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INTRODUCTION

One of the foremoét amoné the scientific-technical problems which absorb the
attention of research scientists and vorking engineers at the present time is the
problem of semiconductors. This problem consists in study of the special physical
properties which appear in the class of substances known as semiconductors, as well
as development of technological applications for these materials.

Of the physical properties which diétinguish seniconductors as a special class
of solids, their electrical properties are the most important. Indeed, it is the
utilization of the specific electrical properties of semiconductors which has re-
cently resulted in progress in technical fields such as the rectification of low-
and high-voltage alternating currents, fhe amplification and conversion of electro-
magnetic signals (radio engineering), the monitoring, reguletion and automation of
industrial processes, heat engineering, and electric-power engineering on both

large and small scales.

The class of semiconductors comprises chemically héterogeneous substances

characterized by definite electrical properties peculiar to them. In the ma jority

theSe Buvstances represent Nothing new from the standpoint of chemi-

AP Smndma o

;cal composition. {

However, the electrical properties of these materials are of such great in-
terest and importance that the phy51cists, whose attention was attracted to them

}several decades ago, prosecuted rapid and thorough investigations of the field,
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assembled a large body of new information,and were soon indicating prospects for

numerous technological applications of semicond.uctors. '

It would be vrong to think, however , that the increased interest exhibited by1
 scientists and engineers in semiconductors at the present time is based solely uponi
the fa;:t that their properties were not previously known. It would be possible

' to cite a long series of historical examples which demonstrate that the former
neglect of semiconductor materials for us|e in technology was based on reasons other.
than a lack of knowledge on the part of scientists of some of their important
properties. We need refer only to the thermoelectric properties of metallic and
nonmetallic conductors, which were investigated as much as a hundred years ago.
While the thermoelectric properties of.metals have long since become the property
of measurement technique (thermocouples) » the outstanding thermoelectric properties
of semiconductors have been utilized for measuring purposes and for conversion of
heat energy into electrical energy only in relatively recent times. Most curious
in this particular case is the fact that the materials used in contemporary thermo-
electric generators are just those which were investigated in the first half of the
last century. A gap of half a century between the discovery date of an effect and .
the date of its utilization in practice may also be noted in the history of semi-
conductor rectifier and photocell development.

Such a state of affairs may be-explained on the one hand by the fact that the
present period is an epoch of tumultuous :scientific and technological progress, and;
on- the other as a result of the ‘fac‘b that only contemporary technology has presente;’l

1

needs which can best be sa.tisfled by the use of semiconductors.

It s_hou_ld_SQM;no_terlihat_n“m”mw remarkable—electri PETrties O
tconductors have been discovered only recently, aud. that they are still far from
having been exhaustively exploited for technological purposes.

The majority of semiconductors belong neither to the class of substances rare-

'1y encountered in nature nor to the category of products of new and complex
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chemical syntheses. The materials 'which‘interest us here are availeble in prac-

" i - - ~ g £ 27 -1

deal in natu.re are essentia]ly semieoﬁductors. Oxides 3 su.:.fides 3 tellurides and

Yo ah . al

Selenides of numerous metels 5 as’ we]l as certaln intermetallic compounds s possess

|
i tically unlimited qua.ntities 3 since the ma.Jority of solid minerals wi‘th vhich we
i
{-

typical semiconductor properties.

i T

Do any of ’che chemical elements , in the pure state ;s possess semconductor

1 - ), o .
properties? No pos:rt,ive answer 'to this question was avalla.'ble until compa.ra.tlvely
‘ . e K
recently. This state of e.ffalrs ha.s been considera‘bly clarified as a result of a

H

tremendous volume of research both in the dlrection of obte.ining chemice.lly pure
elements, and that of the study of their ‘properties. It has been found, for ex-
ample, that silicon and 't:,ellurium, both of which were formerly considered to be
metals, are typical semiconductors in the pure state. As it developed, suck in-
sulators as sulphur, phosphorus and iodine must be included in the category of
semiconductor substances., Figure lpresents that part of Mendeleyev's periodic system
in which elements with semiconducting properties are concentrated. It may be seen
from their arrangement in the table that they form a compact group of elements
which occupies an intermediate position between the metals and the nonconductors: !
located to the left of and below the group of semiconductor elements are the highly:-
conductive metals, for which the weak bond between valence electrons and atoma*is
characteristic; and to the right of and above this group are those elements which,
in the solid state ,. behave as insulators clz_e.racterized by considerable affinity to
electrons, i.e., & tendency to acquire the latter in the course of chemical reactions
‘with metals,

1
A
&

similer v rithin the iscolated group of elements
‘itself: the elements located in the upper right side--C (diamond), P, S and I--are
"essentially nonconductors, and fe.ll into ;his group because of their high photo-
l'elec’cr:[c conductivity, which is a chs.racteristic of e.ll semiconductors; the elements
| .

‘in the lower left corner-- Sn and Sb--behave as metals in their stable modifications,

. i ; |

A
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and semiconductor properties are exhibited qn]y by specially prepared films of

!
% these elements. This location of the semiconductors in the periodic table is not
t

‘ accidental. It will be shown below that as is true for all solids, the electrical

: properties of semiconductors are determiﬁed. in the last analysis by the structure
of the outermost electron shells of the atoms, while the periodic completion of
electron shells is the basic factor which determines the chemical properties of the
elements, and, consequently, their location in the periodic table. In a large

circle to the right of the symbol for each semiconductor element (Fig. 1) appears

{
!
!
[

Fig. 1. Elements with semiconductor properties as they are arranged in
the periodic table.

t
t

a value basically characteristic of the element's electric properties; its physical
significance will be explained below. (Width of forbidden band; see pages 42- 43).
The regularity of the variation of this number with respect to both the columns and

lines of the table indicates a close association between the electrical character-

'

istics of semiconductors and their location in the Mendeleyev system. These elec-

:tricel characteristics are compared in the same table to values_ which present, in

nhéfnf’s?:ry; a_rough measure of the attraction of the valence electrons to some inter-
;acting atom, and- are ca,lled electronegativities of the elements(small circles on

)

the left) There 1s no, doubt as to the m);u'ked. correla.tion between these values. .
e I
E.’owever, the fa.ct tha.t the same element may have completely different elec-

trica.l propertles ;Ln different crysta].‘line modifica.tions (for insta.nce ’ carbon 1n

- }“"'l

the form of d.ia.mond. or graphite) 5 1mlicates that these properties are determined.

- STATY |
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not only by the element's position in the table of the elements, 'but by the na.ture

v of the chemical bonds between the atoms of the solid as well. oL ‘} .
l et us characterize briei‘ly the 12‘etlementary semiconductors vhich bave been | ...
isolated in Fig. 1. The most typical semlconductors » vhose electrical properties
have been thoroughly investigated, are germanium, silicon and tellurium. Germamum
is the material most important to contemporary semiconductor.technology, and haes
therefore been. inve‘s“tigated with the utl;mst thoroughness-~certainly with greater -
care than any other element; its disadvantage, from a prac*t;ica.i' pi)int of view, is ot
its high cost, which results from the fact that germanium occurs in nature only in
scattered small deposits and from the difficulty encountered in extracting it.
Silicon is one of the most widely distributed terrestrial elements (28% of tae
earth's crust); certain of its physical characteristics, which are of greet signif-
icance in technological applications, are superior to those of germanium, tut since
the technique of industrial-scale preparation of highly pure silicon--which mani-
. fasts its remarksble properties only in this state--is still in the familiarizatig¢n
stage, We can speak at present only of its tremendous possibilities. Tellurium--
a semiconductor which has found no app]icb.tion in its pure state--is the basis for
the preparation of a number of semiconductor alloys which, in particular, ere used
in the fabrication of thermal generators’ and coolers.

Antimony and arsenic exhibit semiconductor properties only when prepared in
the form of films by sublimation in a vacuum onto a cool base; at temperatures ex-

ceeding 00 C for antimony and 3000 C for arsenic, the semiconductor modifications

of these elements become unstable, and the specimens are converted to the normal

]

TR TR SN

D |

metallic state. ) fo.

Tin loses its ordinary metallic properties and becomes a semiconductcr upon the
polymorphous conversion of the white modification to the gray modification (velow

2 " 1300)7.‘_ X 1 . . i .

Sti11l insufficiently investigated are the electrical properties of pure boronm.
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However, there exists no doubt as to its classification among semiconductors.

{ t
. At room temperature, gray selenium, red phosphorus, sulfur and iodine are
i ]

essentia.lly' xi'oncpn@uf:tors; ti:leir semiconductor properties appear in tlie: form of a
: great increase in conductivity when exposed to light (photoconductivity). Sulfur, .
for example, which 1s one of the best irsulators at room temperature undergoes a
millicn?old increase in conductivity under the action of light.
Carbon, finally, is a -semicon.ductor which,depending on the spatial arrangement
o tkze atoms in its crystal lattice, forms solid bodie_s with either insulating,
sexiconductor or metallic properties. In the form of diamond; carbon is an insu-
lazor sensitive to electromagnetic radiation; in the form of graphite, it is either
a sexizonductor or a metal, depending on the orientation of the current with respect
to tre exes of the graphite crystal.
w-ile pointing out that there is nothing new in principle .1n semiconductor

chexigzry, we should nevertheless make the reservation that the successful applica-

tio~ c? semiconductors in contemporary technology involves the solution of diffi-
cul: groblems in physics and chemistry. The manufacture of perfect rectifiers,
arpiifisrs and. photocells requires that the material be purified so thcrouéhly that
not evan the most sid.llful chemist would khave undertaken it ten years ago. Today
the teczrique of obtaining such high purity--for example, in germanium--has become
gezerally accessible. The problem of utilization of silicon,which, in this pa.rtic-
ulaer £ield of semiconductor application, has conslderable advantages over germanium,
're."mi!:.s essentially the unsolved problem of its purification. In another important

fie.,.a. oL semiconductor technology, the goa.l of which consists in manufacturing

econo::.cally profita’ble thermal gen°ra.to*'s , the problem of the purity orf” ma'c.erla.:.s

‘is regiaced by another, no less difficult problem of manufacturing heat-resistant

! semccndahtor ma.terials with speclfied electrical and thermal propertles.

l

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060003-2



Declassified in Pa- Sanitized Copy Approved for Release @ 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060003-2

l the world on the pro‘blems of mastering se!miconductor techniques a.nd. in thorough '
investlga.tion of the physical properties oi‘ semiconductors. The study of semicon- 1

1
R H

ductors is of’ scientific value in that it ena'bles us to establish most completely

the general physical laws which govern, to verying uegrees 3 the behavior of- the

different solids-~the metals, semiconduc'tors , &nd i lnsulators. It is not an exag-
geration to state in conclusion that the scientific, technological a.nd economic im~'
portance of the semiconductor problem, and the attentlon which i‘b invi‘tes » place

thls problem on the same level with that of the utllization of nuclear energy.

i
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CEAPTER I

GENERAL TREATMENT OF CONDUCTIVITY IN SOLIDS,
CONCENTRATION AND MOBILITY OF CURRENT CARRIERS

ThHe term'"semiconductors"’itself implies that the general properties which

unify this chemically heterogeneous group of substances are their electrical prop-

erties -- or, to be more asccurate, the lav;s which govern the passage of electric
currents through them.

The conception according to which the electric current generated in a solid by
an external electric field constitutes a directed migration of charged particles,
or current carriers, which is superimposed as a "drift" upon the chaotic motion of
the particles which prevails in the absence of an external field, has long been in
existence. These charged particles are either electrons or the positive or nega-
tive ions of the substance. Simultaneous participation in the electric current of
all these types of carriers is possible and has already been observed. In the
technological applica.tion of semlcomnctors which is of interest to us, the fact

that either electrons or ions may partlcipa.te separately in the electric current

1s 1mportant. sIn the first instance, we spea.k of electronlc conductivity, and in

=~

o"‘e second of ionlc conductlvn.ty .L e 1on1c ’ or, as it is often called, electro-

. :,‘i_ytlc conductivity of SOlldS 1s a result of their grad.ual chemical decomposition

cmrlng passage of an. el ctric curv'ent uhrough them. This fact compels us to dis-

I

eg,ard,substances in whlch conduculv oy 1s due to a.ny appreciable extent to the
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sta‘bi..ity a.nd long service Adife. The experience of several years indicates that :lf‘

electric current is genera‘bed by the motion of electrons only, no chemice.l effect

l
-
S ‘ . . s {- ‘. o .
’ Iof the cu.rrent wlll appear. Hence at the‘ present time, when we speak of semicon- '
{
i

A0
ductors, we rei‘er to solid su‘bstances in’ wh* -urrent is generated solely by the
motion of e_ectrons » despite the fact that formerly, when semiconductors had been

investigatea only very pdorly, this term app led to all solid substances with small
but detectab e conductivities, irrespective of the nature of 'bhe current carriers.

| — -

'

‘Tt 'is known that since the electric current is subgect to Ohm's law, the spe~ |

!
. 1
cific electricel resistance P ; or the uniqueiy-related value referred to as the

'specific ccnéuctivity o (o= Wfi;cm)- ch:"l cm"l) may be taken as
& quantitative measure of the conductivity of & solid.

' The specific conductivities of good corductor-metals vary within a réange of
"two orders of magnitude between 101‘ and 106 ch:n.l cm-l. In the other extreme case
- that of tke very poor conductors, or insulstors -- this value is usually smaller
than 10-'10 ohm.l cm-l. The specific conductivities of the btodies referred to as
lsemiconductors occupy the entire extensive renge of values from 103 to 10-10 ohm_l
cm l, thus varying through a vast region Vhic.‘ encompasses 13 orders of magnitude.

‘ It is not the quantitative distinction between semiconductors and metals » how-'
ever s whlcl}* leads us to single them out as a special group of substances and per-
mits their utilization in various specific tecznical fields. A basic and character-
istic property of a semiconductor is that the value of its specific conductivity‘
.may vary greatly under the influence of varicus factors, such as temperature, light,
pressure, etc., and, vwhat is of great importence, that the conductivity of semicon-
ductors may be ccatrolled by adding very small quantities of 1mpurities to them.

It should also be pointed out that the numercus and varied applications of semicon-
ductors in contemporary‘technology are due not only to the above characteristic

effects of impurities, temperature, i1llumination, ete., on conductivity, but also

Yo a number of other specific physical properties » inherent to one degree or another
i
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in the different groups of semiconductors. These properties include the ideal

'ireotifying and amplifying propertles of semiconductor Jjunctions, high thermo-and

!photoelectromotive forces, the high electronic emission of semiconductor cathodes, ‘

outstanding luminescent and catalytic properties, a remarkable combination of high

electric resistance and ferromagnetism, and many other properties upon which the
various uses of semiconductors in technology are based.

Proceeding from absolutely general concepts of the mechanism of the electric

current, it may be indicated that the specific conductivity of a solid is deter-

. mined by the expression
g = enu,

where e= 1.6'10-19 coulomb is the electronic charge, n is the concentration of cur-
rent carriers (i.e., their number per unit volume), and u is a quantity which is .
termed the mobility of the current carriers.

Let us clarify the physical significance of this expression. It has already
been noted above that electric current is created by the directed-motion of free
electrons, which exist in a solid irl"espective of the presence of an external fiel@,

"and move in a random manner similar to that of molecules of a gas. However, while
tae trajectories of the gas molecules are determined by the collisions that occur
between them, the trajectozies of the electrons, based on a number of physical
considerations which we shall consider later , are determined not by collisions,

‘even with the quiescent atoms of the substance , but by collisions with thermal

gv:.brations of atoms and with lattice defects , & more detailed d.lscussmn of which
1 B -

wz.ll_ also follow below.

- ‘We assume that the electrons move freely in the intervals between collisions,
b L !

i and, consequently, rectilinearly and u.niformly. Let _J;l denote the length of free
I

Ea‘ch and T the .corresponding time of free path. These two quantities stand in
"1

the obvious relationship '11 =v T » Where y represents the ve.locity of motion whlch,

T
in the genera.l case; » differs with different electrons. The chaot:.c motion of

.
i
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i electrons in the sbsence of an external electric *‘ielo. does not create an electric
% R ’..

current ; vhen a ﬁeld is a.pplied, the electrons experience an accelera:bion in the:

e o - I
direcoion opposea to tha.t of the field un;ier the influence of the electrical fog;cé“s’\'}

The secon,dary mean curected velocity Ay ‘ which - ..he electrons attain ‘over the free

:path will be just the velocity which determlnes the neénltude of the electrlc cur-
'rent. Figure 2 illustrates the considerations cuclined here: the §511d ‘arrows ol
'pointlng in different directions represent the ve_oc1t1es of the random motion of :
the electrons in the absence of a field; the solid arrows pointing from right“to

left represent the mean secondary directed velocities atteined.ﬁy electrons cner

lthe free path when en external electricel field cf intensity E is applied; the
‘dotted arrows represent the resultant velocities. In this simplified diagram, all
random velocities are represented as being equeal, while the secondary directed
velocities attained by such electrons will not be equal due to the disparity between
the lengths of free path for random motion. Suck is the pattern of the motion of
electrons in metals.

In semiconductors, the situation 'is much the same as in gases: +the velocities
of the electrors involved in conduction have ali valiues from zero to infinity, and
are distributed according to the Maxwell law. The case which occurs in metals is
characterized by nearliy ebsolute temperature-indevendence of the electron veloci-
ties and is therefore termed the degenerate case. Just as in the case of gas mole-
cules, the electron velocities in semiconductors increese with rising temperature,
and there are few instances in which the electron gas in semiconductors approaches

the degenerate state in which electron velocities depend only slightly on the

temperature of the substance. (The conditions in which degeneration of electron

gas occurs will be discussed below on page 58.) FEence, the classical Maxwell-
Boltzmann statistics can nearly always be applied tc semiconductors. The more

'general Fermi-Dirac quantum statistics, which includes the classical statistics as

e

!
!a particular and, mathematically speaking, more simple case applies for the

X
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degenera.te electron gas.

Let us turn to the diagram in Fig. 2,
and, applying the kmown laws of elementary
physics, calculate the average supplementary
velocity AV . The acceleration of an elec-
tron a =§.§., and the average supplementary
velocity of one electron over the length of
free path Ay =1/2 i—it, vwhere m_ 1s the
electronic masc and T is the free time

' for this electron.
Fig. 2. Diagram illustre tl"‘ crea-
tion of electric current in e solid. Taking the statistical distribution
of time intervals T into account in the

normal manner, the average additional velocity of the entire ensemble of electrons

in the solid will be :
Av=2£ % (1)

2

vhere T 1is the mean free time of the electrons.
The electric-current density is determined by the quantity of charge which the

electrons carry across a unit cross section of the conductor per unit time:
Jzen A¥=en T

By definition, svecific conductivity ¢ is given by the ratio of the cur-

rent density J to field intensity E:

" The vallie ‘u = is referred to as the mobility of the current ca.rriers ,

T since :.t determines the averae,e sunplementary velocity ‘ AV a.tta:.necl by the

“ “.‘ .,
¥ s o R
o : H

. éleé‘f:rons in a field of umt muens:_ty (for exa.mple, l volt/cm) .
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t

If we express the charge in coulombs (e = l 6 10 19), n in cm -3 and nin' |

cm / voltssec, 'then P w11 e obta.ined in ohmI cxii L S

Expression (2) is univeraal, since i&c applies both for the mechanism of elec-
tron conduction and the mechanism of ionic conduction (in the la.t,ter inste.nce +the
numerical -va:ues of the quantities which cha.ractenze mgrating charges v:l.?L’L , of

'course, be different). Nor does this expression, obtained with the aid of simple

classicael considerations, change its form when we subject the phenomena of con-
'ductivity to rigorous investigation in terms of quantum mechanics; in the'qt;eiitﬁm
'theory, however, certain of the values in' Expression (2) assume interpretations
significantly different from those of the classical theory. This applies, in the
first place, to the free time T , which is defined in both the classical and the
quantum t-heories as the ratio T =—%—. In the classical theory of conductivity,
the free path 1 was determined by in‘.t-:eratomic distances, since it was assumed that
electrons are scattered upon collision with the atoms of the body which obstruct
the directed motion of the electrons even when at rest ; as to the velocity ¥, it
is assumed in the classical theory that this quantity is determined by the simple
condition of uniform éistri‘bution of thenlna.l energy among the electrons and the
vibrating atoms in the lattice. The quantum theory has essentially changed our
"concepts regarding both the free path of electrons in solids, and the conditions
by which their velocities are determi.ned. It has become evident that the length of
free path in an ideally ordered crystel lattice is equal to.infinity (and that the -
electrical resistance equals :zero) , so that the quiescent atoms of a strictly
periodic lattice do not present obstacles to the electrons vwhich participate in the.
electric current. In accordance with the ‘quantum theory, electrical resistance in

- |
a crystal occurs only when the ideal ordered state of the atoms (or ions) is dis-
turbed by thermal agitation of the atoms (or ions) themselves or lattice defects.

