough simplifying assump-

tions about the distribution of energy levels within the conduection

band. * This approach allows the treatment of the conduction elec-

trons as if they formed a free Fermi gas with a potential energy which
“corresponds to the lower edge of the conduction band.?

The electromns in such a gas are never at rest. The kinetic theory of
heat teaches that each electron is continuously moving in a zigzag path
(Fig. 1.2.7). The straight portions of such a zigzag path are called
‘““free path 1, and the time required to’complete a free path is called
“free time 7.”” 'The velocities of the electron during the free time, while

‘on the free path, are distributéed statistically around the “mean thermal -

velocity.” At theend of the free path, the electron collides with a col-

1The actual a.ppllcatlon of these criteria, for instance, to the elements of the
periodic table, meets considerable difficulties which are, at present, by no means
solved. See Chap. VII, §11.
2 See p. 209.
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it; of the’ electwn _The collision partners are eharactenshcally
gi"ant from those in an ordinary gas of, for instance, H, molecules

gas the conduction electrons collide with foreign collision part-
_b that in a lattice of ideal regularity an electron, because of its
ore traverse paths of arbitrary length without any dmturba.nce
ﬁ of the lattice is disturbed in any way, which is unavoidable at

/

. Diréction of the external force

Fia L. ’I‘hepath of an  Fia, 1.2.8. Same as Fig. 12‘7busmﬂ;
ol '.mhhtheassumptlon - external force. =

ent, we can téntativeljr state that the conduction electrons are

theoretical treatment of the problem of interaction between the
on in the crystal and the self-oscillation of the lattice, these
1 density changes of the lattice are treated as a superposltlon of
nd acoustical self-oscillations of the lattice.

er, this obvious picture of a “collision”’ requires a pa,riacle as
partner. According to the quantum laws, the interaction
electrons and the elastic and acoustical oscillations of a solid
terpreted as collisions between electrons and “‘phonons.”
sicists, however, are more familiar with photons than with
ns, SO that' Fig. 1.2.9 will be helpful as a schema.tac of notatmna

n photon concept.
achematm, we see that the quantum mprmmon 'nhr for the

sz ThaBandModel i ' '13'

) ean be conmdered a quam-dmcontmuoua change in the'

. a gas the H, molecules collide with each other, whereas in a
- These collision partners are of a peculiar nature. We saw in.
ature, does not in general! encounter any resistance and can -
ng, or deflection. This ceases to be true as soon as the regu-"

3 tamperaturea becauae of t.he thermal motion of the lattice a.toma

by the thermal expansions and compressions of the lattice.
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- oscillators represent the electromagnetic e:genoscxl]stwns of a cavity
with perfectly reflecting walls.! For the phonon, the same quantum
law results in the Einstein-Debye theory of the specific heat of solids,??

if the oscillators represent the elastic self-oscillations of a solid. The"

next step on the “electromagnetic” side of the schematic is the inter-
pretation of the cavity radiation as a photon gas.® The equivalent

Energy of an oscillator = nhy

I

_ Oscillator = elastic-acoustic reso-

Oscillator = electromagnetic reso-
nance oscillation of a-solid body

nance oscillation of a cavity with

perfectly reflecting walls
Planck mdiatidn law (Debye deriva- Emstam-Debye theory of the spe-
. tion 1910) cific heat of solids :
Photon gas Phonon gas

Schrodinger equation of an clectron in a crystal with space-
time periodic (wave-type) perturbation potential

Dirac’s time-dependent perturbation calculation satisfies the laws of preserva-
tion of energy and momentum with the help of an electron and a phonon

-

t -
~ Pertufbation potential = vector po-
tential of an electromagnetic wave

~ “Oscillation quantum’ = photon

: l

Perturbation potential = change of
the lattice potential due to the local
motion of the lattice points

“Qscillation quantum’ = phon.on

Fia. 1.2.9. Schematic table of the chronolog.mal and the physical development of
the “phonon’] concept.

step on the ‘“‘elastic’’ side of the schematic of notation interprets
the thermal oscillations of the solid as a “phonon” gas® with Bose

statistics.
If we calculate the 111teractmn between an electron in the crystal and
an electromagnetic wave,” we find that this electron is described by &

Schrodinger equation with a periodic erystal potential of the lattice in

1 P, Debye; Ann. Physik, 33: 1427 (1910).

2 A, Einstein, Ann. Physik, 22: 180 (1907).

3 P. Debye, Ann. Physik, 39: 789 (1912).

4 A. Einstein, Ann, Physik, 17: 182 (1905).

vS. N. Bose, Z. Physik, 263 178 (1924).

81, Nordheim, Ann. Physik, 9: 607 (1931).
(London), 133: 458 (1931). -

7 See, for instance, Chap. V11, §8.

A. H. Wilson, Proc. Roy. Soc.

¥
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~ which the classically introduced (vector) potential of the light wave

‘occurs as perturbation. The result can be interpreted as a collision
between the electron in a crystal and a light quantum, although only
the electron is introduced in the quantized form (Schrédinger equa-
" tion), whereas the electromagnetic wave is used with its classical vector
~ potential in the Schrédinger equation. :
. Similarly, the mathematical treatment of the interaction of an
‘electron in a crystal and an elastic lattice wave leads also to a Schréd-
inger equation with a space periodic lattice potential and a space and
time periodic perturbation potential of the lattice wave.! Although
the expression for the lattice wave does not represent the quantized
properties; the result can be interpreted as a collision between lattice
_electron and phonon. This pure particle interpretation is, in both
~ cases, only possible on a historical basis, which is indicated by the
~first few lines of the ‘schematic. K
. Besides these thermally determined phonons, a real lattice contains -
| other deviations from strictly ideal periodicity, because of deviations .
. from the ideal structure. For instance, atoms may be missing at
- certain lattice points (vacancies), or atoms can be misplaced in the

. wrong lattice points or be placed interstitially, or foreign atoms can be
~ incorporated which are not part of the ideal lattice. All these atomic

- “imperfections”’ act as scattering centers or collision partners like the
~ phonons. . L _ '
* Upto this point, we have treated the behavior of ‘the Fermi gas of
the conduction electrons in thermal equilibrium. Finally, we want to
~ treat the Fermi gas under the influence of an externally applied electric
~ field, so that a current.is flowing. ‘The previously straight paths

hetween two collision processes are now bent into parabolas because of
the continuous action of the external force field (Fig. 1.2.8). All the
‘electrons receive during each frec path an additional velocity in the
direction of the external force, so that the entire thermally agitated
electron cloud is drifting slowly in this direction. Thus an electric

~ current is created. As long as the drift velocities due to the external
~ force are small compared to the mean thermal velocity, the drift
- velocity v is proportional® to the field strength E: e

o o v=mE (1.2.04)
The factor u, is called the mobility of the negative electrons.* Ohm’s

" 1% Bloch, Z. Physik, 52: 555 (1929), particularly pp. 578f.
4 8ee, for instance pp. 244 to 246, R i _
3 n contrast to the corresponding mobility up of the positive holes (defect elec-

trons or missing electrons) which will be introduced later (sce pp. 16 to 19 and
m. v i »
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- law applies in this case S W TR :
B RISE N j= 0B ' (1.2.05)
where the conductivity is given by ' '

-

Lo = eu.n . 2 (_1.2.06)

~ n = concentration of the negative electrons.
. An example of the opposite case is that of the cathode-to-a.node cur- -

rent in a vacuum diode, where the electrons do not find collision

- partners because of the vacuum and therefore fall dowr the potential
slope in one single free path, so that the motion of all electrons is
essentially the same. | There is obviously no linear, i.e., ohmic, relation
hetween anode volta.ge and anode current mst.ead the la.ws of the
therma.l space-charge limited, and saturation regions are valid.

§3 'i‘he Band Model of a Séniicoliduci;or

We have seen in §2, section c, that a completely filled band does not.
contribute to the conductivity and that a erystal with only filled bands
ig an insulator. The band model of an insulator shows that the upper-
most filled band is followed by a forbidden band, which m turn is .

L Conduction
band

| Valence
band

Fia. I. 3 1. Thermal exmtahton of a valence electmn mt-o the conduction band

followed by an aIiowed but empty band. Such a distribution of the
electrons in the band diagram is, strictly speaking, possible only at the
temperature T = 0°K, even if exactly the right number of electrons are
present just to fill completely the last occupied band. At any finite
temperature 7" > 0, a fraction of the electrons from the last “filled”’
band are thermnily excited or raised into the next higher “empty”’
~band above the intermediate forbidden band (Fig. I.3. 1). The elec-
trons which are raised into the empty band represent, according to the
principles of section ¢ of §2, the gas! of the conduct.mn electrons and
1 See pp. 299 and 3086,

Al s

T S £
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_pertnm a.mount of conductawty Whether tlns eﬁect. is mal'

tion and t.hemfore the lower the temperature at which the effect
observed. Wilson! has pointed out in his work that the thermal
tation of a fmchon of the electrons from the band below the conduc-
tion band leaves this originally filled band only partmlly occupied, 80

contribution to the current is no longer zero. Therefore the
ns of this band carry a cert.a.m gurrent. which is added to the
ent of the conduction electrons. It is found that this current of
phe nearly filled band is of the same magnitude as if one assumed, in

: ,pf the hglea in the ﬁlled bzmd posmve electrons mth pomtwe :

,gm' the. thermoelectrac ef't'ect a.nd in the rect]ﬁcatlon chrection of metal
miconductor contacts has led to the mtroduction of the term “ho]e”
_ﬁbct:-electron) conduction.
¥ nMa.ngr years after the work of Wilson, it was still uncerta.m whether
: ﬁa seribed conduction mechanism of a semiconductor is actually
zed in one of the Imown semiconductors. It was shown only
the end of the Second World War, almost simultaneously in
ny? and the United States,? that the cusrent transport in
nium above 150°C is of the type just described. It is now neces-
ry to supplement the somewhat abstract description of the ““last
npletely filled band” and the “conduction band’ with more con-
concepts, for which we elect germanium as the'example. The
nium lattice has a diamond-type structure, where each atom is
ounded by four neighbors (Fig. 1.3.2). The binding of these four
yors consists of four electron-pair bonds as we know theni for
homopolar binding of the hydrogen molecule. The bonds consist
e four valence electrons of the germanium atom under considera-
| together with one of the valence electrons from each of the four
boring atoms to which the bond leads. We see that the dia-
lattice points are occupied by Ge**ions and that the four valence
s per atom are located in the pair bond between the Ge*4 jons
13. 3). The localized particle representation is the atomistic
el to the band model, in which the four valence electrons of the
nium just fill a band, which is therefore called the “valenee
A, H. Wilson, Proc. Roy. Soc. (London), 1331 458 (1931).

tuke, Dissertation, Gottingen,
iK. Lark-Horovitz and V. A. Jobnson Phys. Rw 69; 258 (1946'}
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band.” The fact that the next higher band, the conduction band, is
entirely empty to begin with corresponds in the atomistic picture
aceurately to the fact that all valence electrons are fixed in the pair
bonds and therefore will not be available for the conduction process.
In the case of thermal excitation, one or the other valence electron is
separated from one of the pair bridges and becomes quasi-free to move
through the lattice (Fig. 1.3.4, upper left).! This corresponds in the
band model to the thermal excitation of a valence electron from the
upper edge of the valence band to the lower edge of the conduction
band (Fig. I.3.4, upper right). Here we see again how the atomistic
picture and the band model complement each other; that is, the band .
model teaches that the empty place among the valence electrons acts

4% > 0% : _
Fic. 1.3.2. The germanium Fic. 1.3.3. Two-dimensional represen-
_]st.tiee. tation of the germanium lattice.

as a hole (+m, +e) if one considers the wave nature of the electrons,
which means that the hole can migrate through the unperturbed lattice
without encountering any resistance-and therefore contributes an
essentially equal part to the conductivity as the freed electron (+m,
—e) in the conduction band. The migration without resistance of a
hole in the band model corresponds to the motion of the valence elec-
trons into neighboring empty places without energy" expenditure in
the atomistic picture (see Fig. 1.3.4, left side).