Lattice defects include lattice points replaced by foreign atoms, lattice vacancies,

atoms (or ions) implanted in interstices ,5shee.r between crystal layers, cracks,
{
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grain boundaries, etc. Thus in perfect m'onocrysta.ls the free path of an electron

can reach tens, hund.reds and -- at low tempera.tu:res -- even tens of thousands of

|
|
!
i
|

interatomic distances. The velocity of the random motion of free electrons in
solids is determined in the geuerq.l case from specific quantum conditions which,
by the way, lead to the same classic results in the case of the degenerate semi-
conductors under consideration.

In the above elementary derivation of the formula for the conductivity of a
solid, an essential simplification has been made: we have assumed that an electron
moves freely along its free path. In actual fact, we know very well that at the

' distances which separate free electrons from atoms in a solid, very strong electric
fields are c.ctive, and that-their forces exceed by far those of the external fields
in which we usually place the solid. These fields must necessarily exert great in-
fluence on the motion of the electrons which, for this reason, may not be considered
as a free motion even in rough approximation. The quantum j1:heor,y shows that the
effect of strong atomic fields may be talcen into account by formally ascribing to
the electron a certain mass different frcm the mass of the freely moving electron. .

* It develops that such an operation enablcs us to study electron motion in solids
without taking the effect of strong internal fields into account. The mass which
we ascribe to an electron of a solid is cal_led the effective mass m. This value

is determined by the structure of the medium in which the motion of the electron

, oceurs. In different bodies it may be either larger or smaller than the mass of
' the free electron o = 9-10 -28 g. We shall repeatedly be confronted by this

* problenm. in the materia.l whicH follows. ‘

. It will be seen from Forcxula (2) 'tha.t the direct pfoportionality between the

' current a.n& the field known as Ohm's law w:.ll occur only 1n the case when the mo-

bi]ity u a.nd the cmcentra.tion of current c&rriers n do not depend on the fleld E

in the contra.ry case, the speclfic conductivity o will be a i‘unction of the fielq ,

“ «.

|
'E a.nd Ohm's la.w wil_l not apply In metals, Ohm's law remains va]id under a.ll
. ]

[ ' : y i

bLY
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H ] - .
‘,conditions, only in the presence of tremendous current densities which are practi-

| |

i

!cally never used can infini‘tesimal deviata.ons be o'bserved, 'the reality of these )
o {

;however is still a matter of dispute. Deviations from Ohm's law may be observed

"in semiconductors under prectically realizeble cond._tions N and even fiﬁd a.pp]ica.-
)

tions in technolp'gy. The renge of electric-field strengths 4n which Ohm's Taw'is

3 . . . . .
satisfied is termed the week-field range; the deviations from Ohm's law will be re~’
lated to the influence exerted by strong electric fields on mobili’i',j} and concentra-’

tion. Due to its importance for semiconductors, this phenomenon will be discussed
i

"in detail in & separate chepter.
Thus, according to (2), %ne conductivity of a solid is determined by the con-
centration n and the mobilsity u of current carriers. Iet us now establish the
reason for the lower conductivities of semiconductors as compared with metals: is
it due to the fact that ccrcentration in semiconductors is lower, or does it result’
from lower mobility of their current carriers? To solve this problem experimentallir,
it is necessary to determire, in addition to the readily measured value ¢ , either
n or u by an independent met:od, and then each of these quantities separately withs.
the aid of Formula (2). |
There exist various i;ldependent
methods for determination of the concen-
tration and mobility of electrons on the
basis of measurements of the various gal-
vanomagnetic and thermomsgnetic effects
-~ %.e., of physical phenomena which arise

in semiconductors in a megnetic field

Fig. 3. Scheme of experimental Hall- when free electrons acquire a directed

effect measurement motion in this field under the influence

of potential or temperature differences.

We shall show below why the Hall effect, among eight of these effects, is the most
|

s
|
i
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suitaeble for this purpose.

Since we shall refer repeatedly to the Hall effect as the experimental basis
for numerous important ‘conclusions regarding the vroperties of semiconductors, let
us Pirst recal. thae experimental procedure used Zor measuremert of this effect.

Tt is convenient to use a test conductor raving the shape of an elongated
plafe of rectangular cross sectlon. If we place this conductor in a magnetic fleld
E and pass througz it a current I, as indicatesd in Fig. 3, the potential difference

°
disappears with the elimination of the magnetic Zield. The occurrence of this po-
tential difference is called the Hall effect. Ttis effect is the result of the de-
flecting actior of the magnetic field on the current carriers moving along the
plate. Theory and experiment indicate that tne magnitude of Hall's potential dif-

ference in not toc strong magnetic fields is Getermined by the expression

AV, —

where E;E is the current density g.

f;;-sign of this potential difference -- Z.e., the direction of the Hall elec-
tric field -- is uniquely related to tke sizn of -ne current carriers, and may be
determined accoriing to the left-hand rule, wzicz: is known to us from high-school
physics. Witn directions as noted in Fiz. 3, ==e current will be deflected down-
ward; consequently, electrons moving against <%e external fieldﬁi?must be deflected
downward, "thereby imparting a negative charge o tte lower edge of the plate. Shoﬁl&
positive charges moving along the eleciric Tie éfg’narticipate in the electric cur-

rent the lower eage of the plate would becoze *051t1vely charged, and the direction

iof the Hall potential difference would be reversed. Thus the qnalitative investlga-

“this ef;ec» enables us to verlfy’tne sign 01 the current carriehs. Thé

v

oW nich is of interest to us can be

deuermined from the value of the Hall confficieﬂu R computed frOm experimental data,
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since it is possible to show by simple dlductions based on the elementary laws of

electro-dynamics that in the case of & single species of current carrier

A c
I S,
Ve

Indeed, it is possible to determine the Hall field from the condition of

equality of the force evH exerted upon the electron by the magnetic field to the

H

force of the magnetic field €E_. Teking into account that the current density
J = evn, and E; = BpJH, ve obtain R

- W

H =
Urpon absolutely rigorous deriva’cion,‘taking the statistical distribution of

electron velocities into account , this expression takes the form

| a

' §'H=;—g 3/cou.lomb, (3)

where A is some numerical coeff-i.cient def)endent upon the degree of degeneration of
the electron gas and on the mechanism of 1current-cm‘rier dispersion. The advantage
offered by the Hall effect in the choice of a method to determine n and u is due to
the fact that the mumericel value of the coefficient A » Which depends in a compiex man-

ner on the above-men‘tiozfed factors, varies in the relatively narrow range from 1

to 2. In the other methods, we are also confronted by numerical coefficients which
. i

also depend in a complex manner on the same factors; in these instances, however,

the intervals of variation of the respecﬁive coefficients are much larger. Since

I
the exact determination of the degree of degeneration of the electrons and the

I
mechanism of their dispersion constitutes a separate and difficult problem, we

shall incur the smallest error from & none too relisble solution if we use the

Hall effect to determine n and u. The fact that the Hall effect is nearly inde-

pendent of the anisotropy of the crystal when measured for a weak magnetic field
! {

is & further advantage of this method. ‘

Experiments designed for measurement of the Hall effect in metals and the
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semlconductors have indicated that the lower conductivity of semiconductors may be.
explained by smaller concentrations of current carriers. 'Concerning the mobility

1_1_.,: this quantity can be both larger and smeller in semiconductors than in metals.

cm2

v.sec &t

Whereas the mobility in metals will norm%lly amount to hundreds of
' room temperature, this quant ity varies in semiconductors from unit numbers to tens,

2 i
of thousands of £ (InSb - 80,000; InAs - 30,000).

Vesec
It is therefore of interest to note 'that high mobility of current carriers

i : . i
can be observed in solids despite small conductivity velues. 1f, for instance, a
dlamond -- normally a good insulator -- iéls subjected to electromagnetic or corpus- .
, |
cular radiation, free electrons may be created in it and the passage of a weak cur-
|

1

| rent through it may also be observed; in ‘this case, it develops that the mobility

i 2
of the electrons participating in the curlrent attains a value of 1000 Sr]?sec ’

} 1.e., exceeds that of the electrons in ty;rpical metals.  The same can be observed
!
| in semiconductors at low temperatures, whlen the mobility attains hundreds of

2
thousands of srmsec with very low ccnductivity We shail return to the problem

of the mobility of current carriers and of its physicai significance after having

familiarized ourselves with a number of important aspects of the electronic theory

l
Experiments in the measurement of the Hall effect in semiconductors have shown

that the strong influence of température , light and impurities on their conductiv- |
1

i
ity is basically the result of a change in the concentretion of current carriers,

of crystals. ‘ i
!

i
|
although it should be noted that apprecia.ble though mucz more weakly manifested

4

| changes in mobility occur upon a change in temperature aad upon the introductlon
of impurities. Similar experiments made with metals irdiczate that their current-
; carrier concentrations are practically constant while the effects of temperature
and 1mpgrities are asserteé. in the leng;t;hI of free path only, or, which is the same '

i
v, ‘-thipg, :ix} the mobility value ,(which s howe;ver , 1s not always used in describing the '
- - . ’ -

@aiéé%ﬂé"‘prdivértiés of metals).
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. - i
The very sharp drop in the concentration of current carriers which is often

observed in semiconductors upon a decline in temperature suggests that the conduct~-!

ing state of such materials is a state of excitation, and thaf.semiconductors must é‘

become nonconductors at sbsolute zero due to the total "condensation™ of‘the-qlecé ;" '

¢ -

tron gas, which begins - to "evaporate" as the temperature rises dbo%e abéolﬁte Zero,’
and to a greater extent as the temperature of the body increases. The strong'in-
fluence of light also becomes understandable from this point of view: electromagnetic
quanta (photons) which are sbsorbed by the solid provide the current carriers with
the energy necessary for their "evaporation," or, better said, their activation.

This conclusion, combined with what we have said above concerning the nature
of the current carriers, enables us to establish points of resemblance and dissim-
ilarity between the three classes of solid conductors: metals, semiconductors and
electrolytes. Considered current carriers, semiconductors are similar to metals
and not to electrolytes; from the viewpoint of the energy aspect of the conductive
state itself, semiconductors are similar not to metals but to electrolytes, in which
the state of conductivity is also one of excitation.” The concentration of current
carriers 1s practically independent of the effects of temperature and light; in
semiconductors these factors exert decisive influence on concentration, although
it 1s necessary to meke the reservation that this conclusion is not universally
valid. In every semiconductor there exlsts a temperature range in which -the con-
centration remalns constant, and the influence of light, even when absorbed by the .

semiconductor, is not necessarily asserted in its conductivity.

The concentration of current carriers in some semiconductors remains constant

over a very wide range extending to the lowest temperatures, as in the case of
metals. Such substances are not normal metals, since, first, their concentration
of current carriers is relatively low and, second, it increases rapidly with rising
temperature as soon as the latter reaches a certain value which is quite definite

-for each of these substances (see page 87 ). Such materials, which possess metallic

19

e —————T A AR S |
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properties at low and medium ’c,empera:l:u:resl and the properties of semiconductors at
elevated and high temperatures are called semimetals. Semimetals are used in tech-
nology at the present time because their electrical and thermal properties still

come closest to satisfying the requiremen:bs made of materials for thermogenerator

l
|
Similarly, even our conclusion concerning the strong effect of light on the

. construction.

, conductivity of semiconductors is not universal. The influence of light varies
i !

}from a degree barely perceptible even with the most precise measurement to a tre-

mendous effect in which the conductivity under illumination is increased thousands |,

and even millions of times as compared to the dark conductivity. This phenomenon,

which has been named photoconductivity, is highly selective: this means that it is

|
not observed under the influence of light, of any wave length, but only under that

‘

of electromagnetic radiation at wave lengths confined to a relatively narrow range
which is frequently situated outside the wvisible band of the spectrum.

H Continuing our reservations in regard to the universal prevalence of wide

variation in the concentration of current ¢arriers in semiconductors, it should be

pointed out that even the presence of impurities does not always exert any great

linfluence. In certain. semiconductors, the introduction of trace ( < 0.01%) quan-
! |

11‘.1‘6185 of impurities increases condnctivi‘lby thousands or even millions of times;

the same proced.ure in other senﬂ.conductors interferes w:.th thelr conductivity to a

— e — T = .
inearly imperceptible degree. Trace impurities of one chemical nature may prove

highly effective with a given semiconductor, while other chemical impurities intro-.

| .
.duced in much larger quantities have but ?.weak effect on conductivity; here it i
|

sometimes happens that conductivity- decreases, instead of increasing, as a result

of the introduction of impu.r:.ties

l
1
|
|
i
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CEAPTER II

THE SIGN OF THE CURRENT-CARRTER CHARGE'
IN SEMICONDUCTORS: ELECTRONS AND HOIES

¥ . )
It was pointed out gbove in explaining the the nature of the Hall effect that the di-

g
|

' current-carrier charge; it was noted furt'her that the mechanism of conductivity in .
| | '
. the semiconductor meterials which interest us here is electronic. It might be
i f

assumed that these two conditions should make it possible to draw a definite con-

i
I
|

i
rection of the transverse Hall electric field is uniquely related to the sign of the

! H
' clusion as to the direction of the Hall electric field which should be obtained in
l -
" investigations of such materials. However, it was observed long ago--and long re-
)

i i
mained an enigma--that the "correct" direction of the Hall electric field occurs as
' often as the "incorrect" direction--i.e.,' the reverse direction. The correct direc-

! .
' tions, which correspond to the negative sign of the electronic charge, came to be

! l
‘ referred to as cases of negative or n-conductivity, and the "incorrect” cases are |

‘ [

said to be characterized by positive or p-conductivity. Experimenté have ind.'ics.a.‘t;edl

i

and theory has confirmed that the sign of the conductivity observed in the Hall l
! !

effect also appears in certain other gaivanomaguetic and thermomagnetic effects,

i

“as well as in the thermoelectric effect. The latter provides the simplest method

by which to determine the sign of conductivity, since all that is necessary for

this purpose is to determine the direction of the thermoelectromotive force which |
1

arises upon nonuniform heating of the conductor; this method does not require ex-

ternal electric-or magnetic-field source .

Experiment indicates further that the sign of conductivity in a given

R
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semiconductor may change either upon variation of temperature or the introduction

of one or another impurity. Thus, for instance, for tellurium of average purity
the sign of conductivity is always positive at the temperature of liquid air,

irrespective of the nature of the impurities: as the temperature is elevated to

' room temperature, the sign of conductivity becomes negative, and with further
" elevation of temperature to several hundred degrees above room temperature, it be-
comes positive again. In some semiconductors, including germanium, silicon, sul-
. fide of lead, telluride of lead and many others, the sign of conductivity changes
in dependence upon the chemical nature of the impurities which they contain. In
others, the sign of conductivity is indep:endent of the chemical nature of the im~
purities; thus,. for example, we deal constantly with cuprous oxide, copper sulflde,
‘ selenium, menganese [sesqui-] oxide and other similar semiconductors whose con- ,
i quetivity is always positive; on the other hand, the oxides of zinc, aluminum-and
titanium and the sulfides of silver, cadzcium and mercury are examples of semicon-
' ductors whose conductivity is alwayc negal.tive. . {
Since the possibility of pa.rticipa.t:il:on of positively charged ions in the elec-
tric current is excluded by the experimez{tally established fact of the absence of |

electrolytic decomposition in the su‘bstat%ces of interest to us, the thought of
i H
possible participation of positrons in the electric current occurs to us first when
1

we turn to consideration of positive condluctivity in electron conductors. Yet this
]

i
hyvothesis will be rejected immediately when we consider that positrons are not

stable in a medium containing electrons, 'Iand. that the formation of positrons is

associated with the consumption of a tremendous energy (1 Mev) which cannot possi—

bly occur 1n a nonradioa.ctlve ma'terlal, %he average thermal energy of atoms in a
i solitl at room tempera.ture a.mounts to seve[ra.l hundredths of an ev, while the energy

increase in current carriers in an externa.l electric field, does not even exceed a
: e )

I hundredth of this va.lue. Thus there remins only to search for some other expla- ’

. o _:na.tion of the fact that electronic conductivity ma.y manifest itself in different
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ways--elther in the form cf a simple mot’ion of negatively charged helectrons vhich

is readily understood from elementary concepts » or in the form of some othe:r, more

complex motion of these pa.rticles which %.s equiva.lent to the motion of positive

|
|

charges vhich, as experimenta shov, have} approximate]y the same _mass as the elec-

1 A
trons participating in negative conduct1v1ty. A valid and rigorous explanat:xon of

' this paradoxix_al phenomenon has been found in the course of the theoretica.l smdy of

1
electron behav:.or in the crystal lattice of a solid. In essence, this explana.tion

" is assoc:uated with the particular wave proper‘bies of electrons e.nd vith the period-
ic structure of the crystal lattice. 'l'he rigorous treatment of this problem is
carried out with the aid of the complex ;athematical apparatus of contemporary wave
mechanics, which does not wovmit exposit:;lon of the physical essence of this phenom-
enon on the basis of the grapni-~ concepii;s of. classical physics. Nevertheless, and
accurate, though not rigorous interp;‘etat!ion of the experimentally established
fact that two types of conductivity exis t way be presented without reference to the

: difficuit mathematics involved in the qu;ntlm theory, using as a basis the general,

+ concepts of atomic structure which are kﬂown to us from general physics courses.
i

' By generalizing these concepts, it is posdsible to construct a descriptive model of

|
l ferences in the electrical properties of metals, semiconductors and insulators,

| . z

and, secondly, explains the observed effects of temperature, light and impurities

i
a solid which demonstrates, firstly, the cause of the experimentally observed dif-

on the conductivity of semiconductors which form the basis for their technological

[i applications.
I

Iet us proceed from the familiar aséumption that the electrons of free atoms

i i
may not possess arbitrary energy values, but only quite definite or, so to spesak,

I- discrete, quantized values which are separated from one another by wide forbidden
intervals. The energy levels of electrons in an isolated atom, as is known, may
ibt—: represented schematically in the form !of a vertical series of linesj; their posi-~

. - i
tions in this series correspond to the energies of a given state (see the right
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éidle of Fig'. 4). The intervals between tllne lines correspond to the intervals of
i
forbidden energy values. A second circumstance which we must take into account

in constructing the general scheme of the motion of electrons in a solid consists

i

in the fact that according to the Pauli principle,which is the basis of the quantum

theory of the atom, no more than two electrons can exist in one quantum state,
|

' which is determined by three quantum numbers. In the course of formation of a

! solid through the union of individual atoms, the effect of the above restrictive
laws begins to apply to the e.ntire microscopic volume of the solid which, in this

: instance, should be considered as a giga.ntic molecule consisting of a grea.t number
of a.toms. Quantum theory indicates that as identical atoms draw together and

atomic interaction begins to influence the energy states of electroms, levels which
: i

were identical in the case of the free atoms are now displaced along the energy
scale by an amount which increases with increasing interaction between atoms--i.e. s,

with their approach to one another. There formsin the solid, from N identical
|

levels of the widely separated atoms, an lenergy band consisting of N closely

Juxtaposed different levels. It will be recalled that 1 cm3 of a solid contains

I

approximately 1022 - 1023 atoms. The entire tremendous number of electrons in the ;
section of the solid with which we are ex‘perimenting form a colleci;ive and present l
a single system which is subJect to the sla.me quantum laws as the limited electron !
system of .the individual atom. Yet instead of the restricted level of an individ-

t

ual atom,which contains no more than two Ie:hect:r:ons (if the level is not degenerate),
. 1

- . i
wide energy bands containing as many Jeveils as there are atoms in the section under

consideration form in the sohd If an eﬁergy level in a free atom is g-fold de-
- [
generate ’ \the energy band formed from 11: m.ay also be degenerate, and in this case

[

2g electrons ma.y be cﬁstributed. in each level of the band; bu’c 1nstances are also

’ ,.’.., R

possible when, under the 1nf1uence of the internal electric fJ.cld. of the crystal,

this energy 'band is decomposed, mto several bands (the ma.:dmm number of which ‘may,
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-

- ]
which characterizes the multiplicity of degeneration of an atomic energy level, is

L
l‘t',he number of different states of the gi'vén atom which possess equal energy.