This conduction mechanism is called intrinsic conduction in contrast
to extrinsic or impurity conduction. 'The existence of the latter con-
duction type has, for a long time, overshadowed the intrinsic condue-
tion; this is still the case in most germanium samples below 150°C.
In the previous paragraph sve became briefly acquainted with the

1 The presentation of the migration of the conduction electron on the right-hand
side of Fig. 1.3.4 assigns to the abscissa the significance of a spatial coordinate
within the solid, whereas no significance was attributed to the abscissa in Figs.
1.2.6 and 1.3.1. Hee also pp. 21 and 22 in connection with Fig. 1.3.6.
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20 1. The Conduction Mechanism in Electronic Semiconductors

imperfection as a collision partner of the conduction electrons. Now

we shall treat an even more important function of these narrowlylocal-
ized disorder points in the crystal lattices. 'The conditions in germa-
nium are again very well suited for the visualization, as the substitu-
tional imperfe¢tions (impurities) in germanium can be formed by the
elements of Groups I1IT and V in the periodic table, whereby an arsenic
(As) atom with five outer electrons can repla.ce a Ge atom in the lattice

" (Fig. 1.3.5). More speclﬁcally an As®t core is substituted in place of
‘ ‘ a Ge*t core. Four of the five outer
electrons of the As atom are used
‘up in the four pair bonds for the

which compensates four positive

; charges of the As® core, so that
Slecran' the _ there is - only one positive charge
o left to bind the fifth outer electron.
- The field of this positive charge is
_~weakened appreciably because the
medium in which it acts is polar-

“ izable, with a dielectric constant
&= 16. Therefore the charge cloud

of ‘the fifth outer electron extends
‘over a large volume around the im-

*  purity center. This condition can
be approximated by the model of a

: tive charge, namely, a hydrogen
Fi16. 1.3.5. Substitution of an As atom &tom, which is not in a vacuum but
* for a Ge atom. Weak binding of the ratherin a medium with a dielectric
ﬁnﬁﬁﬂfﬁ?rﬁﬁﬁiﬂm ofan  constant € = 16. This fifth outer

: electron can be easily removed from
- the impurity and thus migrates away as a conduction, electron: The
J.mpurity acts as a source or.““donor’’-of conduction electrons. The en-
' tive process can be interpreted-as the dissociation of a neutral donor DX
into a positively charged donor core D+ and a conduction electron ©:

DX D4+ - . (L.3.01)

The presence of such an impurity manifests itself in the band model
- throygh the lowering of one of the conduction-band levels of the unper-:
 turbed lattice into the forbidden band, so that the energy difference
between the “impurity level” and the lower edge of the conduction
band equals the dissociation energy of the donor. Theé doner is neu-

_binding to the four Ge neighbors,

» single electron in the field of a posi-.

e i e e

el
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an electron is presant in the impurity level;if the donor is 1on1:aed
or instance, thermal excitation, the elecfrou is raised from the
purity level to the conduction band. There is a fundamental differ-

concerning the character of the eigenfunction between the elec-
in the impurity level and in the conduction band, besides the
tative difference concemmg the energy. The eigenfunctions of *
conduction band are of the type of propagating waves, and the
ability of finding the electron in a certain location is distributed
over all lattice cells, whereas the eigenfunection of the impurity
'ncentrated s.rou.nd the donor in a hydrogen-like way. Even
energy is sharply defined, the donor electron is strongly localized,

s an electron in the cond.uotmn band can be localized only if the
ﬁharp energy fixation is sacrificed. In order to express this difference
g t.he energy—level dmgram, we shall mt.roduce the absmpsa in- Fxg :

A Condunﬂon
band :

; Forbidden
band

Voleﬂca >
band

: Space coo@dmu;:; :
- Fig. 1.3.6. Band model with neutral and ionized donors.

':a.s a spatml coordinate within the semiconductor under conmdem

n, The levels of the unperturbed lattice are thus drawn throughout.
entire body, which signifies that the probabdlt.y of finding an elec-

n in a certain place is evenly distributed over all lattice cells. The

[ ,g}mty levels of the donor, however, are drawn as short dashes near
> particular nnpunf.y in order to sngmfy the Ioca.hzed oharacter ofan

on in this energy level.

nﬁicp for the substltutlonal mcorpora.taon of elementa of Group. V

up I11 of the periodic R e i mqorpomted in germa-
~ If a Ge atom is replaced by an In atom (Fig. 1.3.7), only three
electrona ‘are introduced, so that one valence electron is missing .
t four pair bonds to the four Ge neighbors. This vacancy can

7 be filled by a valence electron from one of the neighboring
. ‘The process of completing an incomplete pair bond from 2
hboring oomplete pair bond by the motion of a valence electron
'the‘vamoy, or what we now call the hole, to move in the lat-

a



22 I. The Conduction Mechanism in Electronic Semiconductors

tice.! The In'atom remains in its original place and has now acquired -
an electron in addition to its original three valence electrons so that it is
negatively charged. This is an example of an impurity which accepts
an additional electron and is therefore called an ‘““‘acceptor.” This

F1g. 1.3.7. Substitution of an In atom for a Ge atom. A yvalence electron is missing
so that neighbering wvalence electrons can move in (above), Thus. the ivalence

“electron vacancy or the “hole’’ migrates (be_low).

process includes the liberation of a hole and-the charging of the impu-

rity by one negafive charge: W ;
~AXZ A+ D - (1.3.02)

The acceptor h'an_ be represented by a ‘“hydrogen” model, in the
form of a positive “defect” electron in the field of a negative point
charge, in a medium with the dielectri¢' constant of germanium & = 16
asin the case of the donor (Fig. 1.3.8). Such animpurity introducesin

! This interpretation of the migration of a hole, namely, the successive motion
of neighboring valence electrons into neighboring incomplete pair bonds in order
to fill the holes, represents the atomistic or localized-particle standpoint. = This
should not lead one to ignore the wave nature of all electrons, including the valence
electrons, which allows an unhindered migration of the valence electrons through-
. out the crystal on one hand and represents on the other hand the valence electrons
ag evenly “smeared out’’ over all pair bonds. The motion of one valence electron
into the hole of an incomplete neighboring bond. does not require any energy
‘ expenditure because it i8 not necessary to break a pair bond. An actual breaking
_of a pair bond occurs only if the valence electron’is converted into a eonduction

electron, which obviously requires energy, rather than just changing place as a
valence electron into another pair bond (see also pp. 18 to 20 and Fig. 1.3.4).
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, terms of hol_aa, this is the ionization process AX — A~ + @, in wluul:g a
hole is pushed down from the impurity level into the valence band.

@ ,Churg; distribution
> of the hole

Hole rnpresenmlan

. The chuge distribution of a hole around a subshtutmnal In atom.
'_ model with neutral and wnned accept-ors in the electron and the hgle
' 'tatlon

‘mfor mat-&nc-e_. by thermal or photon coumxomr—to raise an
into a higher level In contrast to t;]:-m holes spontaneously

is necessary to push them down into deeper levels.! Every
 also pp, 375 and 377.
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24 £ 1 }‘he Conduction Mechanism in Electronic S8emiconductors
process in the band model can be’ “expressed. either i in electron or hole

Janguage. The valence band may thus be regarded either as almost

filled with electrons or as nearly devoid of holes. The choice between
these two ways of expressing the same thing is a matter of convenience.!
A semiconductor which contains only donors as impurities, for

instance, is naturally described with the help of the electromrepreeenta-'-

tion; for the conductivity is in this case determined only by the nega-
tive electrons in the conduection band. Such a semiconductor is called
an n-type or excess semiconductor (Fig. 1.3. 9). If, on the other hand,
the semxconductor containg only aceeptor 1mpur1t.1es,, the current is

-

Ionizahcn Recombmahun Iom:unun Ionization

| Conduction
band

-~

Forbidden
band

vulanca
band

Fia. 1.3.9. n—type- obnductor Iommtaon and rwombmatlon equihbrmm: of :

donors D*S D+ .

¥ : Ionization Recomnotion IOI"IIZG‘!IO!‘I. Iomzmion"
Fia. 1.3.10. p-type eonductor Tonization aud recombination equ.lhbnum of
acceptors: 4> tSA— + @. :

carried only by the poamve holes in the valence hpn& and one speaks
of p-type or defect conduction (Fig. 1.3.10).
- According to the preceding explanations, it appears as if the first

described intrinsic conduction and the later introduced impurity con- g

duction constitute two mutually exclusive opposites. This is, how-
ever, true only to a certain degree. We can understand this by con-

ardenng a semiconductor with donors and analyzing its bebavior with
" increasing temperature, starting out from a low enough temperature so

that the thermal energy is barcly sufficient to ionize an occasional
donor. The'conductlwty ig, in this case, only very small because of
t.h& low concentration of conduction  electrons; however, one can

-increa.se the conductivity by raising the temperature, because a large

number of not yet ionized donors is available (case of partial ioniza-
tion). If the temperature is merea.sed furt.her we approach the case

1 8ce also pp. 65 to 66. Py
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1 donors have given off their electrons to the conduction band.
rther increase of temperature will not raise the conductivity as
are no neutral denors left (saturation case). A continuing tem-
re increase will, after a constant conductivity range, result in & -
r very steep conductivity increase caused by the mechanism of

.'tlxre- at which the intrinsic conductivity overtakes the impurity
s etmty depends only on the impurimes It. is, of course, posmble

; Coqduchon
Forbidden
band

Vuie:"ldca
< air Pair L
g 0 - formation formutiun Recom bimt:on

: 'Fm I 3. 11 Intrinsic semiconductor. Pair formation and mmmbmatlon equilib-
num of the mt.nnsnc aemlconduct-or lst.tlcé 0 ‘—‘s@ + D.

purity concentratmns this t.empera.ture may be beyond the melf.mg
nt of the crystal lattice.

‘We already mentioned the procesa of pair formataon, namely, the
Y ult.anemrs creation of an electron-hole pair by raising. a valence

conductlon band in the uhperturbed Iattme (F:g 153 11) There
\ st be a complementary process to such a microscopic elementary
f‘prohess which occurs under equilibrium conditions as often as the
gamentary process. The recombination of an electron with a hole is
e counterpart to the pair formation. Here a conduction electron in
1dom thermal motion within the conduction band encounters a hole,
amely, an electron vacancy in the otherwise full yalence hand, a.nd
~ falls back into the valence band. Such a process occurs more fre-
quently the more frequently a conduction electron © meeis 2 hole @, in
other words, the lurger the number of holes. The number of ré’eom&-'
nations per unit time and per unit volume is therefore propor{‘,mna], *g
; ,_\t"he concentration of the pos:tlve holesip.! The fact that it is also

e ngher terms mvolvmg LY p' etc., can be negleobed if the dilution is high
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proportional to the concentration of the negative electrons n follows
_from & similar consideration in which attention isfixed on a particular
hole instead of an electron. Thus the same principles apply to the
~ holes @ as were previously applied to the electrons ©. We.find that
the number of recombinations per unit time and per unit volume is

i T'n'p

where the factor r is called the recombination coefficient. The pair
formation g, namely, the number of pair-formation processes per unit
time and per unit volume, is, however, independent of the concentra-
tion. This means that whether a certain valence electron is raised
from the valence band to the conduction band cannot depend on the
concentration of electrons already present in the conduction band nor
on the concentration of holes in the valence band—at least as long as
there is a sufficient number of free places for excited electrons in the
conduction band. The pair formation g is therefore determined by
the energy required for such a process, namely, by the width of the for-
bidden band and by the available mean energy, i.e., the temperature.
The following law of mass action applies in the case of equilibrium:
| g=r-n-p
AT ) k

or! : “pn=n} =,g g MRS 1031 03):
The so-called intrinsic density n: is accordingly that concentration
betow which neither n nor p can fall without causing, at equilibrium,
the other quantity p or n to rise above the concentration ny.. 7 could
also be called the inversion density, because the tramsition from
7> ni, p <& ni b0 p > nyy; n K niis connected with the transition from
n-type conductivity to p-type conductivity, which represents an inver-
gion of the conductivity type of the semiconductor. i

The name “intrinsic density”’ stems from the fact that in an intrinsic
semiconductor the following neutrality requirement must be fulfilled:

< n=p=1mn . (1304)'

In order to render a semiconductor intrinsic at room temperature, it is
necessary to reduce appreciably the generally present _impurity con-
centration by purification® of the semiconductor. Hence it is plausible

1 See also p. 305, ;
3The degree of extreme purity necessary for this purpose, in contrast o the
meaning of the term purity in chemistry, can be demonstrated by the following
numerical example. The intrinsic density n¢ at room temperature ig about
2.5 X 10** ¢m~2, In order to attain the intrinsic condition n = p = ng, it is



%
'3 TheBandedalofaSumoouductor A
F int fﬁﬁi"c conductmn cor!‘aspunds ta the m1mmum

' dt ent1rely t.rue, however An extenmon of Eq (I 206)

i S R S s (1.3-0_5)
the law of mass act.lon (1.3.03) this becOmes $

’ﬁ‘ easy to see that the mainimum of the conductlwty is

3 o = 2\ bty 1 ;_' BT
at it is obtained for ey

i o Tt =__ LRI - (L308)

B fin and Uy are of the same order of ma.gmtude (for msta.nce,l in
=3 600 cm’/volt-me w =1 700 cnf*/volt—sec), thm condlt.mn

{

&- i el (13.09)
n==m apli=iige iy T (1304)

"ted bya. reu.ctlon Ay ;
0m9+e' : ind =t (:3510)

-_t‘he zero on the left side reprasent.s the fully periodic lattice
unperturbed even with respect to the electron distribution.
law of mass action (1.3.03) which we formulated for this reaction
on (I.3.10) could similarly be established for the reaction equa-

‘to reduce the mplmty ‘concentrations below n = 2.5 X 1013 cm—?, for
purity contributes an electron or a hole. The concentration of the ger-
toms is 4.52 X 10%* cm~*, Therefore there cannot be more than o

y atom per 4.52 X 1022/2.5 X 101 = 1.8 X 10° germanium atoms. Thi
puntymthechemwal sense of between ‘9 and 10 nines’’!: Ona
the germanium latt.u:e, one would encounte.r V1. 8 X 10° = 1'2,:){ >1__ I

'll Proc. IEE 40: 1327 (1952)

93: 693 (1954). ' -

'”o-::e(m-f-p,'-‘i)' iy - (1.3.06) -

Efa well, Proc, IRE, 401 1330 (1952) P.P. Debye and E..M. conweu,
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tions (1.3.01) and (1.3.02) of the donor ami tha acceptor ioniz t;gn,
respectively; for the counterparts of donor and acceptor recombi: _
exist here also, a fact which we have already taken into consideratio:
in Rigs. 1.3.9 and 1.3.10. AT

However, we shall leave this to the next eha.pter on lmpnnty reac~
tions and impurity equilibria, where we shall treat these conditions in
more detail.

§4. Problems

' Verﬁy Eqs. (1.3. 07} and (1.3.08). Give numerical vaiues for the infrinsic
conduetivity and the minimal conductivity in germanium, assuming the values
for ni, pa, and pp given in §3. Give the corresponding resistivities. = *

2. Transform Eq. (1.3.06) into expressions for the clectron and hole density as
- a function of the conductivity. For each conductivity value, two sets of electron
and hole density values are possible. What are these values for a Ge erystal with
a resistivity of 30 ohm-cm? 1

3. If u, and g, sre not equal, the conductivity minimum corresponds to the
type of conduction with the lower mobility, for us < p. to p-type conduction.
Yor what hole density, then, will the conductivity again be equal to the intrinsie
conduetivity, and what would be the econductivity of a erystal whose electron con-
centration has that value? Give numerical values for germanium.

4.* (Cyclotron resonance.) The free carriers in & semiconductor move in cir-
_eular orbits if the semiconddctor is brought into a magnetic field. An elect.ro-
magnetic wave passing through the semiconductor will be strongly absorbed if its
frequency is equal to the rotational frequency of the carriers. Since the rotational
frequency depends upon the mass of the carriers, one can in this way determine
the effective mass of the electrons and holes. *

Determine the mutual relationships between the following quantities effective
mass, rotational frequency, magnetio field strength, velocity of the carriers, radius
of the orbit. 'Show that the rotational frequency does not depend on the velocity
of the carrier., What does this mean for the sharpness of the resonance?

5.% Tn order to got a sharp cyclotron resonance, it is necessary that the mean
‘free path I be long compared to the cirouniference of the cyclotron orbit, What
magnetic field is necessary to satisfy this coudition under the following two con-
ditions: (1) [ = 10" em, T" = 300° abs and (2) [ = 107+ cm, T = 10° abs, a.nd an
effective mass equal to the free mass in both cases?

Note Concerning Cyolotron Resonance. The' effective rasses, n.ctually, are not
‘constant but depend upon the direction within the crystal in which the electron
(or hole) is accelerated. For our more illustrative purposes, we can neglect this
directional dependence which goes far beyond the scope of this book. The inter-
ested reader is referred to Herman! or to Dresselhaug, Kip, and Kittel® for more
details and references.

L F, Herman, Proc. IRE., 43: 1703 (1955).
Q. Dreaseihaua, AP, K]p, and C. Kittel, Phys. Rev., T8: 368 (1955)
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CHAPTER II .

The Nature, Models, and Reactions
of Impurities and Imperfections

-

The h-&nd'model, as described in the previous chapter, was formu-
lated in the course of the development of the theory of metals and

- was taken over by semiconductor physics. The idea of the atomic

L

 lattice defect—the imperfection or impurity confined to a lattice point

and its immediate vicinity—is, in contrast, typical of semiconductor
physics, and its conception can, in a way, be considered as the begin-

- ning of modern semiconductor physics in general. It may be desirable

to defer general considerations to the end of this chapter and to begin
immediately with the discussion of specific concrete examples,

g8l. Subsﬁu;ﬁénal Impuﬁties in V&ilence_: Crystals

Few types of i]:;lperfecti'ona are as easily understood with respect to

- their nature and characteristics as the substitutional impurities in the
~ valence crystals Of Group 1V of the periodic table. In these lattices of

‘the diamond type (Fig. I1.1.1), such as the germanium lattice, each Ge
atom is bound to four tetrahedrally arranged identical Ge neighbors by
four electron-pair bonds. Any one germanium atom contributes four
‘valence electrons, one to each pair bond, whereas the remaining elec-
tron of each pair bond, with opposite spin, is provided by the Ge.
neighbor to which the pair bond leads. . -

- If one admixes or alloys a small amount of an element from Group

IIL or V of the periodic table to a Ge sample, these atoms replace Ge
atoms in their regular lattice positions, i.e., they are subsiifuted for a
Ge atom (Fig.“II.1.2). For instance, an As atom introduces five
valence electrons into the Ge lattice, but only four of these can be

sorbed by the four pair bonds to the four Ge nejghbors. The fifth

at all attached to it,
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The strength of this bond can be estimated, accerding to Bethe,” 28
follows: : : '

The charge cloud of the fifth valence electron extends over a rela-
tively large volume as a consequencs of the weak binding and therefore
encompasses many of the Ge neighbors of the arsenic core. This fact
can be taken into consideration by the following approximation: The

Fe. I1.i.1. The dismond lattice. Fra. 11,1.2. Substitution of an As

(¢) The spatial arrangement. (b) atom for a_Ge atom. Weak binding

Two-dimensional representation. of the ffth valence electron in

' . the form of an extended charge’
distribution.

ah !

coulomb field of the positively charged arsenic core which carries a
single positive charge, because of the absence of the fifth valence elec-
tron, is reduced by & factor 1/eas, Where &, = 16.1 is the mecroscopic
dielectric constant of Ge. Thus we have the well-known hydrogen
problem in a medium with the dielectric constant o, Formally,

1 H. A. Bethe, R. L. Report No. 43-12, 1942, See also H. C. Torrey and C. A.
Whitmer, ‘“Crystal Reotifiers,” pp. 65 and 66, McGraw-Hill Book Company, Inc,,
New York, 1948. The corresponding approximation for imperfections in ionic
crystals can be found already in N. F. Mott and R. W. Gurney, *“Electronic
Processes in lonic Crystals,” pp. 80-86, Clarendon FPress, Oxford, 1940 and 1948.
Finally, the corresponding result for an electron in the field of a defect electron
(hole), natmely, for an “exciton,” has been derived by G. ©. Wannier, Phys. Rev,,
521 191 (1987). g - : G e



_ﬂaieﬁmvalent T m& problem W

ber Zu = 1/2, The q-edqoia&h%f f&u b
orease of the first Bobr radius' ap = ?@’/Zm‘ by the factor
.E¢.===161 sothat aoﬂlﬁl 053 10‘3cm=585 10~ % em