Moreover, it is necessary tc note t'llmt the order of band distribution in the

e eae = = s et s A

) ,.enjergy diagram of a so]id mey not correspond to the order of energy-level distri-
1‘l:»m::mn in the free atom; in this case ,' electrons are redistributed according to the
‘ o . !
"Pauld principle in-the course of formation of the solid, .in such a way as to occupy

i . N : -
tall lower levels of the energy spectrum. The left side of Fig. 4 presents sche-

Fig. 4. Splitting of levels occuring on the rapprochement of
atoms, and the formation of the energy spectrum in a solid.
Distances between energy levels are not given to scale; I,
stands for interatomic distance in a crystal.

|

i
i

i
matically the genesis of energy bands in & solid as atoms draw together. The bands,

|

or, better said, the intervals of allowed énergy values are separated from one an-
L'bher by intervals of forbidden energy val‘ues; for the external, so-called valence
electrons, the latter have a width of the ‘same order as that of the allowed energy
intervals (see Fig. 5). These intervals (:bands or ranges) of allowed and forbidden |
!

energy velues are referred to as energy ba."nds. As seen from Fig. 5, the width of

“he allowed bands increases with increasing energy of state, while the width of the '
\:for'bidden bands decreases in the same direiction. As in the case of an individual !
ptom, in which a guantum level may be either filled or unfilled (or partially filled%),
the energy bands in a solid may be filled ‘Lbo different degrees (in extreme instances\_,
|

i'they can be either completely filled or co!Lrpletely empty). And just as in an

25
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|
individual atom, where the transition of an electron from a lower quantum level
: |
to a higher one requires an external energy source equal to the difference in energy.:
i !

‘between these levels, it is necessa.zly fo:; the displacement of an electron from a
lover. to a higher energy band in a solid. to consume an energy equal to the width
of the forbidden band which lies between .them. The same condition must also be
p‘bserved. in the case of electron displacement within the boundaries of a single
allowed band. An energy equal to the difference between the respective levels is
liberated iﬁ the reverse transitions.

The density of the levels in the
alloved bands is very large, since the
width of the enmergy bands in a solid does
not exceed several electron-volts, while
the number of levels in them is equal to
the number of atoms in the volume of the

solid. With 1022 atoms--a number corre-

sponding to a solid volume of approxi-
mately 1 cm3 -~ the difference in energy

etween the neighboring levels amounts to'
10-22 ev. This condition permits us to
Fig. 5. Scheme of energy bands in

a solid. iassume that the energy levels in a band
form a practica.lly continuous spectrum, and that the displacement of electrons
wlthin the boundaries of one band occurs quite readily. In particular, the energy

which an electron acqulres over its free path (10-1‘ to 10 l ev) greatly exceeds the
|

|

energy vhich separates adjacent levels in a band. It should be noted here, inci-

'

'_dentally, that the avera.ge thermal energy of a vibra.tlng a‘bom in a solid at room

i

_'tempera.ture a.mouuts to 0. 05 ev, and ‘that ;the thermal energy of the crystal lattice

L may be transferred to electrons s which ccrresponds in the energy diagra.m to 'the

e - BN
SN -n

transition of electrons to higher 1evels. It follows ﬁ'om these definitions that

PR -~ F

::STAT .
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either an externzl electric field or thermal vibrations of the atoms in a crystal

lattice mey bring about displacement of electrons within the limits of a given L

band. Turning to the possibility of transitions 'between adjacent ‘bands . vhich

' for valence electrons s “are separated ‘by for'b:i dden ‘zones the width of which 1s of
the order of one to several electron—vc" ts, we find that the me chanisms of elec-
trical and thermal excitation are to be contrasted. An ordinary (nmot very strong) :

' electric field cannot impart -'bcr an electron, over its mean free pafh, an energy

‘ any greater than thousandths of eh electron-volt, while the mechanism of thermal

' excitation, due to the statistical distribtution of the thermal energy of the en-
tire crystal among its individual ators end the possible resulting fluctuations,
is subject to no upper limit for the emergy which can be transferred to an elec-

tron. Thus the thermal mechanism of excitetion can bring about both intraband and,

interband transitions. Statistical fluctuations in the free path of the electroms
in which the energy imparted to an electron by the external electric field proves
sufficient for an interband transitior play a negligible part by comparison to the1

thermal fluctuations indicated above. It should be noted here, however, that an

electric field can also bring about electron transitions from one band to another .
. !
if the allowed bands overlap in the sexe renner as the 35 and 3p bands in Fig. 4.

ll
.

|

which light quanta (photons) acting upcn electrons can give rise to energy ‘l;ra.nsi-i

It will be necessary for us to return repeatedly to these problems. The extent to

" tions may be judged from the fact that the energy of ome phs’con of visible light
entirely absorbed by one electron is eprroximately equal to 2-3 ev. This ques-
tion, too, will be discussed in greater detail. Iet us return to the effect of the
external electric field created by an electric current.

Let us emphasize that for the present purpose we draw no distinction between
semiconductors, metals and insulators, and refer to the most general case of a

solid consisting of atoms (or ions) disiributed in an ordered manner.

“We already know that an electric current is a directed motion of charged
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' particles, produced by the application of an external electric field to the sub-

stance. Under the influence of the field, the charged particles {the motion of
which in the absence of a field is chaotic) are accelerated in the direction of the
field (electrons are accelerated from the cathode to the anode--i.e,, against the
field) and experience an increase in energy over the region of their free path. On
ccllision with the scattering centers at the end of the free-path region, the elec-
trons transfer the energy which they have accumulated in the eleetric field to the
lattice in the form of heat. Such is the microscopic pattern of the heat effect of
en electric current. Should the solid represent an ideal crystal, the wave proper-
'hies of electrons, according to quantum mechanics, would assure their unobstructed
motion within such a crystal. Only deviations fram strict periodicity as a result
of thermal vibrations of atoms » the various lattice u.efects » and impurities cause
the electrons to move in a zig-zag fashion in a solld, abandoning their rectilinear
course as do the molecules of a gs. It follows from this physical scheme that the
existence of an electric current is a result of a process of acceleration of elec-
trons over their free Peth by the external field, to which the displacement of elec—
trons across adjacent levels of an allowed band corresponds in the energy-band dia-
gram; the reason for the insbility of an electron to transfer into the next superiar
band in an ardinary moderate field.(<100v/cm) bas already been indicated above.
These energy considerations determine a necessa:cy, but insufficient condition for
the actusl transition of an electron. Since each quantum level accommodates only
‘two electrons s the electron energy transition further requires that the energy lev-
‘els to which the electron can be transferred by the field be vacant or not fuJ_ly oc-
cupied This second condition relates both to transitions within the boundaries of
one ‘band corresponding to the participation of electrons in the electric current
.and to the energy transitlon of electrons across a forbidden band from One allowed
lband. to a.nother. The laet type of transition, which can be brought a.hout by the

a.ct:l.on of hea.t, light and strong electric fields » plays a basic a.nd decisive role

A
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in determining the electrical properties: of the group of solids called semiconduct-

g !

ors. i '
Thus the question of whether an electric current will occur in a solid under

the influence of an electric field is resolved depending on the structure of the

energy bands and on the extent to which these are occupied by electrons. In the

, same manrer in which a quantum shell of an atom may be filled (for example, in the

; case of inert gases) or unfilled (for example, in the case of the alkali metals and

i

!

i

halogens) > and indeed, as a result of this, an allowed energy band of a solid may

be entirely filled or partially filled. If a band is-not completely filled, its

] electrons are able to participate in electric current; in the opposite case, they

cannot do so.

In the majority of cases > but not always, the situation is ag follows:

electrons which form completed groups in the free atoms create, during the process

-

of the formation of a solid from these atoms, energy bands all levels of which are

filled. Examples of this are -the atomic lattices of helium, neon, argon and others.
In a solid, the zones of excitation into which electrons may be ejected from ad-

Jacent zones correspond to the excited levels of the free atom which are not filled.

in the normal state.

As an example of a substance with an unfilled upper normal band let us con-

sider the alkali metal sodium. .We know that in a sodium atom, the first quantum
1

i shell, comprising 2 electrons » and the second qua.ntum shell, comprising 8 electrons »

are completely filled' the outer-shell eleventh valence electron of the sodium atom

occupies the 3s level,which it only half f:.lls. Upon formation of solid sodium,

the valence electrons are "collectivized"-;i.e., they now no longer belong to in-
1

dividual atoms of solid sodium but to the entire lattice, and form an s-band which
a

is likewise only half—filled In sol‘id sodium, the completely occupied bands which
[~

unify all electrons of the same atomic state correspona to the completed. first and

£

. second q_uantum she]_ls of the free soclium atom. According to wha.t has been-said {

-

— ' . 7 : - . _ _2
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L

above, an external electric field can ca.u]se electron displac..ments only in the un-

filled valence band, and one electron per atom will pa.rticipate in the cun-ent

created in the sodium, the remaining elechons of the sodium atoms cannot pa.rtici- .

~,

pate in the current, since all levels in tLe bands in vhich they are situated are

occupied. Naturally, these electrons may’ be ejected into a superior ’ unﬁlled band;

under the action of heat and light and, hz'wing attained.it, are able to participate

in the electric current. As indicated by[ calculation, however, the concentration

i of these excited electrons is always very' small compa.red to normal electron concen-

i
tration in the valence band of sodium («v' 1022 cm-3) » From the standpoint of the .
. | i
general band theory relating to all solid'bodies » this is why 50114 sodium (and the

remaining alkali crystals) is a gocd conductor of electric current--i.e. , is a

'
i

.metal in which the concentration of current carriers is independent of temperature.

( !
As an example of the contrary case--i.e., that of a solid in which no pa.rtially'

filled bands exist, let us consider the rock-salt crystal NaCl. In the solid rock .
salt, the valence g-electron of the sodium atom transfers to the chlorine atom, in

which the external 3p-subshell, which contains five electrons, is one short of the

.number required for completion. The transition of one electron from sodium to

chlorine is conditioned by an energy advarlltage » since the energy of 'the crystal

diminishes therewith. With the transition of one electron from sodium to chlorine sl

-the outer shell of the latter, which has now become a C1~ ion, is entirely filled,

Just as is the case with argon--the closeét neighbor of chlorine.. Another conse-
quence of this transition is the loss of the outer sodium shell, as a consequence
of which the sodium becomes a Nat ion whiéh henceforth possesses the same outer

shell as the inex;t neon. When a crystal :il.s formed from Na* and C1~ ions bound to-

gether by normal electrostatic forces of attraction, the energy band which embraces
| |

all external electrons of the C1 ions is completely filled. All bende below it are

i

also entirely filled, while the 3gNa band'of states sbove it is completely void in l

i
this case (see Fig., 6). . |

The conditions set forth above for tk'xe occurrence of an electric current make |
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. - I
it clear that 1f’no transitions from the £illed to the void zone are excited, such

a erystal vill be a nonconductor. Experiments show that conductivity may be ob-

‘served in crystals of this type under cerLa.in conditiom;. ."c .

-
-t -~

<

It follows from the theory ‘which we bave presented that the ejection of elec- l
i

trons into the unfilled band which, for this-reason, is called the conduction :band,-

is the condition for the occcurrence of conductivity. The band of the neutral state
of sodium atoms--3gNa--is this band in th;a NaCl crystal. To permit an electron to .
-tra.nsfer from the valence band 3pCl into *‘this band it is necessary to impart to it ;
la.n energy equal to the width of the forbidden region located between them (=6 ev)

This electron transition, and the occurrence of conductivity which results

In a lattice consisting of Na and C1~ ions » the electron returns to its original

Prlace, making the transfer from C1 to Nat » under the influence of an appropriate

l
!
.from it, will admittedly be more comprehensible if presented in the following way:

exciting agency (in this case, ultraviole‘L light).

Consequently, two neutral Na and C1 i

; !
atoms appear simultaneously in the lattice.

'

Yet the neutral state of these atoms,

fwhich are surrounded by ions, does not
l
remain Jocalized; instead it migrates in

|
|

|-
a random manner through the crystal, trans-

Fig. 6. Scheme of upper energy

bands in NaCl crystal. ferring from neutral atoms to ions. These |
! : i
i

|

sodium atoms to any adjacent sodium ions, and by transition of electrons from any \
] .
chlorine ions adjacent to neutral chlorinc to these neutral chlorine atoms. The

i
neutral-state migrations are accomplished by transition of electrons from neutral

!physical principles which facilitate the electron transitions between atoms or ioms
of a dielectric medium will be discussed specifically below. Iet us turn our

attention to the fact that the initial transition of one electron created two
|

|
i
|‘chains of states which migrated through space in a random manner: one along & line

l

31
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of l(a.+ ions, and another along a line of él- jons. Upon the application of an ex- -‘
ternal electric field, these random migra'i‘.ions acquire a certain directional char-
acter, since the electrons, which effect these ;nigrations by Jjumping from neutral
atoms to ions in a manner comparable to a relay race, begin to move preferentially
in the direction opposed to that of the field. The neutral state of sodium brought

about by transition of an electron from some neutral atom to the closest Na.+ ion

moves preferentially from the anode toward the cathode, by which it is absorbed.

Similarly,the neutral state of chlorine, which is brought about by the above-de-

scribed "relay" tramnsition of an electr'on from any chlorine ion among those grouped
around a neutral atom to the latter, moves preferentially from the cathode to the
anode,and is absorbed by the latter. In 1II‘.he latter case, instead of speaking of
the transition of an electron from any one of the chlorine ions surrounding it to

some neutral chlorine atom which contains one electron less than the surrounding

!
chlorine ions, one might speak of the transition of an electron deficiency--which

may be referred to as a hole--from the neutral chlorine atom in question to an
|

adjJacent chlorine ion. In this case, the transition process along the chain of

chlorine ions will be the same as that along the sodium chain, with the sole dif-

)
ference that the electrons which bring about the migration of neutral sodium states
move from the cathode toward the anode, while the holes, which accomplish the mi-

gration of the neutral chlorine states, move in the opposite direction. This cir-

cumstance enables us to describe the hole-migration effect as the motion of positivel.
- i

charges. Both processes brought about by electron migration in a weak electric
. ’ ! |
field will be registered in a closed electrical circuit containing a light-excited
_— . ! :
R fré.glnént of rcck salt as a weak electric c¢urrent which does not result in electro-
| 5
;r .
Thus y & rela.y motion of numerous electrons occurs in a NaCl crystal upon the

Iytic decomposition of the substance.

- excitation of a single'jelectron and. its tra.nsfer from a Cl ion to a Na' ion. This

i motim; my be describei as simultaneous motions of one negatively charged electron
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] .
a.nd. one positively charged hole, with the motion of each of these charges occurring;

L}

only along routes which pass through idenil'.ical lattice points, and not in random
! -
directions within the crystal. The conducting electron moves along the points

occupied by sodium ions, and the hole along those occupied by chlorine ions. We

shall return to these significant conclusions in our further discussion. Iet us |

note for now that it is directly related to the problem of the nature of the positive
) 1
conductivity observed in experimental studies of the Hall effect, electromotive
i

force, etc., although the comparatively simple classical pattern of crystal conduct-
i

ivity presented can give no definitive explanation of the existence of two types of

|
conductivity--negative and positive.

|
For better clarification of the generial physical pattern of the electrical

1
! f
properties of solids, one should explain these matters for the case of crystals of '
elements of the alkaline earth group: Be, Mg, Ca, etc., whose free atoms possess '
entirely filled valence s-shelis. On the ‘basis of the general qualitative re]ntion_-

ships set forth above, we should have expected solid substances composed of such

atoms to behave as nonconductors,since it ‘would seem that the energy bands of such
substances should be entirely filled. In actual fact, however, these substances

are typical metals. The band theory of sqlids explains this instance in the follow-

ing manner.

It was shown abov;a ti:at the excited energy levels of free atoms, which are
vacant when the atoms are in the normal state, create corresponding energy bands in
a solid consisting of such atoms. Howeverl , while the excited levels are necessa.rilyl
separated from the normal levels by forbidden bands in an isolated atom and loca’ced.;
above’ the normal 1evels in the energy diagram, the band created in the solid due to ‘
the splitting off‘of the first excited level can superpose 1tse £ upon the valence
band in such a way that a forbidden region no longer exists between them. The -

situa.tion thus described is represented in Fig. L, which shows the mbrication of i

the 2"'22 r_a.nd v 3"32 'bands. The figurj shcws that certain s-band . levels prove _ C
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[ -
110 be located lower than some of the p-'batlxd levels, so that in the normal, uuexcitel

‘state the valence electrons will d.istri'bule themselves in the‘lm;er section :of“thc -

|

iexpanded, com’bined (s + P)-band without £ lling 1t entirely. Bu‘b once this upper

- hybrid band, which contains valence electrons,is partially occupied an externa.l )
}
i

electric field may cause displacement of electrons across the vacant levels of this
oa.nd ,and an electric current nay arise in thc golid body. Thus the metallic properties ;
'of alkaline~earth ci‘ystals are explained 1‘oy the overlapping of energy bands.

I However, the order of energy band diitrl’bution in a solid substance does not
lalwa.ys correspond to the order of dlstrlbxlztion of the corresponding energy levels
gthe free atom. A band created by the splitting of a lower atomic level may appear
|as a higher one in the energy spectrum of the solid, so that a vacant band in th;
esol:m. may correspond to levels filled by electrons in the free atom. Tellurium’
(see Fig: T7), in whose free atoms four external electrons occupy the degenerate

5p level, may serve to provide an example of such a situation. The full capacity of
. the p-level in the atoms is 6 electrons, as we already know. Should this level,

remaining degenerate as the association of tellurium atoms progresses, form one

band in the tellurium crystal, the latter{would be a metal with an unfilled 5p-band.

|
|
|
|
5
i

However, conditions in solid tellurium are such that the degeneracy of the energy
’bands is eliminated by the influence of the electric field of the crystal: the

i .

threefold-degenerate 5p-band is split into three bands , one of which moves sharply

i

‘upward in the energy diagram and, vith the nominal pa.ra.meters of the tellurium
l
crysta.l lattice, assumes a position even ligher than that of the excited--(i.e.,
|

'conducting) state band which proceeds from the S_Q.-level. Thus this band (cross-

'ha‘tched in Fig. 7) proves to be entirely vacant in solld tellurium. The remaining

i1‘:1'70 bands, both of which are genetically related to the 5p-level, are populated by |
] =

a full complement of electrone --i’ou.'r per atom--and separated from the nearest free

band-—the 5d conductlion band-by a forbldden interval ~—0.32 ev in width. Thus

does theory explain the experimentally established fact that solid tellurium is &
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gemiconductor and not a metal.