.10~* om of » sphere whzch cont.mns th.mﬂ quarters of the
sloud of & 1s electron.  The unit cell of the Ge Isttice is a cube
mide dimension of 5.62-10~% e¢m containing axght Ge atoms,
the previously mentioned spherical charge cloud includes
/3)(17 - 10-9/5.62 - 10-%)3 unit cells and 4 (x/3) (3.02)* - 8 ~ 025
toms. = This surprisingly large extension of the charge cloud in
Justtﬁes the calculation with the macroscopic dielectric constant.
onization energy for the fifth valence electron cau be caleulated by
plying the product of the ionization pofential 2w*me Z%,/h? of
gon with ¢ by the factor Z% = 1/(gs,)? = 1/(16. 1)* = 1/259.2,
glvea finally 13.59/260.2 ev = 0.062 ov. .

binding of the fifth valence electron of a substitutional As atom
its As* core is very weak in comparison with that of the valence
‘ of hydrogen. ;

nee even slight perturbatmns of therma.l or other natu:e can
the fifth valence electron, leaving the posmvely charged As®

: ,’;[‘he subsutuuonal impurity, just described, acts as a neutral
etron “source’’ or ‘“‘donor’”’ D% which is dmaoemted into a positive
or residue D+ and & negative elestron ©: DX — D+ 4+ ©.

picture is somewhat different if a Ge atom is replaced by an -
~of Group 11T of the periodic table such as an indium atom (Fig.
),. which introduces only shree valence electrons into the Ge lat-
One of the four pair bonds leading from the lattice point of the
‘atom to the four permanium neighbors is initially mcom‘pleta
nd can be completed at the expense of another pair ‘bond, if a

\piste pair bond of the substituted In atom? The initially neu-
linm atom becomes thus negatively chargved, and the vacancy
bond, the “hole” in the t,ot.uilty of ths vslence electrona, moves*

for imtame, H, Genger and K. Hcheel, “Handbuch der Physik 2 vol.
rt 1, pp. 273 and 274, Springer-Verlag OHG, Berlin, 1933. The qua@—
dence of the ionization energy on the nuclaar charge number Z oo < be
48 follows: A reduction in nuclear charge obviously causes dilation of
clt_md of the electron. Any raean orbital radiue is thovefore proporsional
er to obtain the ionization exergy, one ‘must introduce the value of
e into the denominator of the expression for ihe potenua.‘l Bejr
J'eaaon for the pmpomonahny of the ionization energy to 25 ¢

ce electron of this other pair bond cha.nges over to the oviginally
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therefore in the force field of the negatively charged In atom. We
revcogmze again a hydrogen problem, where, in contrast to the well-

Fia. I1.1.3. Subsht.utmnal impurity:
replacing a Ge atom by an In atom.

known vacuum case, the differ-
ence lies not only in the changed
dielectric constant of the medium
but also in an exchangeof sign of the
charges of nucleus and electron.

Previously we found that the fifth
valence electron of a substitutional
As atom is bound only lightly to
the As atom which acts as a donor,
This result can now be applied to
the case of the substitution of in-
dium, and it can be said that a hole
@ is only weakly bound to an in-
dium atom. This positive particle
@ is easily removed or given up,
leaving a negatively charged indium
atom or rather an ion In—. The
description of this process in the
hole language is only a figure of
speech, and the real process consists -
in the acceptance or capture of an
electron in the force field of the In—,
which is the origin of the name
acceptor A for such an impurity.
Without regard to the origin of this
name, we prefer, in this connection,
the hole representation,! where we
speak of the dissociation of a neu-
tral acceptor AX into a negative
acceptor ‘“residue’’ A~ and a posi-
tive hole & '

AX 5 A~ + &
We can summarize the preced-

ing explanations in the following
generalizations: :

1 8ee, however, p. 36, where, in ZnO, acceptors take electrons from the conduc-
tion band rather than from the valence band and thus reduce the initially present

excess gonductiyity.
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_ In the diamond-type valence lattice of the elements of Group IV of

 the periodic table, the chemical additions of elements from Groups ITI

. and V are built in substitutionally, which means that the foreign atoms

 occupy ‘lattice points in the host lattice, This leads to donor forma-

 tion from the elements of Group V, which give off negative electrons,

e an&.ameptor formation from the elements of Group III, which take up
¢ -_electroria or, in other words, give off holes.

In the followmg it is convenient to use an abbreviated symbolism for
| the various types of impurities and imperfections. In common with
[ K. Hauffe, O. Stasiw, and J. Teltow (Fig. I11.4.2); we adopt the system
~ recently suggested by W. Schottky. The previously discussed substi-
' tutional impurities in valence lattices can be represented by

Tl P e (Ge) Ase(Ge) Sbe (Ge)
B : Al @ (Ge) Ga @' (Ge) In @ (Ge)

| where, for instance, the first symbol P @ (Ge) refers to the substitution
- of the substituent phosphor P for the substituted germanium (Ge)
| and @indicates the substitutional character of the impurity in contrast
| to the vacancies and interstitials to be described later. *-’” and “’”
i _ indicate the effective state of charge' of the entire impurity, namely,
. the difference compared to the normally occupied lattice, so that
~ %7 gtands for a single positive charge, “**” a double positive charge,
ik and “'7 gignifies a single negative cha,rge 1 g double nega.t.lve
i o T.he foregomg ‘symbols represent the substitutional mpuntles in the
" condition where they have given off their electron & or hole &, respec-
:g tively. If this is not the case and the electron ©, for instance, is

~ located around the substituent P, on a hydrogenic orbit enlarged by
F "!!t the impurity as a whole is neutral. This shall be indicated by the
b 1 %, Tn this associated condition, the foregoing impurities are
.:é,"-'l:epransnted by : :
' Pex(Ge) Ase®<(Ge) SheX(Ge)
Al o< (Ge) Ga @ (Ge) In % (Ge)

The dissociation-association equilibria between a donor and an electron
“between an acceptor and a hole, respectively, are given by the

foliowmg reaction equations:

| ' As @< (Ge) =2 As ® (Ge). + ©

B In @ (Ge) 2 In@® (Ge) + ®

‘ ‘Eﬂe the history of this actual state of chsrge is completely zgnored This

T TN
* Tkl
i

Tt

et
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§2 Substitutional Impuritles in Ionw Crystals’

Substitutional impurities have also been investigated in mmc eryn :
tals, such as roetal oxides, sulfides, selenides, and tellurides, by C.
Wagner? snd eoworkers, K. Hauffe' and his students, and finally by
B. 1. W. Verwoy, P. W, Haaymenn, and F. C. Romeyn.* For'instahee,
K. Hauffe and A. L. Vierk® replace Zn'* ions by Al++* jons in a ZnO
latfice, which consists of Zn*+ and O~ ions, by adding AlgO; In
contrast to the unperturbed lattice, the substituted impurity is posi-
tively charged with a single charge and must therefore be represented
with the Schottky symbol Al @ (Zn), A negative electron gan again
be freed or captured in the coulomb field of this posxtnrs chargs, so that
this impurity &cts as.a donor: °

Al @X (Zn) =2 Al @ (Zn) + O

Several complications enter in the calculation of the dissociation
energy compared with the corresponding problem in valence crystals.
One is the difference between the dielectric constant .of the crystal for
slowly varying electric fields and that for rapidly varying ones. An
a.pprecxable phrt of the dielectric screening of an electric field in' an
ionie crystal stems from the polarization of the erystal, because the
positive and negative ions yield somewhat to the externsl field and ave
therefore digplaced in space compared with their normal feld-free
position. . Thig contribution of dielectric screening of an elactrio field

. 1A We reatriot oumelves to electronie eunduction in ionic erystals, a.lth.ough the

systematic substifution of jone of the host orystal was ecoomplished in crystals
with )?rodom.nnnuy ionic conduction ¢azlier than in those with predominantly
a!eetzomc conduction. Ta the case of the silver halides, we refer to E. Kooh and
C. Wagner, 2. physik. Chem., Ba8: 295 (1937). O. Stasiw and J. Teltow, 4nn.
Physik, 5/40: 181 (1941), :.Ml 6/1: 281 (1947). O. Btagiw, Ann. Physik, 6/5:
151 {1940). J. Teltow, Ann. Physik, 6/5: 83, 71 (1849). J. Teltow, Z. physik.
Chem., 195: 197, 218 (1050). The substitution of polyvalent ions in alkali halides
was espocially discussed by B, Pick, Ann, Physik, 5/35: 78 (1939), and G, He:lund
and A Kelting, Z. Physik, 196: 689 (1940).

2 (8. Wagner, J. Chem. Phys., 18: 62 (1850). : R

'K, Haufle, Ann. Physik, 6/8: 201 (1950). K. Hauffe and A. L. Vierk zZ
physik. Chem., 196: 180 (1960), K. Hauffe and J. Block, Z, physik. Chem., 196:
438 (1950). K Hauffe and J. Blook, Z. physik. Uhsm,, 198: 232 (1951). K.
Hauffe and H. Grunewald, Z. mhynk Chem., 198s 248 (19561).

1R, J. W. Verwey, P. W. Haaymann, and F. C. Romeyn, Chem. Weekblad, 44:
705 (1848). See olso B. J. W. Verwey, P. W. Haaymann, F. G, aneyn, and
¥. W. van Qcaterhout, Philips Research Repis., 51 173 (1850). :

s K. Hauffe and A. L. Vierk, UJber die olekirische Leitfihigkeit von Zinkoxyd
mit Fremdoxydsusstlen, Z. physik. Chem., 126z 160 (1949).
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‘chan slectric fields, becausethehtgemd
ons are not capable of following the rapid field changes. The -
aining electrical soreening is due to the polarization of the
‘themselves. N’n,(}l, for instance, exhibits for static fields
j whereas for alternating fields above 5.10'* cycles, namely, for
fields, &,,. = 2.25.  on the Franck-Condon principls, one
that the separation of an electron from the charged perturba-
n center is such a sudden process that the ions must be considered
onary ot immobile. Therefore one introduces €. instead of
the equation ¥ = —138.59/n%? ev. The resulting values are
derably higher than in the case of Ge (¢ = 16.1) and 8i (g = 11.2),
= 2.25for NaCl. . Wefind thatthe ground state withn = 1lies
the continuum of the conduction band by about 13.59/12(2. 25)*
'2.67 ev. This separation energy, which is enormeus compared
to. that for valence crystals, has further consequences. 0
es the ground state we must now consider the excited states
‘the state with the quantum number 2 is still 13.58/2%(2.25)* ev
67 ev below the conduction band. In the “dissociation” of a
, for instance, an electron may first be raised by optical excitation
t.he ground state to the first excited stete, for which only (2:67
.67) ev = 2.00 ev are necessary. Theremmmngsbeptatheuon—

n band can, under certain circumstances, be effected thermally.
rmal excitation for an energy step of 0.67 ev seems improbable, .
aﬁ room temperature. -Here, another complication enters the

. After the first optical excitation of the electron, we find that
in the vicinity of the impurity are not in eq\nhbrmm anyj
They rearrange themselves in & slow and mettm-rﬂt&rdﬁ'
into & new equilibrium configuration of lower energy. The
ng excitation of the electron can now be effected by less M
if it is thermal. In the case of the rapid single processes, one
consider the energies of the initial state and the end state without
ioni _resrrangement, namely, for stationary ions, whereas the
al-excitation energies are determined as differences between real
ium conditions arising in the statlstwa qf collective syatems
ge numbers of participants. - _
unately, we must restrict ourselvas to th:s ahort dmmﬂnn ;
or further details to ths well-known book by Mott and
However, it appeared appropriate to indicate the reasons
conditions in ionic crystals are ;fun(lamentaily more com-
than in valence eryitals.