In some instances, it proves quite 1{?1possible to obtain positive identificatioﬁ

of an energy band of a solid with any def%nite atomic level. This is the case,

for instance, with the diamond lattice (séze Fig. 8). In free carbon atoms, four
valence electrons are distributed in peirs at the 2s and ep levels, which have a
total capacity of 8 electrons. With the association of carbon atoms in the con-
figuration which corresponds to the diamond lattice, the 2s and 2p atomic levels
Efirst expand into individual bands with c?.pacities of 2 and 6 electrons; as the

atoms draw still closer together, a s:lnglel united band with a capacity of 8 elec-
trons per atom is formed, and finally, when the interatomic distances have dimin-

ished to the point at which their values now correspond to the nominal parameters

of the diamond lattice, this united band ?plits into two bands, each with a capacity

of 4 electrons per atom. Since these two bands are separated by a wide forbidden
]
region (=6 ev) in the diamond lattice, the four vaelence electrons of carbon dis-

tribute themselves in the lower band, whit'lzh they complete, and the diamond crystal

proves to be nonconductive. A pattern similar to the one described occurs in the

|

germanium and silicon lattices, but since the energy gap separating the split-off

(g + p) bands in germanium and silicon is of the order of 1 ev, these substances

prove to be semiconductors.

Thus we see that the valence bonds between the atoms in atomic lattices are
l

strong enough to divest the energy spectrum of the valence electrons of the crystal

i
of all resemblance to the spectrum of the,same electrons in the free atoms.

. !
The examples which we have discussed enable us to summarize the basic concepts
I ] " B

of the band theory which explain, from a éonsistent standpoint, the experimentally

observed wide d.iver51ty in the electrical propertles of solid substances.
!

1. A solid substance represents a single system in which the ‘energy states of

electrons form pra.ctically continuous ba.nd.s separated from one another by in*ervals;

of forbidden energy va.lues--the forbidden bands. Only the valence band and the \ .

35
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first excited-state band, which is situated above it, participate in the process of |
!

3conduction in solids. The energy ranges of these bands are of the order of ome to.

! P - . .

several electron-volts. It will be recalled that the emergy unit 1 ev is the basic

1

measure of energy in’ the fields of atomic ‘and electronic phenomena; and is equal to

. '1.6"10"12 erg. . : o s ) N
ft ’ : Tﬁe energy gap--i.e., the ﬁdth of.
| 'the forbidden bands which we encounter in
investigating the -conductivities of sol’idj
;su‘bstances, varies from 8 ev to zero, and..
may even be negative. This last possi-
bility relates to ‘the case in which the
allowed énergy bands overlap in such a
manner as to place the lower b;)undary of
the upper band (bottom of the band) 'belov‘
i
‘the upper boundary of the underlying 'ba.nd.,'
2. In a solid substance, an electr:i.c|

.current may arise at any temperature pro-

Fig., 7. Formation of energy bands i )
from atomic levels in tellurium. vided that the valence band or the

i
1
l
!

Fig. 8. Formation of energy bands from atomic levels in diamond.

36
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[ |
icombined zone formed by the overlapping bands is not entirely filled with electrons.
]

!In this case, energy transitions occur freely as a result of acceleration of elec-.

1

|
‘trons in the external electric field,and the conductivity ‘of such a solid is metal-i
- - st T : !

1. lic in nature.

3. If the valence band of & solid with an idea’(J.v ordered lattice is entirely
filled and the overlying vacant band of excited states is separated from it by a -

forbidden region of finite width, such a solid will be a perfect insulator at abso-,

'lute zero, in absence of irradiation and in a none too strong electric field. With: 1
:rising temperature or under luminous radiz;.tion, electrons will te ejected from the i
lva.lence band into the overlying band of e:lccited states, and, having attained the
%latter, will be in a position to participete in conductivity; hence this band is :
i 1

| i .
called the conduction band. As distinguished from a metal, for which the state of

1

|
conductivity is its normal state and does not require any electron transitions into'

the overlying band, the state of conductivity of a solid substance with an entirely

|
'filled band is an excited state. I

i

!

! k. The width of the forbidden band varies with temperature for two reasons: ;
| \

;
1) the amplitude of the thermal vibrations of an atomic lattice varies with tempera-

l

‘ture , and 2) a change in temperature causes a change in the volume of the su'bstance,

l
|or , what is the same thing,cha.ngesin 1ts interatomic distances. The first effect

I
always results in a narrowing of the forbidden band with rising temperature; the

. !
second mey lead either to narrowing or widening of this zone with rising temperature )

i
depending on the shape of curves in the specific energy-band diagram. Figure 9 illus-

'trates the influence of the second effect --the variation in the width of the for- !
!bidden band of a crystal with variation in the crystal-lattice constant:the curves

i t

!vhich correspond to the limits of the valence band of conductivity and thereby de-

‘termine the width of the forbidden band may converge as the interatomic distances

} 4
,diminish and then diverge as these distances diminish further; if the lattice con- _

stant in the normal state of a crystal is 9'2-2’ a decline in interatomic distances !
P
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fos

I :
causes the width of the forbidden band A-Ea to diminish; and if the normal state

of a crystal is characterized by the lattice constant 3-,1, the drawing :l;ogether of

the atoms results in widening of the forbidden band. ;

1

As a result of superposition of the two above-mentioned effects the width of
!

'the forbidden band increases with rising temperature in some semiconductors, while
‘in others it declines. Thus the influence of pressure, which affects only the

interatomic distances, also results on occasion in widening of the forbidden band

and sometimes in its becoming narrower.

5. When the mechanism which excites conductivity is of a thermal nature, the

nunber of electrons ejected from the valence band into the conduction band increases
|

very rapidly with rising temperature. On’ the other hand, the reverse processes of

| t
electron recombination, which consist in the return of electrons from the conduction

band into the valence band, also occur in.a solid simultaneously with the processes .

of their excitation. This means that the state of conductivity in each current

Fig. 9. Effect of changes in iriteratomic distances on width of
forbidden band.

carrier is'_pres.ervet'i only for a certain period of time, which is called its lifetime

: To: .The mximm value of this. quantity (vhich depends to a great degree on the

<

per?e'cf;:on‘, gf the c'ryst_al‘lattice) ha.s'_ bein 'observed in Ge and Si to’ be 10-3

gec,

38
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. .
,and is much smaller in other semiconductors: for PbS y .‘LO'5 sec; for InSb, :LO'7 sec.,

|
|
i
!

The intensity of the recombination processes is proportional both to the number of

excited electrons and to the number of vaca.ncies left behind. them, and., when these
numbers are equal, increa.ses as the square of the number of excited electrons. A
state of equilibrium is established at any given temperature of the suhstance &S a

result of the competit‘ion between the excitation and recombination processes. The

concentration of excited electrons in thié state is eq_gal tq_:

2(27V mpmp kT ) - A&, (1)

“2kT:

- ==

_i— h3

-In this formula,AR, is the width of the forbidden bend, T is the absolute

temperature of the substance, k is the Boltzmann constant = l.'38'10-l6 erg/degree, |
=1:_1 is the Planck constant = 6.62'10'27 erg sec, and m is the effective mass of the :
i ! .
current carriers. The significance of the subscripts n and p to the effective-mass

t

?symbols will be explained below in the discussion of the nature of positive conductd
!

ivity (see page 44 ),

According to Formula (4), the ejectioln of electrons into the band of conduct-
i:lvity, which requires a definite expenciitllre of energy, may occur at any temperaturé
lo:ﬁ‘ the substa.nce--—even extremely low ones. In this connection, it might not be |
amiss to clarify this circumstance in more detail, and incidentally, to bring out !

‘the reason for the exponential dependency of concentration on temperature. The

I
|
’ |
average thermal energy of a vibrating lattice atom clearly depends on the tempera-
'ture of the substance, and, at a certain, sufficiently low temperature, may become |

‘much smaller than the energ‘yAE0 which must necessarily be consumed for a single‘

l

electron-excitation event, In this case, why raise the gquestion whether excitation'
| )
|
|
1

processes occur at any temperature? The explanation of this circumstance is relateti
to the statlstical nature of the distribution of thermal energy among the atoms of l

the substance. Energy fluctuations--i.e. 1 deviations from the average energy value-

are a consequence of this statistical character of the energy distribution. This
1

39
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manifests itself in the fact that the thermal cnergy of individual atoms ma.y;in the
; |

|
course of & certain period of time, be any number of times larger or smaller than its

average value. According to classical statistics, the number of atoms whose energy

at a given mcment exceeds the value AEo or, in other words, the number of atoms of
|

‘the solid which are capable of ejecting an electron into the conduction band at the

expense of their own thermal energy, is proportional to 3- _Eo/,l_r,:r {when §o>g).
This relationship indicates that at any temperature there exists a certain number of
atoms with energies sufficient for one electron-excitation event,and that the number

:of these atoms, and consequently the number of such unit excitations as well, must
|

!increa.se exponentially with rising temperature.

The process of light-induced excitation, or, in more general terms, electro-

]
‘magnetic excitation,is of a different nature. In this instance, electrons appear in
| h

the conduction band only when the energy of an individual light quantum (photon) h
is equal to or exceeds the excitation energyA go --i.e., hv > A‘-Eo' The same
!
condition applies to electron excitation by various forms of corpuscular radiation
t

such as electrons, protons, neutrons and ipns. If the energy of the electromagnetic
i !
quantum or bombarding particle is smaller than the width of the forbidden band of a

!

crystal, the transfer of electrons from the valence band to the conduction band will

not occur at all. : {

i !

6. From the viewpoint of the band theory of solids, the classification of non-
1

metallic substances as semiconductors or insulators is to be considered as purely

i

conditional, since it is not based on any qualitative physical characteristics, and

;t;he theory regards the only difference between them as the width of the forbidden
{

" band.. It is not possible to establish a l;unita.ng value for the width of a for‘bldden
band ’ny which the class of semiconductors :.s separated from that of insulators; we
|
can do no more “than ind.ica.’ce +hat the wldth of ’che forbidden band does not exceed

2 ev in the solid substances considered as! semiconductors in modern practice.

[}
Btate or conductivity is the norml unexcited sta.te in metals l and. theae (and. the ‘l
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i .
;semimetals) are qualitatively different from the semiconductors and insulators. .

I
The classification of non-metallic s0lid substances s aemicondnctors or 1n-

i I-
isulators is sounetimes based on their specific resistance a.t room temperature ’y

. = 10 ohm- cm taken as & conditional boundary for this c’.lassification.

|

i

should become particularly a.pparent with the approach to a'bsolute zero, while the

The difference between the electrical properties of metals a.nd non-metals

d.ifference between the two nommetallic groups--semiconductors and insulators--should
i

l

become smaller under the same conditions. :

Thus a consistent theoretical interpretation is achieved for the electrical
properties of all solids: the excitation energy of the current carriers; or the so-

called activation energy of conductivity, equals zero in metals » and increases con-
]

‘tinuously in the series of semiconductors vwhich, as this energy increases, is con-
'tinuous at some arbitrary point with the series of insulators ; the good conductor
l .
metals and the dielectrics with good insulating properties are the extreme cases of

| .
this continuous series, into which all solids may be placed on the basis of this

}
‘criterion..

T. Finally, the last important conclusion of the contemporary theory of con-
ductivity of solids which we shall note here 1s that due to the wave nature of the

electron, its motion in an ideal crystal lattice is entirely unimpeded.
I
' Such a conclusion is astonishing from the viewpoint of the classical theory,

l

since a charged particle moving within the strong electric fie1d of a crystal shoqu

)

a.ccording to this theory, experience deflections 50 strong in its passage by each

l

|
]
atom as to render its average velocity equal to Zero, even over microscopic segments(

| t

[
of its path. Here, a question may arise as to whether the unimpeded motion of elec-

| {

trons within an ideal crystal should not, ,a.ccording to the quantum theory, give risel

'to a state of current in this crystal, even when an external electric field does not

i
'exist. The quantum theory answers this question in the negative. In this :Lns‘tance »
’the absence of an electric current may be iexphlned by symmetrical motions of the i
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current carriers in opposite directions.| The quantum theory leads to the conclusian
that-disturbance of this symmetrical motiion by an external field is possible only
in cases in which an energy band is not entirely filled. Tae current carriers »

accelerated By the external field, transfer into the higher, unoccupied levels of

this band, and the electric current wculd pass through- the crystal without experi-;
i

encing any ohmic resistance. The latter arises as a consequence of the scattering
H ]

]
" of current ca~riers at the disturbances of the strict periodicity of the crystal
which are created by thermal vibrations of the atoms, by all types of lattice de-

i
fects and by admixtures of foreign elements (contamination). The scattering events
are inelastic, and the energy t.a,ccunm.latedl by a current carrier along its free path
i !
in the external electric field is hereby transmitted to the lattice in tie form of

 heat. l .

Despite the fact that ideally ordered crystals do not exist, and, consequentli,
! . !

the condition indicated above in which the specific resistance of the solid de-

l

clines to zero is practically never encountered, some metals exhibit a state of
]
superconductivity in which o =0 at suf'ficiently low temperatures despite the
! ! B
fa.ct that the crystalline structure of many of them is obviously disordered. The

nature of this physical phenomenon, which was first observed half a century ago, isi
: not yet explained. : )

Since the activation energy of condnctivity in all metals equals zero, the .
differences in their electrical propertiels are determined by ;.1_13 value of specific ;
.resistz_a.nce, which is a characteristic constant of the materials and undergoes rela—'

B |
tively slight changes upon variation of t"emperature » under radiation, and upon the

introduction of small amounts of impurities. The. influe'nce of temperature, irra.di-I
| ]
ation and slight contamination on the electrical propertles of semiconductor ma- |

terlals is so strong that the specific electrlcal resistance ca.nnot serve as a
t
unique cha.racteristic of a8 real semicond.uctor. Therefore it is not the va.lue of

. thc speciﬁ.c resista.nce p, but the activa.tion energy of its intrinsic cond.uctivity )

|
!
I
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--i.e., the width of the forbidden band A Ey, which 1s mentioned first when de. - 1.

' scribing the electrica.l propertien of practically pure semiconductors of speciﬁc .:»

I a
| chemical conrposition. Numerical -values of this quantity nre given in the' larg :

circles in the table presented in Fig. 1' for the various élementary semiconductors.
Here we should make the reservation that the electrical properties of 2 real and not

' very pure semiconductor are determined in a certain temperature range by the exci- .

f

e |

its intrinsic conductivity. However, to avoid digression from the order of this ,

: !
tation energy of 'bhe foreign current carr:.ers and not by the activation energy of

' exposition, we shall pos'tpone treatment of this question until our formal discus-

) l
sion of the roles of intrinsic and impurity conductivity. In the meantime we shall

i

' attempt t6 clarify another important ques‘tion concerning the nature of the posi‘b.’nrel

' electronic conductivity which is o'bserved. in experiments.

We already know that electrons cannot participate in the conductivity of a
|
" substance if all levels of the valence ‘ba.nd are filled. We know further that underl

the influence of heat and radiant energy, these electrons of the valence band may
i !
be ejected into the conduction band, and since the latter is usually occupied by |
| l
them only to a slight degree » these electrons, migrating freely across the unoccu-
!

piéd levels of the conduction band, are }i‘ble to participate in conductivity. This;

|
|
electronic motion normally manifests itsellf in experiments in the form of negative |
|

!
icond.uc*l:i’»rity » which may be inferred from the signs of both the Hall effect and the .

! 1
thermoelectromotive force.

{ Let us now turn our attention to what occurs in the valence band when some of :
the electrons occupying it transfer into the conduction band, thereby releasing

i : : .

energy levels in the valence band. The occurrence of unoccupied levels in this

I

l '
in conductivity, rermitting electrons in the valence band which have not transferred
!

:to the conduction band to participate in the electric current too by migrating
!

. !
l't;hrough the levels rendered vacant in the upper valence-band region. It is

previously filled band eliminates the reason for the nonparticipation of this band |
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2

- l
appropriate. to recall here that in our aphic presentation of the results of

transition. of one electron from a C1~ 1oq to a Na¥ ion, (see page 30 ) we came to !

the conclusion that two electron-migration chains are formed in this process in the

NaCl crystal, and that these chains may be described as the simultaneous motion of

l

two charges, one of which is negative and the other positive. The quantum theory

of solids indicates that, while the behavior of electrons close to the bottom of the

I

conduction band can be described approximately as the motion of negatively charged

particles of an ideal gas, the mass of which is positive and, in the general case,

different from the mass of a free electron, the behavior of the electrons straying
gthrough the levels in the upper region of the band (anyba.nd and not the valence band
|

'exclusively) 1s fundamentally different from that of electrons at the bottom of the

l

iband. This fundamental difference consists in the fact that electrons migrating in

the upper part of the band are accelerated by the electric field in the direction

opposite to the direction of acceleration of the electrons migrating in the lower

part of the band, In attempting to interpret this situation purely logically with
: I
'the aid of the concepts of classical physics, we should be forced to ascribe a

‘negative mass to these anomalous electrons, No such paradox occurs in the con-

temporary electronic theory of crystals, since the negative sign is ascribed not to:
' i

the true electron mass but to its effective mass which, by its definition in the
= !

,theory, may differ from the true mass both in its magnitude and in sign. The in-

|

troduction of the concept of the effective mass of a current carrier enables us to |

- ; i

describe its motion within a crystal as the free motion of a charged particle with-‘

) |

)out taking the periodic fleld of the crystal into account in the equatlon of motion,
3

i In order to provide a descrlptlve explanation of the method used by the theorj

in this particular case, let us consider the motion in a grav1tationel field of a

|
‘Imaterial body occupying an ideal, nonviscous fluid. Simplifying the complex pattern

1of the motion of the fluid vwhich arises iu this case, we may write the eqnation of
"\a’ ‘:,'. B : |

motion of the body, which hasta mass m, as followe.
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B c o i
B =¥ —In & L

-~ @ .
;s P

where the first term on the right side of the equation represents the farce of

. gravity, .and the ‘second the Archimedean buoyant farce.
In order to simplify this equation, we may eliminate the Archimedean force
from it on the assumption thet the velue of the effective mass m* of a solid is

different from m. Then the initial expression may be written

2
&s ©m Pey

2
e}

=g,

pfl

] —
Ps
and the equation of motion of a solid in a liquid expressed in its most simple

form, vhich does not explicitly account for the Archimedean force:
2 .

where

It 1s seen from the last expression that the eﬁ‘ective. mass E* which we heve
thus introduced may differ from the true mass n not only in megnitude but in sign
as well. Indeed, with (%7 > Fs, the effective mass m* will be hegative. The
physical significance of this result is clear: in consequence of the fact that
the Archimedean buoyan.t force--which is accounted for in the effective mass in
this perticular instance--exceeds the farce of gravity, the direction of accelera-
tion of the solid body (T ) is opposed to that of the single force which figures in
the simplified equation--that is, the force of gravity ( 4 ).

On comparison of the motion of a solid bt.)dy id a fluld with the motion which

interests us--that of electrons in a solid--it is necessary to assume that the part
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o

| l
corresponding in the crystal to that of 1i:he Archimedean force is played by the in-,

ternal electrical field of the atoms, whose influence on the current carriers may

I
|
significantly exceed that of the external field applied to the conductor. The fact
l

J
that a solid floats in a liquid with?® l> P4 When the direction of acceleration of

i the solid and that of the force of gravity are opposed to one another, has as its
: counterpart in the crystal the anomalous behavior of the electrons in the upper
i part of a band, which are accelerated by the external electric field, in a direction
i opposite to that in which the electric forces act

Naturally, it should be kept in minq that the example considered here is no
more than a descriptive presenta.f,ion of the method 'used in describing the motion

to permit the effective mass of a solid to assume negative values , and that it is

[

not possible to draw any physical conciusions concerning the behavior of electrons

in a crystal lattice by simple extensions of the analysis of this mechanical
! analogy. '

Theory indicates that on the appeara.'nce of a single unoccupied level in the
upper part of an alr}xost filled energy band, a collective motion of electrons
anomalously accelerated by the external field arises within this band. This motion
is eq,uivalent to that of one positive cha.rge accelerated by the external field in
the normal manner i.e, in the direction of the field. The magnitude of this posi-

tive charge is exactly equal in absolute yalue to the electronic charge; the posi-
i .
tive effective mass of this cha.rge, which determines its acceleration in electric

and magnetic fields, differs, as experlment indicates, from the mass of a free

l
electron--generally in the same manner as, the effective mass of an electron situated
l

in a thinly popula.ted. conduction band This positive cha.rge > which determines the
- !

~effects of formation of. one unoccupled level in an almost filled 'ba.nd is called a
hole. Upon the applica.tion of a ma.gnetlc field, these holes, which move in the

direction opposed to that of the electrons situated near the bottom of the band

under the mflnence or an electric field vill e deflected by the ma.gnetic field in
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=

the same direction as the electrons, but!will nevertheleas show an abnormal Hall

' potential difference corresponding to szitive condnctivity in the npecimen.

l The same conclusion applies to the otion in a thermal field,as well: the

sign of the electromotive force will differ in these tvo cases. If the electrons t
i |
situated in the lower part of an energy band participate in a thermal current from |

the hot end of a solid toward its cold end, the latter will acquire a negative i
charge as a result of their accumulationfthere; these electrons will also create !
an electric field directed from the hot to the cold end The migration of |
holes situated 1n the upper region of a band in a thermal current in a nonuniformly
heated solid gives rise to an electric field in the opposite direction. f
It should be clear from the above th?t the collectivized electrons of a crys-1
tal, which give rise to electronic conduc%ivity within it, may not be considered
capable of changing the sign of their chaége or of their true mass depending on

their positions in the energy band. Such a paradoxical conclusion would contradict

our customary concepts of electrons; if, ;evertheless, one spesks of a negative
effective mass or a positive electrical conductivity, these terms should be under-
stood merely as part of a conventional deLcription, in terms of the customary
classical concepts,of the extremely complex motion of electrons 1n the strong

periodic field of a crystal. It is not the electrons themselves that are anomelous

! H

but their behavior which seems to be so when we endeavor to present it as analogous
i

to the behavior of free atoms in a vacuum. We should be surprised not at our

|
helplessness in the attempt to represent highly complicated phenomena with the help

of simple customary concepts, but at the %otency of the mathematical apparatus of
"the quantum theory which enablesus to explain, on the basis of the known general
Iproperties of the electron, expe*imentally established facts which are incompre hen-!

sible within the framework of classical!physics.
!

| [
'proceeds from those qualitative characteristics of the motion of electrons in the

i

Thus the explanation of the existencé of two types of electron conductivity
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] |
periodic field of a crystal which manifedt themselves in different ways depending

on the position of the energy levels of the electrons in the band. The immediate
!

physical causes of the paradoxical behavi'or of electrons in a solid are the wave
|
nature of electrons and the enormous magnitude of the periodic electric fields

1
|

+ which exist in the vicinity of the atoms--fields millions of times stronger than

'

the externsal fields which we ordinarily apply to conductors. Actually, even the

fact that the energy spectrum of the current carriers in a solid takes the form of
alternating ranges of allowed energy va.lu:es separated by forbidden bands is also a
consequence of the wave nature of electrolns and the »peri.od.ic atructure of the elec-i
tric field of the crystal. l : ';
The above rule according to which th:e experimentally es'ta.:bl.iahed sign of the

current-carrier charge depends on the position of their energy levels in a band i
| .
¥

applies equally both to semiconductors and to metals, in which the Hall effect also

' reveals conduction of both signs. When energy bands overlap » the conduction elec-

| trons of a metal may occupy both the upper levels of one band,in which case their

{ .

2 collective motion is equivalent to the motion of positively charged holes , and the |
i |

1

1

lower levels of the next band, in which case they will behave as normal negative

i

Thus we have ascertained that upon the ejection of one electron from the

: electrons.

va.lence band to the conduction band under the influence of an external fleld, a
j
collective electron displacement begins w{:ithin the migrating vacated level of the ,
. ) X ) |
former. This collective motion in the valence band of negatively charged electrons,
!

. accelerated in an anomalous manner by the external field is equivalent to the mot:.on

.in this external field of one positive charge withapositive mass. It is the effect-

]
i

live mass of this positive charge migrating in the valence band which is the mp ap- i

‘pea.ring :Ln Formula. (h) The conduct:wlty due to the motion of these hole-charges

!

ia positive in sign, referred to as the positive or hole conductn.vity and d.enoted.

- 'by the symbol b in contrast to the negative or electron conductivity which is
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denoted by the symbol n. o - .

As follows from the physical pattern presented .here, each electron which is

transferred by excitation into the conduction ’b'andx leaves behind it a hole in the

valence band, so that the number of posi‘t‘.ive holes in the valence band in .this ex-

' cltation scheme will be exactly equal to the number of electrons in the conduction

band--i.e., it should also be possible ‘to determine the concentration P of the

|
positive current carriers by means of Formula (4). This circumstance, which we have

f ] '
" NaCl crystal, explains why the two masses n and _n_;p > which in the majority of

: i
already encountered on page 32 in discussing the electron conductivity of the ;

.

' cases are unequal, appear in Formula (%) .

l Also of essential importance is another conclusion which was noted in the same!

'place: namely, that if the particéles which form the crystal lattice of a solig,

vwhether they differ as to their chemical ;nature or are identical in this respect,

|
do not occupy identical positions in the lattice » the motion of any species of

!
current carrier belonging to a given energy band occurs not in random crystallo-

|

!

- graphic directions but only along lines which pass through structurally equivalent 1
lattice points which are occupied by identica.l particles. This conclusion is

linked to the fact that the free motion of current in a crystal occurs as a conse- ‘
.

quence of the wave-mechanical tunnel effect which enables electrons to cross the

t :
high potential barrier which separates the atoms in a lattice without a change in ,

Ienergy,vhich is contrary to classical theory. Such a passage is accounpl‘lshed only ! [

when the adjacent atoms have isoenergetic systems of energy levels, This condition;

requires that the atoms (or ions) be not only chemically identical but also that

they occupy structurally identical positions in the lattice.

Since two current carriers are created simultaneously in each event of excita-.
l

tion from the valence band to the conduction band, the total conductivity of such a,

]
substance should be given by the formula |
i

Cm emyu; + ERiYp
!
|
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I 1
Here, v and Ep are the mobilities d|f the electrons and the holes, which dif-'

‘|*fer in thelr values due to the dirferencei in their effective masses and free times ;

(sée'page 13 ). In most, though not all’ cases, the effective mass of the electrons
is smaller than that of the holes, so that the electronic-mobility will in these
cases exceed the mobility of the holes. The explanation of this circumstance in

| the theory is that the effective mass of a current carrier is inversely proportion-

al to the width gf the band in which the current carrier is situated, and since the
i width of the allowed bandg generally increases with increasing energy, as shown in
Fig. 5, 'the conduction band is usually wider than the valence band. Deviations
rrom this rule' are due to the splitting-off and cverlapping phenomena which are
’poasi‘ble for all bands. It follows from ;‘orm]a (5) that in the general case, '
despite the equality of r_xi‘ to Dy the pogitive and negative components of the elec-‘
tric current will not be equal in the excitation mechanism described, and that the |
' conductivity will have a negative sign’ vh;en electron mobility i‘s high. The pres-
ence of current carriers of two signs com'plica.tes the theory of a:}.l the electric'

phenomena, and, in particular, the formula for the Hall effect (3) , which applies

! ot
when the current carriers have but one sign, is replaced in the general case by the

more complex compression |

-A _L__ .
(Pinp +smn) § (6)

SRR —

i where A retains its .significance of Formula (3). Despite the equality o, = p,;, the

concentfation of current cé.rriers camot be determined from the Hall effect alone.

We can, of course, resort again to the eq_uallty (5), but it becomes apparent that
this, too, 13 insufficient to determine the three unknovns ni, 4 and 139 5 it is
necessa.ry to measure » 1n addition, some other effect .. galvanomagnetic, thermomag- .
netic or thermcelectric. ! . )

The qu.estion my a.rise as to vhether! conditions in which the charges of all

" current’ cu'riers in a condnctor _have thF same sign may exist at all. In metals, :
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this occurs when no overlapping of bands ioccur:s; in semiconductors, these .condi-

tions are realized for a mechanism of coxiductiv:l’ty vhich differs from the one
|

described above & and vhich is ca.lled the ;extrinsic conductivity. It is to this
i
l

question tha.t we v:ll.'l turn now..'
. [y H B ?‘1 N .

1«4

P U PR
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CHAPTER III

I
IRTRINSIC AND IMPURITY CONDUCTIVITIES OF SEMICONDUCTORS

In the case discussed above, we assumed a chemically absolutely pure semicon-
’ i
ductor whose electrical conductivity can be created only by electrons of intrinsic
i
| .
atoms of the semiconductor substance. Hawever, in order to permit these electrons

., to participate in conduction, it is necesisary to excite them, expending for each
t

" excitation event an energy whose magnitude is quite definite for every semicon-

‘ ductor. This quantity of energy, which is equal to the width of the forbidden

l

. ]
| band Ago , 1s, indeed, the basic characteristic of the electric properties of a
1 i
semiconductor. Since two current carriers, the signs of which are opposite, are

1
1

similtaneously formed in each excitation ‘event in such a substance, the total

number of current carriers will be twice as large as the number of electrons in

t
+ the conduction band -- i.e., n =n, +p, = 2n, - In the particular case of a

-1

thermal excitation mechanism, n may be del‘termined by the use of Formula (4) for

E 1:_11. In.the case of a mechanism of exeitati;on by light, fhe total number of curreni'.
carriers will be determined by the numberi of p_hotons absorbed by the substance a.nd.‘
' iriéividnal.}y ¢apable of ejecting an elect:ron .frbm ‘the valence band into the con- ':
. ‘dnction bg.xici. l;he conductivity of such a.i semiconductor, no matter what the excita-1~
tion mechanism is, should be determined biy Formule (5). The conductivity in a casef:
7 of .*f:his type is called intrinsic condlictilvity, and the substance in which this con-
ductivity occurs an lntrinsic semiconductior. From the following exPositi'dn it willl

become clea.r that intrinsic condnctivity can be observed. in a semiconductor only

WMM&D&WM&&ML o
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%
i
!

'
«

su:rﬁcientlv high, or, fina.lly in certeiL insta.nces in vhich its state of conduc-

tivity is excited not by high tempera.ture but 'by some other source of erergy such

. G e B “ = ! -
.. D T U ., e LU
T o - " e e s ,

' The case of intrinsic conductivity considered here is of basic interest to

theory, since it permits us to ascertain the basic cha.racteristic physical proper-

e Y
Rl

ties of semiconductors. The performance of most (bujb not all) types of semicon- |

I
- ductor devices is disturbed by the assertion of the intrinsic conductivity of the |

C——— = ]

substance. Hence, the semiconductors most suitable for the fabrication of such l

|
!
|
|

devices are those in which the intrinsic Lon@ctivity appears at the highest pos-
]

i
sible temperature -- i.e., semiconductors with wide forbidden bands. In the

I

operating regimes of these semiconductors > their conduetivity is effected by the

|
|

ratoms of foreign elements, but also excesL (in terms of the stoichiometric compo- |

|
|

semicondnctor compound; moreover, the effect of impurities is also produced. by a.ll

' impurity mechanism of conductivity. |
As the term suggests, this mechanism of conductivity arises from the presence l
' |

of impurities in the semiconductor -- the! word "impurities" including not only
sition) atoms of the very same elements which determine the chemical formuila of thei

|1‘.ypes of crystal-la.ttice defects, including vncancies » atoms and ions implanted in
l.'La*tstice interstices, shears which arise on plastic deformation of the crystal,
'we often speak not of impurity atoms but of impurity centers.

!
Exactly what is the role of impurities and how do they effect the electric

| g ectr

cracks, etc. 1In view of this looseness with which the term "impurity" is applied, I
!

properties of semiconductors? We already, know that the excitation of conductivity

in an intrinsic semiconductor requires the transition of an electron from the
|
1

!
} !
valence to the conduction band. If the basic crystal lattice of a substance con-~ l

i i
‘tains impurity atoms , the valence electrons of these atoms, irrespective of their !
1 '

!positions in the lattice, often (but not always) distribute themselves not in the

renergy bands of the basic substance, but on isolated narrow energy levels formed

y - _
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in the forbidden band of the basic diagr ' . Figs. 10 and 11 present the two most
interesting instances.

1. The impurity level is disposed close to the bottom of the conduction band

(Fig. 10). In the absence of exciting agiencies (heat, light), the valence elec-
trons of all similar impurity atoms are tio be found.‘ on this narrow level. The
physical significance of the "narrowness' of this level consists in location of the
impurity atoms at such great distances ﬁ-:om one another in the lattice as not to
interact :bo any observable extent, while %hhe electronic energy levels remain nar-

1
row &8 in individual free atoms and the ellectrons themselves remain localized in

. i
their individual atoms -- i.e., they ca.nnlot migrate through the crystal and par-

ticipate in conductivity. If the impurity concentration is so high that the inter-
!

action 'betwéen impurity atoms becomes a.pp'reciable, the narrow impurity level expands
! |

i

|
crystal between impurity atoms and participate in th_e conductivity of the substance.

into an impurity band, and the electrons rcquire the ability to migrate through the

We shall not dwell here, however, on this! insufficiently investigated, interesting

case of extrinsic conductivity. In the Presence of an energy source (heat, light),'
the valence electrons of the impurity atorins may be ejected from this level into the!
conduction band, or,in other words, brea.ki away from the impurity atoms and migrate
if‘reely through the crystal. The energy AED necessary for this, which, as seen
from Fig. 10, is equal to the distance between the impurity level and the conduc-
tion band, may be much smaller than the excitation energy of intrinsic conductivity

l
|
|
|

which is defined in this figure as the distance A _E_:o between the filled and unoccu-
- I

4

ejected by thermal excitation from the impurity level into the conduction band will,
i

1pied bands of electron conductivity. As a consequence, the number of electrons

um?er certain conditions, greatly exceed the number of intrinsic electrons ejected

into the conduction band from the v'alence'ba_nd.

. -
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Fig. 10. Energy levels of an electronic semiconductor.

This can be presented more explicitly in the following manner: since the
i

electrons of impurity atoms are bound to their respective atoms less strongly than
the electrons of the basic atoms of the lattice, the excitation of impurity elec-

]
trons due to heating of the substance wili exceed the excitation of the basic lat-
, |
'tice electrons. The holes which form at impurity atoms located at great distances

|
from one another will remain localized after the removal of electrons -- i.e. »

they are unable to migrate through the crystal and therefore cannot participate in
1 t

conductivity.

If the temperature 1s such that the éjection of electrons from the valence
{
band does not make an appreciable contribution, the electronic conductivity of a

semiconductor with such impurities will b('e negative. In this Instance we may use

the simple formula for the Hall effect (3). Impurities which contribute electrons

to the conduction band are called donors and the energy level of these impurities
i

'the donor level.

2. Figure 1l presents a semiconductor in which & local unfilied impurity
, .

level lies close to the valence band. In'contrast to the previous case, the pri-
!
"‘mary effect of thermal excitation will beito eject electrons from the valence band |

!
-!in‘to this unoccuplied impurity level. If AgA < AI_;:O, and the temperature is not l

L l . ]
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high enough to cause appreciable e':Jec*l::lon'I of electrons from the valence band into

the conduction band, the only current carriers in such a substance will be the

holes of the valence band, since the electrons ejected into the impurity level
i
|

"stick" to it -- i.e., attach themselves to impurity atoms and do not participate
|

in the electric current. The conductivitly of such a semiconductor will be purely
! ;
that of the hole, or positive,type. Impurities which "capture" electrons from the

valence band are called acceptors, and their energy level the acceptor level.

Fig. 11. Energy levels of ;9. hole-type semiconductor.
It should be clear from the above th‘at at absolute zero, in total darkness,
and with a weak external electric field, an extrinsic semiconductor, Just as the
: |

Intrinsic type, mist be an insulator, pro‘vided, naturally, that the impurity

. |
levels are located neither in the valence band nor the conduction band, and do not

extringsic conductivity is brought about b'y charges of one sign only: the negative

themselves create an impurity band. In contradistinction to intrinsic conductivity:,‘
sign in the case of donor impurities, and the positive sign in the case of acceptor
A . e
i
impurities. If both donor and acceptor impurities are introduced into the semi-
conductor, there occurs an impurity compehsation which consists in the fact that

: donor“électrdns transfer's:pohtaneously to: the‘ acceptor level, and the sign of

conductivity is, d.etermined by the impurit componermt which is present in excess.

|
|
|

In more s:lmple ‘terms 3 the loosely bound electrons of the donor atoms transfer to
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the acceptor atoms, to which they are morle strong.'l:y attracted. The necessary
character of thes;: electron- transitions follows from the'-genera.l rule that in a
sta{.e of equilibrium -- i.e., in the absence of extern;l exciting agencies -~ '
electrons must necessarily £ill all lower levels of the energy spectrum (in such
la. wz'xy, of course, that no more than two eiectro_ns occupy each level), and since

t . .
the acceptor levels are located below theg donor levels, the donor electrons will

| . .
descend onto the unoccupied acceptor le_vells. -

[
|

Complementary energy levels in a forbidden band may be crea.teci not only ‘by'
| .
foreign atoms but by any of the possible ;Lattice defects; the latter may produce °

|

“compound, stoichiometrically superfluous atoms of one of the elements of which the
I =

'basic lattice is composed, occupying "wrolng" positions by virtue of their nature

levels of either the donor or acceptor ty'pe. If the semiconductor is a chemical

as a stoichiometric excess, may also create complementary levels in a forbidden

band. These levels are either of the donor or acceptor type, depending on which

. chemical component of the compound is preEent in excess. This explains why any

]
factor which gives rise to complementary
]

‘impurity, and why the condixctivity governed by these levels is referred to as im-
| .

evels in a forbidden band is called an

' purity conductivity.

If acceptor impurities are injected into a semiconductor which contains donor
!
‘impurities, balancing will occur, as a result of which the number of current car-
|

‘riers in the semiconductor will diminish.' An analogous process will take place
]

‘when donor impurities are added to a hole’-type semiconductor.

|
|
i

The general expression which determines the number of current carriers in an
impurity semiconductor oy is of a very complex form and we camnot present it here,

principally because this would involve thL explanation of significant new concepts

|
|
|

L 1) If the width of the forbidden bahd is sufficiently large that intrinsic

of the quantum theory of conductivity in solids. However, in the two extreme cases

which are often realized in practice, this expression assumes a similar form
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‘

conductivity may be neglected in the entjl.re temperature range which is of interest

to us, and if, further, the activation e wergy of impurities A E > kT and the

concentration II of similar impurities iL not too small, the following forxmla
| ~

. will apply:

L sk

2(2 ) 32 “onT
=V 'u s W (-
|

2) Ir AE <« kT, or if, as before, AE > kT but the concentration of
" impurities is small enough,

[

: (8)
By =N

' == i.e., in these cases, all of the si-u‘xila.r' impurity atoms to which these con-

! ditions apply are ionized, or, as we say, depleted.
T . !
Yet another reservation must be made in comnection with Formula (7); this

! |
E lates to Formula (4) for the inmtrinsic conductivity. This arises from the de-
H ¥

.-..:4-[_.,,_ O

' generacy of the electron gas at higher concentrations, which we mentioned briefly
; on pp. 10-11. Formulas (4) and (7) relate to nondegenerate states. The critical

, | -~

' concentration of current carriers o, at which degeneration sets in can be deter-

' mined from the formula

3
; Be= L3 - 1095 ?

y - LI

Assuming g T, -28 & Ve obtaln
3/2

1055y
At room temperature (T = 290° K) this gives

‘B = 2 -+ 109 em3.