MMEWW“MGP:W&E&M
,_PrenOkfo'rﬂ 1948, ﬂeeformmﬁ 115,BM100. 5
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Up to now, we have mentioned only the formation of donors by
introducing ions of higher valence. One can also build in lower-valence
ions in order to form acceptors. ZnO is inherently an excess eon-
ductor, and we indicated previously in footnote ! on page 32 that, in
such a case, an acceptor 4 receives an electron from the conduction
band with the liberation of energy and does not require energy to raise
- an electron from the valence band:

AT AT =6

The number of current carriers.is thus reduced by 1, and the con-
ductivity of the ZnO is lower as a consequence of the ‘“trapping’’ of the
previously freely migrating electron. Schottky speaks, in these cases,
very descriptively of the “poisoning’ of excess conduction thiough
introduction of additional acceptors. We summarize once more as
follows:

Addition of Al.O3 to ZnO produces! donors
Al @< (Zn) 2 Ale® (Zn) + ©

Addition of Li;O to ZnO produces acceptors

) Li X (Zn) =2 Li @' (Zn) —

Shortly before the experiments of K. Hauffe and A. L. Vierk,? E. J,
Verwey, P. W. Haaymann, and F. C: Romeyn?® obtained the following
results with.another host lattice, namely, NiO:

Addition of Cr;05 to NiO produces donors

CrX(Ni) 2Cre® (Ni) — &

Addition of Li;O to NiO produces acceptors

LiexX(Ni) =2 Lie® (Ni) + @

The actum on the conduct.:wty of the p-type NiO is exactly opposite
to that on the n-type ZnO, so that the introduction of low-valence -
ions increases' the conductivity by the addition of acceptors. The
introduction of higher-valence ions poisons, however, the p-type con-

duction of NiO by the addition of donors.
In order to understand the difference in behavior between ZnO and

. 1The oxygen balance is mtablmhed through exchange with a surrounding gas
phase (see p. 45).

* K. Hauffe and A. L. Vierk, Uber die elektrische Leitfahigkeit von kaoxyd
mit Fremdoxydzusitzen, Z. physik. Chem., 196: 169 (1950).

3E. J. W. Verwey, P. W. Haaymann, and F. C. Romeyn, Chem. Weekblad, H: 3
- 705 (1948). Bee also ¥. J. W. Verwey, P. W. Haaymann, F. C. Romeyn, and
F. W. van Oosterhout, Philips Research Repts, 5: 173 (1950).

s
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§3 andedand hl#l‘l!tltl&h in Valence Crystals - 3,7.

‘must know why ZnO is in itself an n-type conductor and why
s p-type. For this purpose we have to introduce a new concept,
7, that these two lattices contain atomic imperfeetions other
omign xmplmtles and that two different types of imperfections
ive in NiO and ZnO, respectively. Since we are not yet "
‘with these types of imperfections, we ahall first study them in

'ue_cryntals Hrre _ €l

'Vacancles and Interstitials in Valence Crystals

1f we ask about the possible types of hiomee imperfections which can
r in a Ge crystal without any addition of foreign atoms, we find
possibilities for a dewat;on from the ideal lattice occupancy:
. A Ge atom can be nusamg from a regularly occupied Ia.tt.me point.
ice vacancy”’ is thus formed. ‘
A lattice atom is in a so-called ‘‘interstitial pOSltulon,” which
§ that a Ge atom is placed in a suitable location between the
toms of an already complete®diamond lattice. The diamond lat-
' especially, offers a relatively large amount of space for these
tials. * .- i . . | i Ry
the substitutional impurities, the interstitials and the vacancies
3 donors and acceptors, wepectwely This is relatively easy to
and in the case of a Ge atom in an interstitial position.! The
on energy of a Ge atom in vacuum is 8.13 év. The Ge atom in’
interstitial position acts roughly in the same manner as a Ge atom
y a dielectric ‘constant Eurmuunn = 16.1. Its ionization energy is
fore reduced by the factor 1/(Egemssiua)® = }259 compared with
yacuum value, ylbldmg only 8.13/259 ev = 0.0314 ev. We see
t a Ge atom in an interstitial position can give off an electron with
X0l tamon energy of only 0.0314 ev, thus acqumng a pomhve cha.rge

& Gaoxr—tGeO +e

aeoond ;omza.t;mn energy of germamum in vacuum is 16.0 ev. 1
alculation with the macroscopic dielectric constant & = 16.1 were
cable to the case of double ionization of the Ge atom in the
tial position, we would find the still very small value of
259 ev = 0.0618 ev. It is, however, questionable whether this
nulntlon is penmamble, for the second eleétron to be removed from
e core moyes in the forée field of a doubly positive charge of the
ing core, so that its orbit radius must be considerably smaller"
t;l):y symbol: Ge OX or Ge O dependmg on the charge condition (sae
1L4.2). -
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. than that of the first electron. James and Lark-Horowits! favor the
interpretation of the interstitial Ge atom as a doubly ionizable donor. -
The higher ionization energies beyond the ‘second one are then assumed:
to be larger than the width of the forbidden band, which eliminates |
further imperfection levels in the forbidden band. These higher
jonization levels would fall in the valence band and would hence be of :
no importance for the conduction processes.
- The action of a lattice vacancy as an acceptor is more d1ﬁicu]t to

understand. One may give the following explanation: The Getr++
jons are connected by the valence electron bonds in a perfect lattice, as
we have described previously (Fig. I1.1.1). The common point of the
four valence bonds to the four nearest neighbors is largely screened
from the outside by the Ge*++ under consideration, so that it is much
less likely for a conduction electron to a.pproa.eh the Gett++ don than
for a valence electron. In addition, there is a certain repulsion of the
conduction electron by the valence electrons. The energy of & conduc-
tion electron, in order to approach the Get+*¥ ion, must be n_.ppremably
higher than that of a valence electron, which manifesta itself in the
higher energy of the levels in the conduction band compared with those
- in the valence band, as indicated by the width of the forbidden band.
If at one lattice point a Ge+++ including its valence electrons, namely,
a whole Ge atom, is missing, there seems to be no reason for a conduc-
tion electron either to seek or to avoid this point in view of charge
neutrality. However, there is an appreciable amount of empty space
at this vacancy location. An electron approaching this point is not
attracted by a positive Ge**+ ion, but it will move as far as possible
from the surrounding valence electrons in view of their repulsion, so
that the vacancy location becomes an energetically more favorable
position for the electron than the normal level in the conduction band.
Nevertheless, valence electrons are still favored energetically over con- -
duction electrons in view of the absence of an attracting Ge*+++ ion.
Thus a localized electron energy level below the conduction band but
above the valence band in the forbidden band is formed by the Ge
vacancy, which becomes charged negatively if it is occupied by an
electron. This means that the lattice vacancy acts as an accepto:, for
an acceptor is an imperfection which provides electrons with an energy
Jevel below the conduction-band levels  and becomes negatively
charged in the energy-liberating process of eapture.

Lark-Horowits and his coworkers® produced vacancies and inter-

1 H, M. James and K. Lark-Horowitz, Z. physik. Chem., 198: 107 (1951).
* K, Lark-Horowits, in ‘‘Semiconducting Materials’ (Reading Report), p. 47,
. Butterworths Scientific Publications, Ltd., London, 1951.
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gﬁﬁds in Ge and 8i by bombardment with high-energy particles of:
varioustypea,whmhledtoaﬁetterunderstandmgoefthemleofthm
imperfection types.’
~ The annealing effects found by Beaff and Theuerer? are not due to .
?a.mnom but rather a consequence of diffusion and precipitation proc-
' s of metallic impurities (mainly Cu).® If these effects are elimi-
pated by working with extreme cleanliness and other precautions,
; mnductiwty is observed which was previously overshadowed by the
uch larger Scaff-Theuerer effects. These acceptors are beyond doubt

muaod by therma.!ly craatad mperfeetlons 5

o §4 Vacancles and Intarstatlals in Ionic Crystnls

n.oancles a.etmg as awept.ors are easier to understand in'ionic crys-
tals than in valence crystals. Let us consider the heretofore prat-
' tically important and intensively investigated cuprous oxide (Cu,0).
“Bunng the preparation of the samples to be investigated, an excess of
o;'yﬁn ‘was. introduced by the proper choice of conditions. This
oxygen excess should rather be called a defect in the stoichiometric -
metal content, for the deviation from stoichiometry is caused by
‘gaiﬂmmea in the lattice of the Cu* ions. There is no doubt that such a
cy acts eleotroststlcally like an additional negative charge; for
one positive charge is missing at the vacated lattice point. The
~coul o;mb field of the addmonal negative charge can thus capture or

fy’ﬂl jnbvo valid in the long run,: James and Lark-Horowitz themselves point out
Z. physik. Chem., 198: 112 (1951), that their mte.l‘preta.tlr)n does not take into
rtion an accumulation and oloud formation of vs.cmmea and mtmt.ltlﬂs ;

pmbsble than & homogeneous distribution over the entire Ge lattice.
Se&ﬁandli C. Theuerer, Trans. Am. Inst, Hmmﬂd Engrs 109:59

.S_.Fullar.ﬂ C. Theuerer, and W, mBoosbroeck;Phya Rev. 85:678(1,952}
0. 8. Fuller and J. D. Struthers, Phys. Rev., 87: 526 (1952). W. P. Slichter and
. D. Kolb, Phys. Rev., 87: 527 (1952). C. Goldbeug Phys. Rev., 88: 921 (1952).
'niuh,mys Rev., 89:1028 (1953). K. Seiler, D. Geist, K.Kuller,de il
, Naturwiss., 40: 56 (1953). F. van der Maesen, P. Penning, and A. van .
ringer, Ph:'lip_a Research Repts., 8: 241 (1958). G. Finn, Phys. Rev., 91: 754
). F¥. van der Maesen and J. A. Brenkman, Philips Research Repts., 91 225

). :
soAL Logan, Phys. Rev., 911 757 (1963). 8. Mayburg and L. Rotondi, Phys.
91! 1015 (1953). §
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the lattice of tha pomtwe Cut ions acts as an acceptor aceording to the '

reaction equation with the Schottky symbol Cu 0O'.2
Cu b+ & = CuOx

‘While the effective imperfections in Cu,0 are vacancies in the cation
lattice, we recognize the well-known F' centers, introduced by Pohl,? as
vacancies in the anion lattice of the alkali halides (Fig. 11.4.1). A
vacancy in the lattice of the Cl— ions in KCl acts as. an attracnon
-center for negative excess electrons ! -

C1 o +oe0oX

The ¥ center is equwalent. to such a donor in the associated sta.te
(namely, the imperfection Cl JX). In order to obtain a model for
‘this imperfection,? it is impartant to introduce the low infrared value
of the dielectric constant, which lies between 1.74 and 3.80, into the
hydrogen analog of Mott and Gurney.* The vacuum value of the
Bohr radius of 0.53 : 10~2 em 1s thereby increased only very little to
0.92 to 2.01 -10—* em. Even 1f as in' §1' (page 31), we take again
" twice the Bohr radius to deﬁne a sphere which contains 76.2 per
cent of the charge cloud of the electron, we arrive at only 1.84 to
4.02 - 10~® cm. The lattice constants of the alkali halides are, how-
ever, between 2.07 and 3.66 - 10~® em.. Although the hydrogen model
still has a limited conceptual significance in the alkali halides, it is not

nearly so meaningful as in Ge (¢ = 16.1), 8i (¢ = 11.9), and also in .