The concentration of current carriexl's in those semiconductors with which we

- |
deal in practice seldom attains such large values. However, 1f the concentration |,
. ; R ‘

spproaches the r'ritir'al concentration, and if the semicondiictor is a good con-

ductor being studied at low temperatures, at which the critical concentration !
|

_ dminishes, Formulas (k) and (7) may notbe used, and it will be necessary to
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.

T .
perform the calculations by a more cumbersome approximate method, which, neverthe-
|

less, enables us to obtain a very accurste result.

It follows from the numerical calculations which can be carried out by means

of Formulas (4) and (7) that even if the concentration of impurities in the semi-

!. conductor is small ?.n the usual ci:emical sense, but Ago > A§I » the bulk of E
current carriers will. be supplied at normal temperature by the impurities a.nd the !
semiconductor will be of the extrinsic térpe. With a further purification by
modern techniques which, in some instances, enable us to re—duce impurities to a
millionth part of a per ce_nt , its conduc;;ivity will diminish greatly, and the
semiconductor will come to be an intrinsic one. By adding the appropriate impuri-
tles to such a material, it is possible to produce & semiconductor of any previocus-
ly specified conductivity, and -- a fact of greatest importance in some cases --
to create in the pre-purified semiconductor regions whose conductivities are of
different signs. It becomes clear on comparison of Formulas (%) and (7) why the
injection of trace amounts of impurities into a semiconductor might at times alter
its conductivity by a factor of several million. Clearly, this will take place
in a semiconductor iln which A.Eo >s A EI'

What is the physical reason for the ease with which electrons break away

' from impurity atoms? After all, the fir;st ionization potential of a free atom
of any element does not fall lcwér than 4 v, and the activation energy of the
same atoms in the crystal lattice is often less than 0.1 ev. The physical factor
which facilitates the breaking away of an electron is the polarizability of the \

material medium into which the impurity atom is introduced. This property of the

physical medium is characterized by the dielectric constant €. Dielectric polarizs

" ation of an atomic or ionic medium occurs as a result of the redistribution of

' electric charges caused by the introduction of an impurity stom into this medium.

In the crystal, the polarization process results in a reduction in total energy, ’
, |
vwhile in the impurity atom it lemds to the loosening of bonds between the electron;

4
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!
and the nucleus. Therefore the electron orbits of the impurity atom grow larger, .

and the ionization energy -- i.e., the u:ork required for the removal of an elec-
tron from an atom -~ diminishes significantly.
;

Enlargement of the electron orbits c;f the impurity atoms ‘leads to the forma-
tion of the impurity conduction band described on page 54 , even at comparatively
small impurity concentrations.

Upon the abrupt enlargement of a valence-electron orbit, the impurity atom
may be regarded as a hydrogen-like atom, and the theory of the hydrogen atom may

be applied to the determination of the radius of the enlarged orbit as well as of

the ionization energy. According to this theory, the radius of the normal orbit

n .
of the electron of a hydrogen atom in a dielectric medium is r = 0.53°10 8( %o.cm,,

-

while the ionization energy is given by
E = 13-23 1.'1 . (T)
€ Bo

|
For germanium, for which ¢ = 16 and m = 0.3 n,, we obtain r = 28'10-8cm and

E, = 0.016 ev. The latter value may be confirmed directly by experiment since

E = AE_I ,» and the impurity-activation energy AEI can be measured by several

independent methods which we shall discuss below. In numerous instances, the

experimental value for germanium is close to 0.015 ev, which is in close agree-
]

ment with theory. Formula (11) is of’cen| used for the determination of the effec-

tive mass m of the current carriers, from experimentally known values for AgI
’ . |

and €. . i

Polarization of a semiconductor medium also directly affects the excitation

energy of intrinsic conductivity by facilitatlng the break-away of an electron

|

from ‘the basic atom of the lattice. In mos’c instances, experimentsal data confirm
that the width of the forhidden band AE of a semiconductor diminishes with
increasing dielectric constant ¢. The product A§o¢~ is constant for a number

|

of semiconductors s in agreement with Forlumla (11).
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As a concrete example illustrating 1che gbove, let us consider germanium,

whose forbidden-band width A _I_:o = 0.75 ev. At room temperature, according to
| .

Formula (4), the mumber of its intrinsic current carriers, the electrons and

holes, is n = 2'1013cm'3. Since the activation energy of many chemical impurit;;s
in germanium does not exceed 0.015 ev, at room temperature, when the value of

2T = 0.05 ev, all impurity atoms are ionized at the expense of the thermal energy
of the su’bstancé, and the concentration 6f impurity current carriers -- according
to Formla (8) -~ amounts to n; = _I\jl_, Thus &t a concentration of impurity atoms

of only 0.001% -~ i.e., with N_ = 5'1017z:m-3 » the concentration of impurity current

I
17 3

carriers EI =5-10 exceeds the concentration of the intrinsic current car-

riers by a factor of 25,000! Another conclusion follows from this: namely, that

in order for the intrinsic conductivity of germsnium to become apparent at all at

‘ .
room temperature, it must be purified to such an extent that its concentration of

!
13en3 , which amounts to one ten millionth of a per

cent! This condition may be expressed in other terms: no more than one foreign

impurities does not exceed 10 c,m-

atom may be present per one billion germanium atoms! The most astonishing fact
is that such a degree of germanium purification has been accomplished at the

i
present time and that, moreover, this method of purification has been adopted by

f
industry which produces germanium of an even higher degree of purity. At room
|
temperature, specimens of such germanium show intrinsic conductivity, and a spe~

cific resistance p= 50 to 60 ohm-cm. The concentration of intrinsic current

|
carriers decresses repidly in germenium with falling temperature, in accordance

with Formula (4), while the concentration of impurity current carriers o, Temains |

' .
constant down to very low temperatures, &s & result of the small value of |

A_E_I = 0.015 ev. Therefore, a specimen of pure germanium which exhibits intrinsieé

conductivity at room temperature becomes at low temperatures an impurity semicon- I

|
ductor whose current carriers are of one sign. The temperature of transition from|

' Intrinsic to extrinsic conductivity depehds on imI;urity concentration: the lower l

61
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!
this concentration, the lower the transition temperature (an illustration of this
|
rule is shown in Fig. 18). Naturally, t?e instances of purely extrinsic and purelr

. .intrinsic conductivity are nothing but ideal extreme cases, since every real pure |

i
semiconductor always contains a certain amount of impurities, and the excitation

of impurity current carriers in an extrinsic semiconductor is always accompanied
by simultaneous excitation of its intrinsic current carriers. This fact is pot
egsential for numerous problems which erise in practice, and the influence of a
small fraction of intrinsic current carriers in an extrinsic semiconductor may be

neglected. In some instances, however, it may be of importance Lo take into ac-
i
count not only the majority of current carriers with the sign of charge character-
. i
1 istic of the impurity semiconductor, but also the small number of current ca.rriersI
' !

I I
virtue of its intrinsic conductivity. “In this connection it is of interest to

! !
note that if the intrinsic conductivity is characterized by the condition B, =Dy

!
the following simple relationship is valid for a nondegenerate extrinsic semicon-
1

with the opposite sign of charge which oé:cu.rs in an extrinsic semiconductor by

i
- !
' ductor in which a majority of current carriers of one sign is furnished by the im-
purities while its intrinsic atoms supply a complementary number of current car-

1

' riers of both signs: )

B - p= (9)
‘ -

In this formula n and P represent tk.1e total numbers of electrons and holes
actus.liy present in the given extrinsic semiconductor, and n [:sicﬂ is the con-

: centration of current carriers of one sign which would occur in the given semi-
i ‘conductor if it were completely pure -- j]'..e. , the concentration determined by

means of Formula (4). Since n, depends upon temperature only for a given semi-

. conductor,n. * p = const at a given temperature. This means that one of these two

i
|
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Fig. 12. Diagram illustrating the appearance of current carriers
in a semiconductor in the course of heating. &a -~ intrinsic con-

ductivity; b, ¢ - extrinsic conductivity ( b - electron conductiv-

ity, ¢ - hole-type conductivity).

1
|

concentrations increases and the other diminishes, not only in the relative but

also in the absolute sense, as the guantity of impurities is increased.

Fig. 12 illustrates the physical pattern of the appearance of intrinsic and
extrinsic conductivity in a semiconductor in the course of heating as described

in the present paragreph. a) relates to the case of intrinsie conductivity,
b) and c) to cases of extrinsic conductivity -- the electron-and hole-type con-

+ ductivities, respectively. i

For practical purposes it is often ﬁecessary to know the influence exerted

|
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by impurities not on concentration but d.i!.rectly on specific resistance. For this
]

purpese it is convenient to use the grap]ins of the type shown in Fig. 13 for

! germanium and silicon. The difference in resistance of the n and P specimens can
be explained by the differing mobilitieslof electrons and holes (see table of the
principal semiconductors at the end of Chapter IX). This diagram shows graph-
ically the tremendous influence exercised by impurities on the conductivity of a
semiconductor. Germanium shows & millionfold range of variation of'resistance y
while the same property for silicon rangt'as through & billionfold interval.

{
'
'

!

i
{
|
Fig. 13. Effect of impurities on electrical resistance of
!
germanium and silicon at room temperature.
Impurity atoms may be distributed iri the crystal lattice in two ways: elther

¢ at lattice points, or by implantation in the interstices. In the first case we
- i

' speak of substitutional and in the seconéi of interstitial impurities. Let us

subject the effect caused by a subs.titutjfon atom in the germanium (or silicon)

lattice to more detailed examination. Fclr this purpose, it is essential to know

that germanium is & tetravalent element af group IV of the Mendeleyev periodic

i
1
system, and that it has a crystalline stmucture of the diamond type (see Fig. 1L). ‘
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* In the structure of this lattice, each aLom is surrounded by its four closest
|
i neighbors, with which it interacts through covalent bonding forces. A character-
istic of these forces is their ssturation -- i.e., the closed state of the bonds,

which prevents & given atom from interacting with ~a.ny‘a.dd:}.‘l::!.oma.l fifth atom.

To clarify the problem with which we are concerned here -- the effect caused

i

by a substitution atom in the germanium lattice -- let us present the actual three- '

]

dimensional lattice as shown in Fig. 14 in the form of a plane network in which . l
each atom is surrounded by its four closest neighbors of the same chemical nature ‘!

(see Fig. 15). The outer electrons of these atoms, by which the valence bonds are

i
!
i

Fig. 14. Structure of diamond (presented here to illustrate
i
the formation by each atom of four bonds with its closest neigh-

bors). c. !
}
formed, cannot break away from their atoms, migrate through the crystal, and thus
participate in the electric current without expending a considerable amount of

energy. But if a foreign atom of a different valence and chemical nature comes

to replace one of the atoms of the besic substance at any lattice point, the

system of the valence bonds in the vicinity of this substitution atom is disturbed,

i
and one of two things happens -- see Fig. 16. If the valence of this impurity atonxl

'

—
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I 1
1s higher than that of the atoms of the basic lattice -- i.e., 1f, for example, |
an atom of phosphorus or arsenic, which has five valence electrons, finds its way '

into a point of the germanium lattice, the fifth valence electron of the impurity
| !
atom, which is superfluous in the bond system of the germanium lattice » can break

awvay from the impurity atom with relative ease (but withthe expenditure of a
certain small energy), begin to migrate :bhrough the crystal, and, in the case of
application of an external electric fielld, this electron can participate in the
electric current. In the case considered here, an atom of group V of the periodic

table is a donor. | ) !
We had spoken previously of the event in which an electron breaks away from

an atom as an event of excitation of the crystel in which the electron jumps from
i
an impurity level to the conduction band (Fig. 12, b). The first explanation is

more graphic, while the second, associatéd with Fig. 12, is a more convenient and

shorter expression of the same physical process. The mechanism of NaCl conductivity,

1
i
!
l
i
I
!

Fig. 15. Scheme of electronic bonds in the structure of diamond.

; which was described in graphic terms 611 pages 29-33 , can also be described
b : ! Lo
briefly as the transfer of an electron under the influence of electromagnetic
|

! radlation from the valence band 3pCl inté: the conduction band 3sNa (Fig. 6).
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i
l
Fig. 16. Distortion of tetravé.lent germanium lattice, caused

a) by an atom of trivalent boron, b) by an atom of penta-

valent phosphorus. !
i

A different result will be obtained in the case of replacement of a germanium
atom by a trivalent boron, aluminum, or indium atom. In order to maintain the bond
. system characteristic of a diamond-type lattice, such an impurity atom may capture:
an electron from an adjacent germanium atom. As in the preceeding case, a certain
energy must be consumed in order to accor!nplish this event. The value of this
energy; which we referred to above as ’t.he5 energy of excitation or impurity acti-
vation, may differ between the event of zl'emova.l' of a surplus electron in the
' previous case and tpe borrowing of an eltlactron as in the present case; it depends ‘!

|
on the concentration of impurities, and, in most cases, declines as this concen-

tration increases. For example, the energy of activation of donors in silicon

L
r
l
|

' amounts in many cases to 0.08 ev, and the activation energy of acceptors to 0.06 ev.
° i
According to experimental data, the dependency of the energy of activation of im-

1

|

|
L

in n-type silicon takes the form

purities A_E_EI upon their concentration _l‘{I’
R

(o]

A-EI:AEI ¢3 \/ EI 3 . (10)%

whereAgg is the activation energy of dozior atoms present in vanishingly small
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-8 ]
. numbers, which is equal to 0.08 ev, and | & = 4.3°10 . According to this empiri-

cal formula, when EI = 6°10]'8cm-3 -- i.e., when the concentration of impurities is;

only 0.01$-—A§I = 0, and silicon becomes a semimetal whose electron concentra.tion:

is independent of temperature in the impurity region of its conductivity. The

|
! physical significance of Formuls (10) becomes quite clear if one considers that

| .
the activation energy of impurity atoms may depend upon their interaction, and
that the latter must be determined by the distance d between them, which, on the

basis of simple considerations, changes according to the law

a=v{E .

In germanium with small concentrations of group III and V impurities, the
: I

activation energies of the donors and acceptors are equal at 0.015 ev.
l -
Let us return, however, to considerz:a,tion of the case in which a substitutional
1 i
impurity atom of low valence borrows one electron from a tetravalent lattice

|
(see Fig. 16). In this case there appears in the lattice an electron hole which

i
does not localize at any lattice point but migrates at random through the crystal.
If such a crystal is subjected to an electric field, the motion of this hole be-

| -

comes directional, manifesting itself in éxperiments as positive, hole-type con- ‘
ductivity. Actually, only electrons movle in this case, but their successive ,jumps:
from one atom to another may be describe;:l. formally as the motion of a sing-le hol_e '
in the direction opposite to that of thei electrons. It may be said that the relay:-
‘ like translocation of many electrons is :in this case replaced by the equivalent i
motion of one hole. The question as to ';ihq the motion of this hole is equivalent '

. i .
1 to the motion of a single positive charge cannot be satisfactorily answered by

|

graphic presentations, since this theoretical conclusion proceeds from the non-

objective properties of electrons (see pages 43-49 ). Thus the influence of
i

U . .
substitutional impurity atoms on the atomic lattice of a diamond is determined by

their valence, and we can nearly always predict the sign of conductivity which

'suﬁéfi‘l;ﬁ*yfénal impurities of one type or|another will create in such a lattice.

STAT
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!
i
If impurity atoms are implanted in the lattice interstices of semiconductors

f - ]
belonging to group IV of the periodic table, the sign of the impurity condnctivityl

is determined by. the dimensions of the implanted atoms and by their electronega- ,

tivity (see page L4 ). It is known from experimental dsta, for example, that con-!

trary to the sbove simple :.rule of valencsr, the behavior by lithium (group I) in i
the germanium lattice is that of a donorL while that of oxygén (group VI) is that 1

i

of an acceptor. In order to explain these factors it is assumed that lithium and ;
oxygen are implanted in the Interstices of the germanium b,'tti}:e. The implanta.tioin
of the dimensionally large lithium atom in the tight interstices of the germanium
lattice is possible by virtue of the looée bonds of its valence electron which,
in & medium with a high dielectric constant, breaks away from its atom with rela- ,
tive ease (see page 60 ). The smell dimensions of the lithium ion permit its
implentation in the tight interstices of the lattice, while the released electron
imparts electron-type conductivity to the germanium crystal. On the other hand,
the implantation in the interstices of a’n oxygen atom, which is of relatively small
dimensions and high electronegativity, 1:5 accompanied by capture of electrons of
the basic lattice with the result that tile latter acquires hole-type conductivity..

' If a Ge or Si atom is transferred (for instance, by thermal agitation) into

an interstice, two impurity levels are ci‘eated: The implanted atom acts as a

donor, and the vacant lattice point as an acceptor.

i . R
The effect of impurities on the conductivity of intermetallic semiconductors !

may be judged from experimental data in regard to the most thoroughly investigated!
group of compounds of elements of groups III and V of the table of the elements
(InSb, GaSb, InAs, etc). The sign of conductivity is determined in these semi-

conductors by the same simple valency rule as in the case of the elementary semi- .

i

conductors of group IV (Ge, Si), namely: substitutional impurity atoms of Group
|

. II (Mg, Zn, etc), the valency of which is lower, create acceptor levels, while

i
impurity atoms of group IV (Te, Se), the.valency of which is higher, form donor l
| |

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060003-2



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060003-2

levels. If we introduce impurity atoms Lf group IV into these intermetallic com-
pounds, the result will depend on which !atom of the compound is replaced by the

: impurity atom. If, for example, a tetra:va.lent impurity atom'repla.ces a trivalent
In atom in the InAs lattiée, it will act as a donor; if the same impurity atom
replaces a pentavalent As atom in‘ the same lattice, its behavior is that of an
acceptor. Which of the two atoms is substituted in each particular instance
apparently depends on the relationship t;etween the dimensions of the atoms. Thus ’
for instance; on finding its way into the InSb lattice,a Pb impurity atom, which

i is characterized by relatively large dimensions, replaces an In atom ‘therein and
acts as a donor; entering an AlSb lattic;a, the same impurity atom assumes the
position of an Sb atom and acts as an acceptor. Substitution of the components

: of an intermetallic compound by other eli‘ements‘ of the same groups of the periodic !

. table (III a:nd V) has no distinct effect on the conductivity of the given inter-

i metallic semiconductors. Very little is as yet known concerning the effects of

| interstitial Impurities on the lattices ;>f these materials.

For ionic latt'ices (Pbs, CdS and oxides) such simple and general rules ca.nnot'
yet be formulated; therefore the development of new semiconductors of this group
rroceeds principally by trial and error. It is still not clear why a given im-

' purit};, when injected into these semiconductors, may prove utterly ineffective on
one occasion -~ i.e., to have no .influené:e on the concentration of current ce.rrier§

i

-- and on another occasion confer conductivity of the sign opposite to that which

1
one might expect by analogy. This may result from the fact that in semiconductors‘
of the.ionic type, the bonds between the pa.rticles are maintained in actuality not

only by the electrostatic attraction of unhke ions but by a combination of
|

electrovalent and covalent honds as well. General considerations Justify the
1

(-]
conclusion that a metallic atom may be implanted in the tight interstices of the

lattice only in cases where its dimensions are greatly diminished by the loss of

outer electrons, which, migrating througlil the crystal, impart electron-type
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l .
conductivity to it. It also follows from genersl considerations that ions of

" many nonmetals cannot be implanted in interstices due to their large ionic radii.

If a certain number of negative lattice points are vacant in an ionic lattice

as may be the case with an excess of the' metal, it follows from the consideration’
of the electrical neutrality of the bbdy taken as a whole that the seme number of E
positive ions must be neutralized by acqﬁisi‘tion of electrons. This state of !
electrical neutrality attained by acquis:ition of the electrons can migrate ‘t:hrouglii
the crystal, thus creating electron-ty’pe' conductivity. By the same reasoning, an }
excess of the nonmetal realized at the expense of vacant positive lattice points
must lead either to the neutralization of adjacent negative ions, or to further
ionization (if this is more favorable in terms of energy) of the metallic ions.

In either case, the vacant lattice point binds an electron of the lattice -- i.e.,’
creates in the lattice an electron hole which, migrating through the crystal, im- i
parts hole~type conductivity to it. In both of the sbove cases, the conducting i
state of the ionic crystal is a state of excitation. The physical significance

of this statement consists in the fact tll'm:b the breaking away of an electron in
the first case and the formation of a hole in the crystal in the second require

i

the expenditure of activation energy. Therefore at the absolute zero of tempera- °

ture, in total darkness, and in the presence of a weak external electric field,

such an ionic crystal should be a perfec% insulator.

From experimental data on ionic sem:iconductors we may conclude that the ;
following is usually the case with oxide; and sulfides. If the semiconductor can
attain conductivity of either sign , 88, for instance, PbS, a stoichiometric excess:
of sulphur or the admixture of oxygen imparts hole-type conductivity to this sub-

stance; and an excess in metal a correspéntling electron-type conductivity. Im
[ -

semiconductors with impurity conductivities of one sign, an increase in the
number of holes is obtained in a hole-type semiconductor through an excess of

oxygen or sulfur; an increase in the num‘r‘:er of electrons in an electron-type

I
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|
semiconductor may be cbtained by reducing the concentrations of these elements.
|

It 1s well known from experience, for exafmple, that the introduction of hole-type

cuprous oxide (Cuao) into an atmosphere pf elevated oxygen concentration results

t

in a rise in conductivity, while the same experiment with zinc oxide has the

reverse effect. .

For practical purposes it is important that the sign of the impurity con-
ductivity of a semiconductor change either as a function of the impurities which
are added to it, or generally in d&pendence on the treatment to which it is sub-
Jected. As was noted above, by no means all semiconductors comply with this

condition. For instance, the conductivity of Cu 0 is always of the hole type,

2
| while that of ZnO is only of the electron type. Nobody has ever succeeded in

producing tellurium or selenium of negative impurity conductivity. The impurity
]
conductivity of many semiconductors changes sign depending on the chemical nature

of the impurities injected, but sometimes this depends on their thermal treatment
f

or the exposure to radiation by electrons, neutrons, etc., as well. These are

4
called amphoteric semiconductors. They include germanium, silicon, lead sulfide,

silicon carbide, lead telluride and many others. !

i
Of great importance is the circumstance that not only may different fragments
of an amphoteric semiconductor possess conductivities of different signs, but

reglons of different types of conductivity may also be formed at different places

in the same specimen of such a semicondu;ctor. For example, by taking a pure
]

¢ germanium or silicon lamina with electrop-ty-pe conductivity and building up a

! thin layer of boron or indium on one of its sides, we may, after appropriate
. i
i heating of this lamina, obtain two sections with different conductivity types.

' ¥
That part of the lamina to which the atoms of boron or indium have found access

|
by diffusion will have hole-type conductivity, while the remainder will have

electron-type conductivity. For the practical use of such semiconductors as

|

|

| | |
rectifiers, amplifiers and phototubes, it is of great importance that the transition
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!
layer between these two parts, which is 1;'eferred to as the electron-hole or P-n
|
Junction, be of the order of 10 c* 3a width. The electronic processes which
unfold in this transition region are the iphysical basis of the technological

applications mentioned &bove, and form a Ise;pa:re:t:e important division of semicon-

ductor physies. (This pfoblem is discussed in Chapter X.)
| It was pointed out above that simple lattice defects, such as cracks a.iui
shears, may act as impurities in regard to their effect on *t;he concentration of
| current carriers. Indeed, it has recently been demonstrated that, for example,
: plastic shears in a germanium lattice act as acceptors which furnish hole-type
. current carriers.

It is not possible in all cases to explain the conductivity experimentally
observed in solid s1‘1bstances on the basis of the band theory of the electronic
energy spectrum. Thus, for instance, the reason why such transition-metal oxides

' as NiO, CoO, MnO and others do not possegs metallic conductivity cannot be ex-~
Plained within the framework of this simple theory. After all, according to this

theory, the NiO crystal should inelude, in addition to the filled 2p0~ " band, an

i
unfilled 3311‘11'H band which contains only eight electrons for ten vacant places.

In the CoO crystal, only 7 electrons occupy the 10 places of the 3§_Co++ band, etc.

' Why, -then, are such crystals insulators and not metals at the stoichiometric compo-’

sition? The explanation of this fact apparently involves taking into account the !

interaction of atoms, which the band theory does not consider. Impurity conductiv-

[

ity of the p-type can be observed in these crystals after heating in an atmosphere
of oxygen, when acceptor levels appear in the energy spectra of these crystals.
. 1

In concluding this section, which has been devoted to the explanation of the |
| !
nature of intrinsic and extrinsic conductivity in semiconductors, let us consider

’ 2
briefly one more specific variety of intrinsic conductivity which we encounter in

i
the semiconductor group called ferrites. This semiconductor group has recently

1
B

#Translator's Note: illegible in original. 10’5?

13
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I
acquired great technological importance by virtue of its highly favorable combi-

nation of those physical properties which are required for the cores of high-
frequency transformers -- namely, ferromegnetism and high ohmic resistance. Two
circumstances are significant for the mechanism of conductivity in this group of
ionic semiconductors: 1) the position of metallic ions in the crystal lattice,
and 2) the variable valency of these ions. Ferrites are oxides of which magne-
tite, Fe30u, is the chief representa.tive.. Upon partial replscemant of the iron
atoms of thie compound by divalent atoms (Ni, Co, Zn, Cd, etc.), we obtain mate-
rials with a wide variety of magnetic and electrical properties. These substances
crystallize in a close-packed cubic lattice of the inverse spinel type -- see
Fig. 17. The unit cell of this structure contains 32 oxygen ions, 16 iron ions
which are implanted between these in octahedral positions, and the 8 remaining
ions of the metal in tetrahedral positions. Electron exchanges may occur between
the doubly-cha.rged.and triply-charged ions, which are distributed statistically
among the octahedral vacancies of the cell. The transition of an electron from a
doubly-charged to a triply-charged ion of the same substance actually amounts to
a simple exchange of places between these ions. Since these ions occupy similar 4
positions in the crystal lattice, the energy of the initial and final states of the
crystal cell remains unchanged even though these states are separated by an energy
" barrier. Thus the motion of electrons between closely situated identical doubly-

and triply-charged ions assumes an entirely disordered nature in the absence of a
) |

. field, and is accomplished by tra.nsition. of electrons arrnss an energy barrier;

, therefore its intensity -- i.e., the frequency of  electron transitions -- increase;s

with rising temperature. On the application of an ex'ternai electric field, these ‘
diso-rdered electron transitions acquire a preferential directional tenéency, with

the result that an electric current arises in the substance, and, in a given

'el'ectrié field, increases rapidly with rising temperature according to the exponen-

tial 131( characteristic of semiconductors, with an activation energy of~~0,1 ev
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Fig. 17. Unit inverse-spinel cell of Fe3 L

in the case of Fe30h. The above exposition -suould facilitate understanding of
the difference between the mechanism of conductivity in the ordinary semicon-
ductors of the germanium, silicon, lead sulfide and other types, which were dis-
cussed previously, and the oxide semiconduc;tors with their metallic ions of

variable valency. In the former, an increase in temperature causes an increase

in the number of current carriers in both the intrinsic and extrinsic regions of

riers but their effective mobility outside the conduction band. Thus impurities

|

]

conductivity; in the latter, temperature affects not the number of current car- !
|

!

3

also affect the electric properties of these two semiconductor groups in completel‘y
different.ways. We already know that the introduction of infinitesimal amounts i
of impurities into pure specimens of germanium and lead sulfide produces a sharp
increase in their conductivity. In semiconductors with variable valency, the in- |
Jjection of impurities disturbs the system of electron transitions which we have
described and causes & decline in conductivity. It is known, for example, .that

on the addition of nickel or zinc impurities to the good conductor magnetite

(Fe301+) , the conductivity of the stoichiometric composition declines, This may

be explained as a result of inhibition of electron transitions by Ni'H' or .'Z.n++
i
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|
| 4ons distributed statistically among the octahedral vacant spaces-in
H i

i the crystal cell. The transition of an electron from NiH to Fe+++, which is
v possible in principle, involves a considerable change in the energy of the crystal

and therefore its occurence 1s of small probability.
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CHAPTER IV

TEPENDENCE OF SEMICONDUCTCOR CONDUCTIVITY ON TEMPERATURE

In order to analyze the effect of ténperature on the electric conductivity
of semiconductors, one should proceed from the expression (5), the more general

form of which is

!

o = &0y + Eh Uy + Eh3Ug + (12)

This sum is arithmetical for the reason that if the signs of the charges e
of the current carriers differ, the sign of the mobility of a current carrier will
change similtaneously with that of its charge, so that the products of these
values, which enter the expression for specific conductivity (12), have the same
sign for all current carriers. The physical significance of this statement is
obvious: in an electric field, current carriers with different charge signs move
in opposite directions, and the total current equals the arithmetic sum of the
individual currents. Although we generally deal with only one type of current
carrier in the region of extrinsic conduétivity, and in the region of intrinsic
conductivity with two such types which differ with respect to both sign of charge
and degree of mobility, the participation of an even larger number of current-

" carrier species in the electric current is still possible. Thus, for example, it

i !
i is now known that two species of hole-type current carriers of differing mobility

]
" exist in germanium; moreover, the participation in the electric current of impuri-

ty-band current carriers whose mobility differs from that of the valence-band holes

It
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T g
I
becomes apparent in the extrinsic-conductivity region of germanium at low tempera-

tures. Two types of hole have been observed in the valence band and two types of
|
[

electron in the conduction band of tellurium.

The theoretica.l_ determination of the specific conductivity of a semiconductor
is such a complex problem that its solution has never been fully achieved for any
specific semiconductor. True, there exist theoretical papers in which the width
of the forbidden band is determined for diamond, silicon, germanium and certain
other semiconductors,but the results of these calculations are still not suf-
ficlently in keeping with experimental data. Our knowledge of the other values
by which conductivity is determined -- such as the mobility and the effective mass

of current carriers -- has thus far been obtained from experimental data. The
' i

experimental method for determining concentration and mobility by means of the

|
Hall effect was mentioned at the beginning,on page 16 . Eight independent methods

for the determination of the effective mass m exist at the present time; however,

|
the results obtained from investigations of one and the same substance by dif-

|

ferent methods do not, for the most part, coincide -- sometimes not even in order

of magnitude. This can be explained both by the imperfection of the theory accord-
|

ing to which the relationship of the effective mass to the experimental data is
determined and by the complex nature of this value. The values for the effective l

masses of current carriers in semiconductors investigated thus far range from

several units to hundredths of the true %nass of the electron. The most complete
and authentic information on the effecti\lre mass which, in a crystal, constitutes !
an anisotropic value -- i.e., may, as a 'consequence, have different values for 1
different directions irf the crystal -- is furnished by the diamagnetic-resonance

method. We cannot dwell here on the expla.na‘tlon of this method since it is of no

direct concern to the present problem of the dependency of conductivity upon

i -
temperature. L i
= The experimental determina.tion of tl e width of the forbidden band of & cryst I

78 : STAT
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and the activation energy of impurities !:ls carried out on the basis of the tenrper+

ture curve of either the Hall coefficient Rf( or the electric condnctivity 9’

;"and directly concerns the sub,ject of this paragraph. i Modern 'theory sa.tisfa.ctorily
explains the effect of such physical facltors as temperature, impurities ’ pressure,

t dielectric constant, elasticity coefficiLnt , the crystal- lattice parameters » the
nature of binding forces acting in the Jia.t‘tice, lattice defects and the like on -

X

the concentration and mobility of current carriers. Of greatest interest-in -~ -

practice are the effects of impurities a.!nd ‘beluperature. The effec:b of impurities
has been discussed above. Let us turn n?ow to the effect of‘temiera'l;ure.*‘“

The effect of tempera.tlu'e on the co'nductivity of a semiconductor is a conse-
quence of changes in the concentration aud mobility of current carriers with vari-
ation of the temperature of the substanc]e. In the first place, therefore, let wus
clarify the influence which temperature Eexertzs on each of these factors individual
ly. We shall do this with reference to .the simple, yet practically most important
cases of the existence of & single type lof current carrier in tize extrinsic-
conductivity region of the semiconductor, and of two types in its region of in-

-

trinsic conductivity -- for which last cese, as we know, n = _1;2 . The dependency’

of concentration on temperature has already been discussed for these two cases,
and is summarized by Formuilas (4) and (7) The éeneral result obtained for the
change in current-carrier concentration ;rith temperature is conveniently Trepre-
1

sented in the form of a graph whose axest are calibrated for values of_ijgg___l;l_ and
é— . Fig. 18 shows the typical form o:f tﬁ.s graph. Tbe choice of semilogarith--
mic coordinates is convenient because the entire curve of the variation in con-
centration may be presented in the form iOf a broken line consisting of thfee
rectilinear segments. The slopes of the= segments ab and cd determine, according

. to Formulas (7) and (4), the activation energies AgI and Ago. Such graphs are

. plotted in experimental determinations of these energies. More accura'be current-

carrier activation-energy values are obtained wher the experimental results are.
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i
l

Fig. 18. Graph showing typi,ch dependency of current -carrier

concentration on temperature in a semiconductor.
i

plotted on a graph with log (RT*) laid off on the axis of ordinates if AE; is

. |
to be determined or log (RT*) if AEO is‘to be determined and Ellﬁ'— plotted against

i
the axis of abscissas; see Formlas (3) ’I (%), (6) and (7) In the low-temperature

region, on segment gb, we deal with extrinsic conductivity only, since the number‘
. !

of intrinsic current carriers is still {'ery small due to the low temperature, a.ndl
. | _— i

the slope of the line is determined in this segment by the impurity-activation ;

1
energy AEI' With risiné. temperature, (segment g‘r_z) the number of impurity carriers
will increase until the electron reservls of the impurity atoms are depleted. Ini
t'hej segme;ni'; be, impurity reserves =a.re a.lirea(xy exhs;usted, 'v;rhile the'intrinsic

' cbziductivit& has‘ n;)t yet become a.ppa_ren‘c'l. ; hence t.hisv temperature ra;zge , in which |
the ;:c;ncentr:a.ugic;zi‘.cib‘es notvary, is —}c‘:al{ed ti1e régic;; 'Sf‘d;ep'ietioﬁv. ‘-F:inally, *tghe,

- 'téu;i:éi'a.t:ﬁre in s‘egmehli:- c_q. has become so high that the number of intrinsic current
-|Carriers begins to increase rapidly, so|that we enter the region of intrinsic
"Eoé&xétiviiy' of '*Eﬁr;::'semicon&mtor R which iswcharh 'a‘.cterizé& b);'tﬂé. activa.tion v

' - R T TR T O & R AR G S )
sy R - . ' ERRS PESOIENAN o . ie « I

Y

.MM%Wllﬁaible in original.

-
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energy AE Experiment indicates that lthe slope of the segment gb depends on

the impurity concentration NI. The physicel cause of this phenomenon has_ &'l.rea.dy

been discussed above in connection with Fornmla, (10) » Which determinés the de-

208 -

o

pendency of - AE on NI in tne pa.rticular case of silicon. Fig. 18 illust‘*a:tes

the rule set forth on page 61 s.ccording to which the tempersture of the tra.nsition
from extrinsic to intrinsi ductivity shifts toward higher tempera.tures with

increasing impurity concentra.tion. - % ‘-"- - - ‘:» .
., 1 . s
The slope of the line does not depend on impurity concentration in the regionl

i
of intrinsic conductivity and is a constant characteristic of the electric prope.r-

! :

ties of a given semiconductor. At some higher impurity concentration (~—1%), l
i

when Ag:I,_,-_-,o » the entire curve may be represented in the form of the two segments!
|

a’c" and ¢"d". In the extrinsic-conductivity region a'c", the current-carrier l

concentration of the semiconductor is inﬁependent of temperature from the lowest |

' i
temperatures (a'') to the temperature of’ onset of the intrinsic conductivity (_c").'

! This behavior of semiconductors -- i.e., their assumption of properties character-

" be clear from the sbove that any semiconductor may become & semimetal at a suf-

istic of metals (constancy of concentra.tion) in the region of extrinsic conductiv-!
. .

ity -- induces us to segregate them into a special group of semimetals. It should§
|

|
* ficiently high concentration of dissolved impurities, and conversely that a semi-

" metal should become a typical semicondictor after thorough purification, with the |

concentration of its current carriers strongly dependent on temperature. The

" current-carrier concentration in semimetals is usuglly so high that the electron

gas in these materials enters the region of degeneracy (see page 58).
Before discussing the mechanism by which temperature affects the mobility of

current carriers in semiconductors, let us first explain the factors which deter-

. mine its sbsolute value. After all, it may seem strange at first glance that the

i

| mobility of current carriers in certain semiconductors whose conductivities are,

!
as a rule, insignificant by comparison to those of metals proves to be hundreds of] -

I

8L = N ) STAT
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]
times greater than those of typical meta!ls (see page 18). The fact, also mentioned

in the same place, that certain izisula.tqrs show mobilities higher than those of
. !

metals may seem even more surprising. What is the reascn for this? Why can
]

electrons sometimes move more "freely" in poorly conducting crystals than in the

|
highly conductive metals? First of all , let us remember that according to one of

|
|

'

the most basic conclusions of the electronic theory-of crystals, as discussed on
yage ‘*l, it is not the question of why tile free paths of an electron within a
|
crystal may exceed the interatomic distances by tens and even hundreds of times
"which we must subject to scrutiny, but rather the question of what,in a real
crystal, limits the infinitely large mobility which an electron should theore‘ticalf-

1y have in an ideal crystal (at absolute zero).
. !

According to Formla (2), which determines the mobility of the current car-

riers

(2')}

i
a8 high mobility may be due to & small effective mass (9_1) of the current carrier
; .

|
i

and a large value of the free time or, more precisely, of the relaxation time T .
The numerical value of the effective mass is , as we know, determined by the

conditions of motion of the electron over the length of its free path in the in-

ternal field of the crystal. In tne theory of conductivity, as in classical

-
mechanics, this value essentially determines the directional acceleration which

|
|
|
|

the electron acquires in an external electric field in the intervals between col-
lisions; it is this directed acceleration which creates a current in a solid

- -t < @ -

(see pagé ]_1). The ger;eral Qcort;.c‘l:*’;tion; olf tl';e .;zxc‘t,ian of” ezie.ctrons, whiéh determiné !
thei; e;‘:’fecti};é— -:ma‘.sses, ;.rev j:dentical ing m(,et‘e:ilic and 'noximetallic‘ crystals, so

ths..t‘_. we cannot draw distinctions between' 'bh.ese two classes of solid substanc;s in
discussing the problem of the effective 1Tna.ss of curr;:nt .carriers. }n both metals

’ and. semic‘on'dilctors- the: effective mass ofl the current czﬁ’riers may be either larger

‘

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060003-2



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060003-2

or smaller than the mass of a free eie'i:t'ron." :

The relaxation time T in l‘ornmla (2) ‘determines the interval of time in the

course of which ‘the deca.y of the origina.lly established current occurs following :

|
cutoff of the external field. The numerical value of this quanti‘ty is determined

by collision processes or, as one would say, the scattering processes to which

electrons are sub;]ect vhen moving within a crystal. It is ob¥ious that the more '

intensive and more frequent these processes are, the smaller will be the time of 1

relaxation and, consequently, the mo‘bili‘fby_as welr. T wTTaw '

Let us dwell in somewhat greater de"tail on the physical“ pattern of the elec- |

tron-scattering :;arocess in & crystal e.ndl clarify the significant differences be-

" tween these processes in metals and semii:onductors vhich affect rel&xat:i.on time'-
and, consequently, mobility.