Cus0 (e = 12); for the charge cloud of the outermost electron is con-
centrated in the immediate vicinity of the halogen vacancy, so that we
are inclined to distribute the electron in a statistical manner among the
six neighboring metal ions. The resulting model of a color center
becomes thus a halogen vacancy with a neutral metal atom KX (Flg
II 4.1) a8 neighbor.®

1 Cu [ represents, by deﬁmtmn, an lmperfectlon m the form of the absence of
a Cut ion as compared with the unperturbed lattice. Whether the neutral atom
is removed firet with the snbﬂequent removal of a hole or the vacancy is formed
by the removal'of a Cu* ion is quite irrelevant. The symbol *“’** describes the
actual charge condition of the imperfection without regard to the prevlous h}story

.2 R. W. Pohl, Physik. Z., 39: 36 (1938).

3 W. Schottky, Z. phys:k Chem., 29/B: 335 (1035), particularly p. 342; and
Wiss. Verdfientl. Siemens-Werken, 14 (2): 1 (1935), particularly middle of p. 4.
J. H. de Boer, Trav. chim. Pays-Bas, 562 301 (1937).

¢ Mott and Gurney, op. cit,, p. 12, Table 5.

s Bven the experiments on the spin resonance of the F—cent.ar electron do not
appear to lead to a decision between the two models. See in connection with this, -

A. F. Kip, C. Kittel, R. A. Levy, and A, M. Portis, Phys. Rev., 91: 1066 (1954);
and D, L, Dexter, Phys Rev., 931 244 (1954),

| RN
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dmaocmtwnqnel;gxeaofll“centers oftheorderofthagv,
nsequence of the low effective values of the dielectric
for fast processes. Thermal dissociation of the electron and
'mancy is therefore for all practical purposes out'of question.
ising of the electron to an excited state by light, with the subse-
lermal transition into the conduction band, is the process w,hlqh
he name of this type of imperfection (F center = color center). !
action mechamsm of ions in interstitial positions in the lattice is
\ore obvious. For instance, ZnO contains probnbly Zn*t jons in
itial _posmons’ which are plentiful in the wurtzite lattice® of
e pqmtwely ch&rged Zntt a.ct. of course as attraction centers

(A el cib kS el &5 L 7 Rl e gl e T
KT oCOF Kt O K e KIS Ca
: _ oF K* o Kkt cr
R K+
(i ek ] i

Kt C= KL IKE

(T o ) 3 A
g K*‘ci--kf o K+ SR e e or Kkt
tni * . () :

1 ‘Model of a Pohl F center. (a) Charge cloud of the electron arol.md
10y. (b) Neutral K atom adjacent to the Cl~ vacancy. The charge
e electron around the Cl~ vacancy is'not very far-reaching. Thus
tition bis possible.
tive excess electrons. A zine m in an mt.erst;ms.l pomtmn
erefomasadonon S X,

Zn Oxz:-'-ZnO +e

t.mn merely in passing tha.t the halogen vacs.ncma in the a.lka.h
can also eaptw:e two electrons (formation of F’ centers) :

:--!-26 CIEJX—I-e Fcenber+eleotron=01f:l’
' -—-F’celiter

L]

.Mott and Gumey op. cst oy - 135. Soe further the discussion on pp. 34

Stq&kmum. Z. Physzk 127: 563 (1950). Another type of mperfeotmn in
'bnbly the anion va.cs.ncy O[] or 0 [, which acts like ZnO’< aadonor

ODxﬂOD +~e : 3 'r."
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 Furthermore, we shall not enter into s discussion of the effects which
- occur when several imper!act.ions'form-closely;awooiatb_d clusters.
We turn now to the question of the laws which govern the concentra-
tion of the various impurity and imperfection types in a crystal. We

" @() = Substitutional Impurity ;
Example: Arsenic atom in a germanium position in the germanium lattice
' As @ (Ge) = As @ (Go) + ©
Q© = Infersiitial Occupancy ,
Example: Zinc atom in an interstitial position in the zinc oxide lattice
; mO*X=2Zn 0 + 6
] = Vacancy ' -
Example: Nickel vacancy in the nickel oxide lattice
s Ni* =N+ &
Charge condition of the impurily or imperfection in the undisturbed lattice:
X = peutral : & i
** = doubly positively charged
! = gingly negatively charged
= doubly negatively charged

~ Fro. 1L4.2. The Schottky impurity and imperfection symbols.

assume, a priori, that these concentrations may be temperature depend-
ent and that changes in temperature cause impurity and imperfection
‘reactions, which lead to changes in the respective concentrations.

g85. Impurity and Imperfection Reactions -
To permit dissociation or association processes during & chemical

* reaction, at least one of the reaction partners must be mobile, since

spatial separations or combinations are involved. We are by now
fully acquainted with the mobility of electrons © and holes @, respec-
tively, so that the impurity and imperfection reactions mentioned so
far do not require a new concept, They constitute an analogy to the
;iiasociation—asaoeiaﬁbﬁ equilibrium of a donor S
; DXe2Dt+ 6
or an acceptor P o
e  Axe A+ @
1 See, for instance, the comprehensive summary of H. Pick, Naiurwiss., 38:
323 (1851), particularly pp. 328 and 329; and F. Seits, Phys. Rev., 83: 134, (19B1),
.~ perticularly pp. 136 and 137. :

P S R Y
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e ocourrence of diffusion, electrolysis, and in general the processes '
emical reactions in solids shows that the migration of matter is,
fter all, possible in solids which seem to be so compact and impene-
ﬁ-;%le Although macroscopic imperfections such as cracks and large

» increasingly ciear during the last twenty years that migration
tter can take place even within a single crystallite. "This is
le only if the lattice atoms are nat irremovably fixed in their
ibed lattice positions, sa that deviations from the ideal lattice
1ré can occur. The presence of atomic disorder, i.e., the exist-
oo of atomic imperfections, allows migration processes through the
ort of matter within a crystallite. Similar to the mobility of

® @ @ Cledon

©)

t by means of the steps 1,

® ® &

151

i gration of a vacanoy Ge [J from left to rig
2, , 4, and 5 of the neighbor atoms from right to left.

:

ns © and holes @ in the crystal lattice, a lattice vacancy Ge [,
instance, possesses & certain mobility in a Ge lattice which is, how-
r, orders of magnitude smaller than the electronic mobilities ug and
~ This mobility is particularly easy to comprehend in the case of &
cancy. If a neighboring atom oscillates momentarily with an unusu-
large amplitude of its thermal vibration, it can jump over into the
equilibrium position, provided that the amplitude is in the direc-
the vacancy (Fig. I11.5.1). Thus the Ge atom has moved the -
between two adjacent atoms to the left, whereas the vacancy
»d the same distance to the right. If this process is repeated,
speak of & migration of the vacancy rather than an atom, for a
t Ge atom is involved in the move in each case. The migration
vacancy is, in effect, nothing else than the transport of the charge
‘mass of an atom through the crystal in the opposite direction.
Ge atom which is located in an interstitial position can also

ations can play a role (e.g., diffusion at grain boundaries), it has
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migrate by jumping from one interstitial position to the next adjacent
one, for there is plenty of space in the Ge lattice for this process.
. Furthermore, experimental observations leave no doubt that substitu-
tional impurities and, in general, all types of imperfections have a
certain mobility in the valence as well as in the ionic crystals.

. Thus with the introduction of the Schottky symbols for the various
imperfection and impurity types, the mumber of possible reactions to
be inwestigated has increased enormously compared with the few just
mentioned. Although the Schottky symbols and the introduction of
reaction equations may initially have appeared to be trivial, they now
become indispensable aids in visualizing the many phenomena.

We shall mention, as a first example, the reaction between zinc oxide
and a surrounding oxygen atmosphere at high temperatures > 500°C. .
The previously mentioned (see page 41) interstitial zine ions Zn O- or
Zn O can migrate to the surface of the crystal, where they recombine
with the oxygen from the atmosphere to form new lattice molecules.
Such a reaction establishes an equilibrium between the following two
conditions: ; ' :

Original crystal 4+ zinc imperfection + oxy_g.erll atmosphere

=
' Original crystal + additional lattice molecules + oxygen atmosphere
— oxygen molecules

The actual “medium” in which this process takes place, namely, the
original crystal, together with the oxygen atmosphere, can be left out
on both sides of the reaction symbol =2. We obtain in a more quanti-
tative form: '

27n OX & 2ZnQ — OF™

The neutral interstitials ZnO* give off at least oue electron & at these
. high temperatures’

n 0% —Zn O + O
so that the final equation can be written _
Wn O 420+ 00 z=227n0  (IL5.01)

A further example is the reaction between an NiO crystal and a sur-
rounding O, atmosphere. In analogy to the preceding ZnO example,
crystal molecules are formed at the crystal surface and Ni is trans-
ported from the interior of the crystal to the surface by the migration
 of the imperfections in NiO. These imperfections, in contrast to the
interstitial metal ions of ZnO, are negatively charged or neutral nickel

¥
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1 {Ni'-l:l'_’ a. Ni 'EI’ “or' Ni @ + In 'order: to ‘effect a.-nickel

_ m:grate from the surfa.ce into the mtenor 80 that 1;#0 reachon :
ua.taon has the following form ;i

Original crystal +-- oxygerr atmosphere
= -

+ oxygen atmogphel;e — oxygeu molecules

n the more qua.ntltatlve form:
O 0= 2NiQ + 2Ni 0% — 0;»-* _
robable libers,t.lon of a hole @ from the neutral nickel vacancy

O = 2NiO +2Ni O’ + 2 &
her examples for reaction equations are the follomng four,

ch describe the introduction of ions of higher and lower valence into
3 two host lattices ZnO and NiO, as discussed on page 36:

 ALO, 22 2A1 & (Zn) + 20 + 2Zn0 +
Li:0 @ 2Li @ (Zn) — 2© + 2ZnQ — %0;»-*
Li0 = 2Li o (Ni) +'2 @ + 2Ni0 — 1508
Cr.0s =2 2Cr & (Ni) — 2 & + 2NiO + 150

:If’hsse equations describe the conductivity-increasing or decreasing
ct of the foreign ions and the oxygen exchange with the surrounding
phere. The conductlwty can be calculated as a function of the
~oxygen pressure of the surrounding atmosphere, as wﬂl be

'on page 51 with the help of mmple examples

. Calculz_ttion' of Equilibrium Concentrations
~with the Aid of the Laws of Mass Action  #
; gnificance of these reaction equations, some of which we have

tered prev:ouslv, goes far beyond a means of general orientation.
The energy necessary for the creation of a certain type of mpeﬂectmn deter-

- eations or anions. . Concerning the calculation of such activation energies,
ost, Trans. Fﬂmday Soc., 34 II; 860 (1938). W. Jost, ‘‘Diffusion und
che Reaktion in festcn Btoﬁan,” T, Steinkopf, Leipzig, 1937. N. V. Mott
3 th.tletun Trans. Faraday Soc., 34: 485 (1938). E. 8. Rittner, Ry ALy
and F. K. Du Pré, J. chem. Phys., 17, 108, 204 (1949}, 18: 379 (1950).
uer, Z, Na!urforsch Ta: 372 (19562). ;

whether a lattice contains predominantly interstitials or vacancies or bot.h, "
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They are rather the basis for the computation of equilibrium concen-
trations of the reaction partners. We shall demonstrate this with the
" help of one of the simplest reactions, namely, the dissociation and
association of a donor:
: DX=D*+© ,
“The concentrations of the participating partners in such a reaction
follow the so-called law of mass action!
; : Kp:npx = ﬂp.+ *Ng : y
~ This law is best explained with the help of the following reasoning.?
The number of dissociation processes per unit time and volume is pro-
portional to the concentration npx and inversely proportional to the =
mean lifetime 7o« of the undissociated donors: ‘

Dissociation processes _ 1
o s i - (Le.01)

The number of association prdcessas per unit time and volume i8
proportional to the concentrations of the two reaction partners, for
association can take place only when two reaction partners Dtand ©
meet in space, which occurs more often the more reprepentativeﬁ of the
two types are present;® : 5

ALy SN _ : GEx
=3 m’ = ronps MY | . (11.6.02)
rp is the recombination coefficient for the recombination D+ and ©.
The number of dissociation and association precesses must be the same
at ‘equilibrium: :

J __.1_ npx = fn“n-t » ne s | (11.6,03)
DX E: _
‘The law of mass action is thus
- ;
Kp‘npw = np+ " Ng (11.6.04)

1 In the following, we shall encounter the concentrations of many other “par-
tioles” such as positively charged sodium vacancies Na [J. We choose the
symbol n for these values with the Schottky symbol as subscript, so that the above
example is described by nws O Correspondingly, we shall write n @ and ng for
the concentrations of electrons and holes instead of n.and p in this ehapter as well
as in Chap. JX. . :

2 The kinetio foundation of the law of mass action; as previously sketched, i
treated in more detail on pp. 329 to 830. - For the foundation on a statistical basis,
see'pp. 317 to 320, 4 :

* The fact that no further sum terms are added, such a8 nhnk, nhmb, - - .,
Ahnd, nHMY, - - s eto., is based on the assumption of “sufficient” dilution
of the reaction partners to which we restriet this discuseion,



K-b.. f])’f;bx ‘; (IIGO'B)
etempemtureoi&moryshlmh:ghenough a thermal cellision
huenoughenorgytodmomateanmomat«eddmr In
case, the lifetime 7px iz small and the mass-action oomtant
i/rpfpxlarge Statistics teaohes in detail® that

5 E4ps lon : P 4

K NG (116,00

Ny is the so-called effective density of states in the conauctmn
_i .5 - 1019 tsm—'(*.'n.,./m)’*((!"/3{)0°K)’i a.nd Egn is the dissociation
£y of a donor, :
\e concentrations npx; no+, and ng are not determined by the law
action alone. We must resort to additional equations which
on the conditions of the experiment. In experiments far
h -below the melt.mg point, the total number np of donors per
_vdluma of the eryat.a.l is in genera.l mdependent of temperature" i e

i . -npx -+ np+ = Ap. ek (I1.6. 07)
m this total balance (11.8.07) of the dunora and fmm the law of
'on (II 6. 04), we obtam 2 .
Npx = Np 1 ; : (II.B.,OS)
1 é \ ; ¢ vl
o ng e
1 i
Np+ o Np (II.G.OQ)
g -
D

we see that the charge condition of the donors is dependent on the
concentration ng which can be ad;uzted by experimental con-
that are independently variable. We shall leave this until
and start with the discussion oqua (II 6.08) and (II 6. 09) Two
be dlstmgumhed 3 £ '

g of unsatﬁmtad donors: 3
g >> KD fipx = Np  Ap+ = ﬂp '%K( np (II.G;IO)

Eq. (VIIL 5.20).
(Vlﬂai.ﬂ‘i) md (VHI.4317) %
np _tureafarbdnxthameltmgpomtofthoml,thezwmsmdiom
ces very seldom. Acertamdegroeofdmtd&astablnhednthmhor
turumfmmmatthelowermm Forfurtbudehﬂ-,mp 53.
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The case of saturated donors: .

no <Kp mpx=mp- Kﬂi <np “‘nps~np  (IL8.11) |

If there are many electrons (ng > Kp), many recombination part-
ners © are available to the donors. Therefore most donors are in the
associated state, which is the case of unsaturated denors (np+ K np).
If there are only a few electrons (ng < Kp), however, most donors do
not find recombination partners and are in the dissociated state
Dt(np+ = np). ' ;
. What are then the experimental means by which one can influence
the electron concentration ng? Tf nofurther impurities or imperfec-
tions are present in the semiconductor besides the donors already con-
sidered, the electron concentration ng appears to be fully determined
by the neutrality requirement* for a crystal. For the number of posi-
tive donors D+ must be equal to the Aumber of negative electrons ©:

5 W (11.6.12)
from which follows with (T1.6.09)

In spite of this it is possible, at least in principle, to establish either the
unsaturated or saturated condition by varying the temperature. At
low temperatures j

| o ey i S | (1L6.14)
k .1 NG‘ -
1o 4
2?‘19
_Ecn
we ﬁnd %Nc e KT = Kp K np

and from (IL.6.13) one obtains the limiting relation
np+ = Ng =~ Kp ‘j‘%‘>} K»p

which corresponds, a.ccordiné; to (I1.6.10), to the unsaturated impurity
case. This leads finally to . i \
3 Eop

S = '\/‘nDKD = ‘\/ﬂpNaG kT 2 (11.6.15)

The temperaturée dependence of the electron congentration, and .

thereby essentially also that of the conductivity, is, in this case, deter-
1 Apart from surface or boundary-layer effects,

S S S Y
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6.1. Concentration ne of tha Fra. I1.6.2. Concentration ng of the
duction electrons as a function of conduction electrons as a ftmctaon
 temperature at different doncr of the femperature at dlfferant donor
' tgntmns no. : ‘mmza'aon energies Fop.

by half the aetavatmn energy Hep of the donors (see Figs. II 6.1
.2).  We find, however, that at high temperatures‘

i
T Eo e
Ty ‘ i !

: 2np

(11.6.16)

ne might easily be misled to the erroneous conclusion that dissociation of the

maaimt.y of donors is possible only if the mean energy conteiit k7' of a thermal
1 is large compared to the dissociation energy Fgp of the. donors, The
n for donor satumtlon would then be ’

.

.’ T»E.Eap

t.ed by a factor (1/111 Ne/2np). The mistake in this reasom.ﬁg lies in the
fthe number of the dissociating collisions is not compared with the number :
0 bmnhon procesaeﬂ, whmh would be corrt:ct hut rat.her mt.h the mm



0 . IL Nature, Models, and Resctions of Impurities
. the mass-aetion constant is :
Eop

Kp = ¥%Nce ¥ > np

so that (11.6.13) leads to the limiting relntiqn
np+ = o ""K'-*.[_ % 2 %(1 i %4% ]
==Kb[‘*%+%+%],__-. i
nps = Ng = np(K Kp) (1X.6.17).

‘which is the case of ssturated impurities according to (I1.6.11); all
donors are dissociated. The number of conduction electrons ng is
temperature independent and equal to the total donor concentration

np. The conductivity is essentially temperature independent except

 for the temperature dependence of the mobility or of the mean free
path (see Figs. 11.6.1 and 11.6.2). r I %

These would be the conditions in a crystal at different temperatures,
if there were only one type of impurity, namely, donors D. A change
in electron concentration in the neutral erystal such as the transition
from saturation to the unsaturated condition can, in this case, be
effected only by a change in temperature. If one introduces a second
~ type of impurity into the orystal, however, the dissociation-association
conditions of the original impurity type can be influenced by means of
the concentration of the second impurity type. This second type of
impurity oan be represented by donors with & different avtivation
energy or by acceptors which become negatively charged when captur-
ing an electron. A detailed discussion of this problem would consume
too much space. We see, a priori, that a gecond type of impurity
introduces two new unknown concentrations into the problem, namely,
those of the assaciated and of the dissociated impurities. The dis-
sociation-association equilibrium. of this gecond typé of impurity is also
governed by a law of mass action, and the sum of the associated and
dissociated impurity coneantrations is equal to the total number of

A

the introduced impurities. Thus two new equations are added, and

the problem is again fully dete‘cm}ined, f : ;
The reaction equations :

97n O + 20 + Op» =2Zn0 .~ (L5.01)
malnogovequbyalnwofmmacﬁoninthecmofmﬁcient “ dily-
tion” of the reaction partners. In this case, we can interpret the

reaction process from left to right as associalion of two Zn ions in
interstitial Zn positions Zng-, two quasi-free electrons &, and an

b b il
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‘molecule O (gas) of the gas at.mos;:here The frequeney of
) an;sasocmtaon is again equal to the product of the concentrations
ach single reaction partner. If éwo reaction pa.rtnem are of the:
e type, the concentration of this type occurs twice as a factor.
coefficients of the reaction equation appear, therefore, as axponenta
-eoncent.mtaons in the law of mass action

ks o 1B~ Mo, (§88) = Ky no

e concentration of the lattice molecules ZnO is incomparably
an the concentration of all reaction partners, so that it remains
y unchanged during any conceivable reaction process.
re, the ZnO concentration is ineluded in the eonstant and the

B ng = Ks-n (gas) = Kips! (gas) | (n.s.m)
instead of the oonoentmtmn Tio, (gaa) of the (Oxygen moleculas in

ne = K - 5o (gas)

veriment! gives a conductlvxty proport.mnal to pa

| e oorrespondmg.rea.somng is app].ied to the previously discussed
bnum between a NiO erys'tal and an adjacent oxygen gas phase

s with inqrs»lsing' partial oxygen preasu.re. 2

,hlth!sbook.seafootnohe l,p.a.
H.Bmmbmhando Wagner, Z. physik. Chem., m-EQ(IOM)
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The two examples show that this difference is causally connected
with the electron conduction in ZnO on one hand and with the hole
conduction in NiO on the other hand. Thus we obtain the rule:

Electron conductors are reduction semiconductors.

Hole conductors are oxidation semiconductors.

§7. Fundamentals of Atomic Disorder

An unbiased reader who is confronted for t.he first time with the
atomic-disorder phenomena described in this chapter is apt to assume
an attitude which can be expressed as follows: “These disorder phe-
nomena cause certainly very interesting effects. However, they are
all ‘dirt effects.” Tt would be important to seek a solution to the
problem of making crystals with a perfect lattice structure which will
then allow the study of ideal crystals.” _

It may be well to point out that such an escape from the confusion
of the disorder phenomena into the simplicity of the perfect lattice is
fundamentally impossible. A certain degree of atomic disorder is,
basically unavoidable except at absolute zero, and at finite tempera-
tures the perfect lattice is an improbable and anomalous exception just
as a gas in which all molecules have exactly the same velocity.

An exact” proof of this fact requires the extensive use of general
statistics. We must restrict ourselves to plausibility considerations,
which we shall demonstrate with the example of NaCl and AgBr.
Both substances shall be of absolute chemical purity. Using this
assumption, which is in principle, though not in practice, feasible, we
exclude substitutional imperfections (impurities), so that the only
possible imperfections are lattice vacancies or interstitials.! The
following reactions can take place between these imperfections:

Na/'O' -+ Na 0’0 (I1.7.01)
ClLO' 4 Clig"<0 | )
Na O 4+ Cl 0’ 22 NaCl (I1.7.02)

Further reactions such as
NaCl+ Na @'+ ClO =20

can be constructed from Egs. (I1.7.01) to (IL.7.03) by subtracting the
first two equations (I1.7.01) and (II.7. 02) from the third equation
(I1.7.03).

11t is extremely improbable to find in the NaCl lattice & Cl atom or ion in an
Na place, or vice versa, go that we need not consider this type of disorder.
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*The laws of mass action cm_-responding to Egs. (I1.7.01) to (I1.7.03)

Tivn O " Pva ¥ = @ _ (11.7.04)
iR oo " Norg: = b (11.7.05)
; 1) i Ny O " Ne1 o = € (11.7.0‘6)1

 show that all three mass-action constants a, b, and ¢ must be zero, if all
~ imperfection concentrations are to be zero. This, however, is possible
nly at the temperature T' = 0; for the constants in the laws of mass
. action are generally governed by relations of the following type:?

i T S _E.

' a = N?e X7
= total number of Na+ and CI- lattice positions per unit volume!
- 2o : ; : '
We summarize: The perfect lattice can exist only at the temperature
= 0, where alone all disorder concentrations can vanish. At any

W feg‘uﬂibnum and the ideal lattice occupancy assumes the character
I special case, which can be realized only in one way and there-
(s 80 extremely rare during the fluctuation processes around the
ilibrium condition that it can be ignored for all practical purposes.
The above-mentioned fluctuation processes can take place only if
tice atoms change their position. Such position changes require
attice atoms overcome energy thresholds using the energy derived
thermal collisions. At low temperatures, the number of thermal
ons of sufficient intensity is very rare. 'The processes of position
ge and the fluctuations therefore freeze in at low temperatures. -
\ result, the degree of disorder corresponding to the equilibrium
dition is established only at higher temperatures and a state of
ive disorder is frozen in by cooling to lower temperatures; this
of course, only a different way of saying that.the time required to
ablish the equilibrium condition corresponding to the lower tem-
perature would be unrealistically. long.

‘We see now that the fundamentally unavoidable degree of disorder
ted with the study of thermal equilibrium can in practice be
d only if considerable precautions, such as slow cooling, ete.,
taken. While this degree of disorder can be more or less -attaired
ough the skill of the experimental scientist, it is fundamentally
possible to reduce it further or even toattain ideal lattice occupancy.
‘The concentration nnsct of the lattice molecules is again included in the constant
e law of mass action.

* Bee, for instance, W. Jost, op. cit., particularly p. 61, Egs. (33) to (35). Con-
g the definition of the lattice concentrations, see Jost, pp. 53 and 58,
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¢ §8. Problems ,

1. The calculation in §1 of the ionization enérgy of a donor does not tale in
. account the fact that the effective mass of an clactron is generelly different from
its free mass. Bxplain why a smaller effective mass increases the firat Bohr orbit,
and by what factor.
values for germanium, assUming’ metr = 1ime.

2. (Geometry of the diamond lattice.) In Fig. IL1.1a the geometry of ‘the
diamond lattice is shown. How many atoms does every cell contain, if one counts
atoms that are sharéd by several cells only as fractionsl atoms?

" Consider all the atoms shown in Fig. I1.1.1a as perfeet spheres, just touching
each other. If the length of the cube ghown in the drawing is 2d, what is tha
radius of the atomic spheres? Give the numerical value for the germanium atoin.

3. (Interstitial positions.) Show that the radius of the largest atom that would
fit into an interstitial position in the diamond lattice is equsl to the radiue ‘of the
host atom itself. Which lattice atoms would just touch an interstitial atom of
the maximal size if that interstitial atom wers put into the center of the cube
shown in Fig. 11.1.1a? < Show all the other possible interstitial positions in that
cube, including' the ones that are shared with adjoining cubes. What is their
aumber and what is the ratio ¢
kind of & lattice structure do the interatitial positions themselyes have?

4. At what acceptor density does germaniwn have its highest resistivity, assum-
ing that all acceptors are negatively ionized? At what acoeptor density would,
under this condition, the conduciivity again pass through the intrinsie value?
What arée the donor or acceptor densities in germanium with & resistivity of
30 ohm-cm? (Sce Probs. 1 to 3 of Chap. 1. _
|t pmast = Yfme is an sverage valuo given by E. M. Conwell, Proc. IRE, 40: 1330
(1952). For a detailed treatment taking into account the directional dependence
of gy we refer to M. A. Lampert, Phys. Rev., 97: 352 (1265). oy

How does this alter the jonization energy? (ive numerical

of lattice positions fo interstitial positions? . What

vl O e U T S i o, %
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Thé I-Iolc

sative or pomhve) of the charge carriers. The expernnent ’conmta
making a current of density i flow in the z direction through a block
material to be investigated while a magnetic field H is applied in.
¢ 7 direction, Figure IIL1.1 shows that at the beginning of the

" Holes @ : ‘Electrons ©
. 2 SR
tb)
“'__ 3
i
d)

: The charging of the uimpled es d— elec cross field ;.
) mmdmon Theohmsofthemphﬂdumdmdwtpml
Btat:omwcom The rotation of the field strength by theHal]
-Bﬁh‘mwryom&&ﬁm&’ﬂmmt&ﬁmnftheﬁaldstrmgthbytheﬁdl
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process the Lorentz force *e/clv, H] = te/cli/ten, H] = [i/nc, H]
deflects the charge carriers in the negative y direction independently of
the positive or negative charge of the particles. The front side of the
sample is thus charged positively or negatively with respect to the back
side, depending on the sign of the charge carriers, until the transverse
electric field B, just compensates the transverse force {+ (e/c)v, H] of
the magnetic field. In the steady-state condition the field strength E
is rotated out of the z axis by an angle which can be calculated with the
help of Eq. (1.2.04) for holes

1

+-v-H
P e

= +___ )

. lip
or for electrons
1

B ST

= +:_v . L

The angle is therefore positive for holes and negative for electrons.
The sign of the charge carriers can now be derived from the sign of the
rotation of the field strength E. In metals, the current is earried by
the negative electrons. The resulting negative sign of the Hall angle
0, is called the normal Hall effect. : ; '

If in a particular case the Hall effect is anomalous and hence. indi-
cates positive-charge carriers, one might think at first of ion conduc-
tion by positive ions. In this ease the current transport would be
accompanied by the migration of matter, quite apart from the fact that-
ionic conduction in solids produces only very low conductivities of at
most 10~7 ohm~! em™!, In.a number of metals—Mo, Zn, Cd, Pb, Ni—
and in many semiconductors—such as Se and Cu,;O—the Hall effect is
anomalous, which indicates positive-charge carriers, although there
cannot posmbly be any ionic conduction.

It is, a priori, beyond doubt that positrons cannot be made responsi-
ble for this observation, for the positrons which are found in cosmic-ray
experiments have a very short lifetime in the presence of electrons. In
the presence of the high electron concentration in a solid, a large posi-
tron concentration could be maintained only if positrons were continu-
ally created at a high rate, ‘However, the creation of an electron-
positron pair requires an energy of at least 10° ev; for, according to the
Einstein relation, even the rest energy of two particles with the elec-
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fact, furnish a contribution to the current. Heisenberg' has demon-
strated that this current contribution is the same as if the ifew empty-
states of the almost filled band were occupied by electrons with positive
charge. The mass of these fictitious particles must be chosen, accord-
ing to their contribution, equal to the effective mass of an ordinary
electron in the corresponding empty crystal state but with opposite
sign. As the holes are concentrated at the upper edge of the valence
band (see page 22) where the effective electron masses are negative,
the effective mass of the holes must be chosen positive, according to the
stated rule. . 2 : :

It has been found that the equivalence between the few holes and
the incomplete totality of the numerous valence electrons can be
demonstrated without calculation. We shall follow this course below..
- Since the concept of the effective mass and particularly its negative
values in the upper half of an energy band are of decisive importance,
the behavior of an electron in a crystal under the influence of an
external force will be considered in §2 as a starting point. In §3 we
shall prove the postulated equivalence between an incomplete band,
which is occupied by N — M electrons, and M holes. Then §4 will
show clearly that this entire concept of holes and hole conduction is
only a symbolic description of a really very complicated situation.
We shall show that the validity of this equivalence ceases as soon as
interaction between electrons is considered.

§2. The Negative Values of the Effective Mass in the
Upper Part of an Energy Band

_If an electron moves in a force field, its energy usually changes. If,
for instance, the force field F and the electron velocity v have the same
direction, the force does work on the electron and increases its energy.
If the force F and the electron velocity have opposite directions, the
electron is slowed down and its kinetic energy isreduced. An electron
in a crystal, in contrast to a free electron, is almost exclusively sub-
ject to the forces of the lattice potential, the effect of which is mueh
larger than that of any conceivable externally applied force. Even
field strengths of the order of the breakdown field, namely, about
105 volts em~!, do work equal to only about 3 10-* ev in the dis-
placement of an electron over the distance of one lattice constant,
3 -10-% cm, whereas the lattice potential itself changes by several
volts within a lattice constant. This allows us to utilize the force-free

1'W, Heisenberg, Ann. Physik, 10: 388 (1981);