The conditions of scattering of elef:trons in & crystal are determined by their

, wave properties. It will be recalled that these wave properties of electrons have

i |
been observed directly in certain electrén-diffraction experiments (see Shpol'ski, |

| .
Atomic Physics). Essentially, the wave properties of electrons form the Pounda-

|
tion on which the entire modern theory of conductivity in solid substances is

based. Consideration of these properties has made it possible to demonstrate the l

I
physical significance of such important concepts as the length of free path of a

current carrier -- a concept which found no satisfactory interpretation in the- |

old prequantum theories. . |

In modern quantum theory, it is not the classical Newtonian equation which ‘
describes the motion of an electron within a crystal, but Schroedinger's wave i
" equation (see Shpol'ski, Atomic Physics): In the simplest case, in which the |
interaction between an electron and the Ltoms (or ions) of a crystel lattice is ac-‘

~ counted for by introduction of the effec{:ive mass into the Schroedinger equation

(see page 45), the wave which describes the behavior of such & quasi-free particl

is a plane wave. As is known from the eii.ementary rhysics course, a plane wave is |
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|
characterized by two parameters: the vibrational frequency » and wavelength A.
- 1

comparison of the wave presentation of tl‘xe motion of the electron with the corpus-i
cular presentation, in which the basic parameters of the motion are the values of

' mass, velocity, and energy, we should assume that the frequency v is determined by,
h

the energy: v "-%—, and the wavelength A by the momentum of the electron: ) = —

Pu A

At room temp-;ra.ture , the average random velocity of the free electrons in a ;
nondegenerate semiconductor (and, if they are present, in an insulator) is 107
cm/sec. According to the formula given above, the wavelength will be 7*10-7cm.
In a metal , where the discrete, quantized character of the energy spectrum is

' essentially in evidence, the velocity of the free electrons i1s determined not by

: the temperature of the substance, but by:their concentration (this _circumsta.nce is
also referred to as degeneracy), At the l'fligh values assumed by the free-electron
concentration in typical metals (~— 1022lcm'3), the velocity of their motion
attains values which exceed 't:he~ average qrelocity of electrons in semiconductors

i . .
by several thousand percent. Thus the wavelength of the electrons participating

|
|
|
|
I

i in the conductivity of a metal proves to :be one order less (—~ 5-10-8cm) than in
i a semiconductor. :

Let us note here that the very fact l'of the higher electron velocities in
metals must result, according to Formula;(a), in d.ecr-:eased mobility.(other con-~

i ditions being equ.al) by comparison with semiconductors..
' i
Let us now ascertain the manner in which the established difference in wave-
f . ' - . . N =
lengths affects the process of electron scattering. Proceeding from the wave pre-
. I - - .

* sentation of the motion of the electron, we should assume that the process of

1 -

electron-wave scattering is basically determined, just as with any other waves,

by those nonuniformities in the disposition of atoms which extend to distances of
' !

1

* the order of one-quarter of an electron-\éavelength. Nonuniformities of smaller
. . i . -

| dimensions do not produce any apprecisble wave scattering.
. ’ |

As an example which explains this cc;nclusion of wave theory, let us reca.ll
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Lo

= PR | " - .. - .-
the explanation for the experimental fact of the transparency of glnsaes and
liquids. The characteristic nonuniformiT

by the ra.ndom distribution of atoms in a.morphous media, are of atonuc dimensions i

! (~1o cm), hile 'bhe wavelength of light is & thousand times longer (~~.10" cm) .

‘ . . ._..';'
. This dimensional ratio being the case, the propagation of light waves in.a dis--
[}

S

‘ ordered amorphous medium occurs in the sall.me manner &5 in an ordered transparent

_ crystal -- i.e., with no appreciable sca%.tering. In turbid media, iz‘L which -the
dimensions of the spatial nonuniformitiee]? attain values égmpe_rable ‘to the wave-
ler;gth of light, a strong scattering eff%ct is to be obs&ved. These nonunifo;mie-i

ties of turbid media may be caused eithei; by pollution of the medium by foreign |

I
particles of appropriate dimensions, or by fluctuations in molecular density, suchi
1) .

_as occur in gases as a result of chaotic !thermal motion‘ of molecules. This motion,i.
! i
as we know, provides the explanation for ;the blue color of the sky (the short-wave-

; - +
_ length rays of the solar spectrum experience the most intensive scattering in the |

atmosphere). Spatial nonuniformities of atomic dimensions may cause appreciable |

scattering in the instance when the waveiength of the electromagnetic oscillation
‘ -

is of the same order of magnitude. As we know, such a condition occurs in the !

propagation of X-rays in glasses or liquj%ds.

|
The scattering of electron waves in'a crystal, just as that of light in a tur‘bi!id
'

_ medium, 1s effected by nonuniformities o% two different types: disturbances of the:
. homogeneous structure of the erystal due !to impurities, as well as by lattice de- |
. '

' fects and by fluctuating nonuniformities Iwhich arise from the thermal vibration of !
' the atoms in the lattice. The above-established difference in the electron wave- |
' lengths enables us to understand the natuire of the difference between the con- i
: ditions for electron scattering in meta.ls( and in semiconductors (as in insulators),
and why, in certain cases, the free path !of an electron may be longer in the 1a:tte11
*.bhan in the former. As we see, this cons]ists in the fact that due to the long ]

. wavelength of the electrons in semicondnctor a.nd insulator crystals, nonuni:t‘ormitiés
I
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of an atomic order do not give rise to appreciable electron scattering, while in
|
a metallic crystal, in which the wa.velength of the electron is shorter by one

order , such nonuniformities cause appreci!.able scattering, due to which the mo‘bili-

e of the electrons is reduced. .

Tt does not follow from the above, of course, that semiconductors in general
are distinguished from metals by the higher mobility of their current carriers.
From the table presented at the end of Ciiapter IX it may be seen that high mobili- '
ties, exceeding 10,000 cm2/v.sec, are obeerved in only a few semiconductors (which
are prepared, moreover, in a very pure fcrm). In many instances, the mobility of

the current carriers in semiconductors proves so small that the free paths com-

[} B
 puted from these data do not amount to more than fractions of the interatomic

|
distances in the lattice. Serious diffiiculties arise in theoretical interpreta-

tion of the results of measurement in these instances, since by its very physical

I
. significance in the theory of electric conductivity, the free path may not be

|
. smaller than the distance between neighb?ring atoms. This means, essentially, tha.t

the conductivity of semigonductors with llow current-carrier mobilities cannot be
investigated within the scope of the exieting theory and that one of the problems

to be met in further development of this theory is that of the clarification of

this question. ;

The a‘bove differences in the physical conditions in which electron scattering
occurs in metals and in semiconductors a:l::e manifested not only in the numerical ]
values. for mobility, but also in the de‘p(’endency of mobility on temperature , with t

. which we are.concerned in this chapter. Also essential in this dependency is the

: fact that in semiconductors, as opposed to metals , electron velocity is a functionl

of temperature (as in the classical 1dea.i. gas), which has a direct effect on con- )
- ) ! £
ductivity, as seen from Formula (2)- : . -

'.Ehe ma.nner in which temperature affects the length of free pa.th is va.riable s

depend.ing on the mecha.nism of scatterings
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We should consider the folluwing fuLdahental peché:fisms of scattering for, ~= E

semiconductors: N L PR PN T

( l’)’ by thermal vibrations of the'_a.t :>m_s— or lons of which the crystal lattice -

- -

‘is composed, " .. - ' B Telee
. K] Lt . =T

( 2) by the impurities which may be present in a semiconc}uctor 5 in either tht-a

:‘.on:lzed~ or neutral state,

(3) by all types of lattice defects, such as va.can;:i;zs,”. & stortions causea-- | ™.
by atom implantationé , shears, cracks, c:!rysta.l-grain boundaries, eti;.," modern
semiconductor thecry neglects reciproc_al! scat—ter_ing by the electrons themsel;lés;
(due to the small concentration). -t

In atomic lattices (Ge, Si, Te and others) we &eal primarily withtwo™ —
mechanisms o. ‘.urrent-carrier ::'.ca‘l';l'.er:!.ngI which produce two essentially different

. i
temperature dependencies of mobility -- one with scattering due to the thermal

: vibrations of the lattice, and another v?ith scattering due to ionized impurities.
Theory indicates that for scattering dneil to themal vibrations of the lattice, the
free path 1l has the same velue for all cilrrent carriers irrespective of velocity,
and is inversely proportional to the a.'bs‘olute temperature of the substance -- i.e.
}~%— This last result can be underst?odlﬁ-'om the following simple reasoning.

It f;nows from the generai classic considera.tions that the sca.tteriné of current
carriers should be directly proportionalito the cross section of the volume occu-
pled by the vibrating atom; on the basis of simple geometrical considerations,

‘ this cross section may in turn be consid!ered directly proportional to the squared
amplitude of vibration of the atom, while the latter , which determines the energy
of the lattice, is known to increase as a linear function of temperature. Since,

' according to Formla (2) . -

Etii':i—% , and v %"
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]

Bm.~,z§§@ .

This law is not always confirmed experimgntal_l,v. Along with instances in which
the dependency takes the form (13), insta:nces of still more marked dependency of

: mobility upon temperature (up to g~_’g'3); are also encountered. At low tempera-

| tures the effectiveness of, thermal scattejring according to (13) diminishes, and
another mechanism of scattei‘ing becomes p;redominant in atomic lattices -~ the
mechanism of. scattering on ionized mpuri!:ties. In essence, this mechanism of
scat'l;ering is identical to the we].l—knom‘} mechanism of alpha-particle scattering, )
which was first investigated by Rutherford in his classical experiments on the
structure of atoms. Characteristic of this mechanism 1s the decrease in the |

| effectiveness of scattering of & moving charge as its veloclty y increases, with

the result that the length of free path of the current carrier increases with

velocity according to the law 1l —~ Ih. In this case, for the mobility of a cur-
i
rent carrier U, the theory gives the expression:

4
i

o 23/ (1)
A
I
If both the thermal and ionic mechanisms participate in the scattering of
|

. current carriers , the resulting mobility:may be presented approximately in the form
C e )

and the tempersture curve of mobility by

- k3

. At low *l;_emp'ef;tures‘ the first term prqd.omin&teé., while the second term comes

_t0 the Porc ~i Ligmcr temperatures.

STAT

~
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19 The position of the maximmn of this

' fimpurities 5 “as the Latter 1ncrca.ses, the

'temperatures. The scattering due to neutral impurities does not depend on temperw-

P

ture and its importance is usualhr secon

Turning to the question of the mobility of current carriers in ionic crysta.ls_ -

. |
(oxides s sulfides, R etc )s the following genera.l sta.tement should 'be made a.t the '

outset The interaction between the cur’rent carriers and the vibrating cha.rged i
| -
pa.rticles in the jonic lattice (i.e., the ions) is, on the vhole, much stronger -
|

than the intera.ction between the currentl carriers and the neutral atoms of the

l

atomic lattice. Therefore, the scai';t:eril of current carriers due to thermal ‘
vibrations in ionic crystals occurs w:i‘chi far greater intensity, and the mobility !
proves to be lower in most cases in this semiconductor group. The qualitative
curve of the temperature-depend.ace of m%obility is the same in this éase ag in
atomic crystals: mobility diminishes wi’;th rising temperature, but the specific
form of the theoretical formula differs ;i’or high and low temperatures, the
boundary between these two regions being determined by the maximal frequency "n

of the so-called longitudinal optical v1'bretions of the ions, which is s;w cha.racter—-

l &7
istic parameter for any given ionic crystal. At low temperatures, u~e ’

i
!
]
and at high temperatures u ~— L. Experimental data pertaining to this pro’blefn
I

are still meagre and, on the whole, do not agree satisfactorily vith the theoreti-.

 Fig. 19. 'l‘y'pical curve of temperature-dependency of current-
. carrier mobility in a semicondgctor.

89
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19 The position of the maximum of thia curve depends on

B o T s R :
im;purities a.s the la.tter increases s the
‘ ('tempera.tures. The scattering due to neu

'
T

ture a.nd its importance is usually secorn

Turning to the question of the mobility of current ca.rriers in ionic crysta.ls , . - .

: (oxides s sulfides; R etc ) , the following genera.l statement should be made at the

outset. The interaction between the cur‘rent carriers a.nd the vibra.ting charged B
. i BER
particles in the ionic la.ttice (i.e., the ions) is, on the whole, much gtronggr“ :
tha.n the interaction between the currentl carriers and the neutral atoms of the

atomic lattice. Therefore, the scattering of current carriers due to thermal
. ‘ ;

vibrations in ionic crystals occurs with: far greater intensity, and the mobility

proves to be lower in most cases in thisl semiconductor group. The qualitative

curve of the temperature-dependence of mn'bility is the same in this ca.se as in

atomic crystals: mobility diminishes wi;lth rising temperature , but the specific

form of the theoretical formula differs for high and low temperatures, the '

boundary between these two regions being determined by the maximal frequency "n : _
< I

of the so-called longitudinal optical vibrations of the ions, which is a'.w cha.racter-

[ wid
istic pe.rameter for any given lonic crystal. At low tempers,turee yu~g >
i

i

l

i

and at high temperatures u .~— 1. Experimental data pertaining to this pro’blelm
T

are still meagre and, on the whole, do not agree satisfactorily vith the theoreti-

!
|

A —-—

“Fig. 19. Typical curve of temperature-dependency of cur:rent-
. carrier mobility in.a semlcondyctor.

89
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I ——
i cal formulas. This may possibly be relalted to the general observa.tion on ionic ‘

semiconductors put forth on page T0.

!

Now, having explained the separate ?ffects of temperature on the concentra-

tion and mobility of current carriers, let us describe the general course of the

i
variation of conductivity with temperature. Since in atomic lattices (and, at

' |
higher temperatures, in lonic lattices) mobility may be a comparatively low power
* !

function of temperature, while concentration may vary in accordance with a very

; high exponential law, the overall tempere.ture curve of conductivity will have
approximately the same appearance as the]lcurve for concentration shown in Fig. 18 P’
with the exception that in the depletion region, in which concentration is con- |

‘ stant, the temperature curve of cmductii'ity is dgtermined by the variation of

temperature with mobility. If the chiefifactor in the depletion region is the

. !
_ thermal mechanism of scattering, in which mobility diminishes with rising tempera-

|
|
|

l

l
; ture, the overall conductivity curve will have the form abcd indicated in Fig.
l 2=2
?05 if mobility is determined in the region of depletion by scattering due to
! {
ionized impurities, in which case mobility increases with rising temperature,

' the general form of the curve will approximate a"c"d.

At high temperatures, when the current-carrier eoncentration becomes so

! large that the electron gas enters the region of degeneracy (see page 6], 6 in-
I
creases with temperature et a slower rate than indicated. by the exponential law

i
presented in Fig. 20 for the 1ntrinsic condnctivity segment cd in the non-

degenerate case. Fig 20 illustrates thT frequently-epplied. experimental method

by means of which the width AE of the fczrbldaen band of a crystal and the ac:t:.-

AN o

B 1 - =~ !
'vation.‘ energy of the‘ impurities AE are determined. Figs. 18, 19 and 20 do not

L

pply-to\ anar specific semiconductor ; they are plotted on the basis of the genera,l o

P

“theo tical 1aws set forth above for the
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In real semiconductors , the shape of!. these curves may deviate videly from the
a.'bove - bonh for the reascn tha.t ‘bhe physical phenomena are themselves described
approximately in the theory, and 'beca.use rxot one, but several types of 1mpurity

ceriters » the activation energies of which may dirfer, exist in the mter:lnls vith

i e
" which we deal in practic)e._‘ . - B

] ’ Fig. 20. Typical graph of temperature-dependence of

conductivity in a semiconductor.

Figs. 21, 22 and 23 show experimental curves for the temperature-dependence of

! . .
conductivity for the atomic semiconductorl gray tin, the ionic semiconductor cuprous

oxide, and the intermetallic compound Mgz‘Si , with different quantities of impuri-
! .

.. ties. Figs. 24, 25 and 26 show the température dependencies of concentration mo-

I ' i
‘bility and conductivity for silicon containing different quantities of phosphorus

‘as an impurity.
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Fig. 21. Experimental
__gcurves ef dependence of Fig. 22. Experimental curves

. condnctivity of gray tin ) for dependency of conductivity

: a.tomie crystal on telﬂPeI'a- e of cugrous. oxide 1on1c crystal

on temperature for specimens .

‘ vith different excess oxygen

i Ve -

e contentsi,,l. cuprous oxide

oo

. of vitrcme tric OmPOSition’

i qua.ntity of oxygen increases

o

“inthe order 2-—3 ‘e e . 7.
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P
) A%

R
In Fig. 26, as 19 often done, the gpecific resistance p ’ rather than the con- o

duc‘bivity G 15 plotted on the a.xis of ord:lnates. Fig. 2'7 shows experinental

IA

‘1!" )
.o- —\vﬁ» R

results of the study of the temperature-

with different injections of antimony 1upur1ty."

Fig. 23. Experimental curves: of temperature~-dependency of .
conductivity for the intermetallic compound MgaSi with 4if-

ferent impurity contents.

In conclusion let us note that the; strong dependence of the conductivity of

semiconductors upon temperature is utilized in the design of high-quality techaiZ S

| . .
cal -equipment for high-precision temperature measurements, regulation of current

increase rate (time relay), stebilization of circuit voltage, vacuum and radiant-

i |

energy measurement, control and regulat';.on of upper-limit current, voltage, sound

]
level, etc. If the temperature-dependence of the con@uctivity -of metals were

applied in the design of these devices ,;which are called thermistors, their
|
sensitivities would have been tens of times lower than those obtained by the use

of semiconductors. Another important a@vantage of the latter consists in small

|
|
|

inertia, since the thermosensitive element of a semiconductor thermistor c;n be

-

23

STAT

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060003-2



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060003-2

o

S R

i RIS

AR s P

|
i
'
!
g
f

Loy :':,u,w---no?; e SNl U7 T Y
TRagae i

Déclassified in Part - Sanitized C oved for Release @ 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060003-2



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/01 :

R
F1y ot

AR are

> 3 i
s, AWV £
M 14 )
SR

Fig. 25. Experimental temperature curves of resistance of silicon

specimens with different inject‘led contents of extrinsic phosphorus

atoms: specimen A...h.7 - 1047 cm-3; B ...2.T * lolacm-35 C ...

b7 - 1019cm-3; D ...k - lOeccmT3.

P S TS

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060003-2



Declassified in Part - Sanitized Copy Approved for Release

@ 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060003-2

Fig. 26. Experimental temperature

curves of current-carrier mobility

in silicon specimens with different

injccted contents of extrimsic

phosphorus atoms: specimen A ...

b7 - 207em™>; B o207 - 108873,

P

C ... * 10%m3; .. 47 - 2020

18 ST £ FIZUN X e S R 1

em™. !

Fig. 27. Experimental temperature
curves of conductivity for germanium
specimens with different injected

'cc_mtents. of. extrinsic antimony atOnis.
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CHAP 1"5“1:‘3.
THE INFLUENCE OF ELECTROMAGNETIC RADIATION (LIGHT) ON THE CONDUCTIVITY CF
SEMTCONDUCTORS _ .

? . e
- SRR

From the basic conclusion that the éonductive state of a semiconductor is a
i ! '
state of excitation,it follows that any energy effect exerted upon its atoms which

is capable of ezjecting electrons from thé valence band of the crystal or the im-
purity levels irto the conduction band mist influence the conductivity of the se:nj.--l
| .
' conductor. Along with the thermal mechanism of excitation of electrons, the '
! 1

' mechanism of excitation by photons--i. e., by quenta of electromagnetic radiation--

) is of great practical and theoretical importance. This physical process of in-
i ! )

i
|
]

ternal liberation of electrons is calledthe photoconductive effect and the additional

|
conductivity which it produces is referred to as photoconductivity. It will be [
i

! recalled that the energy of the photon is equal to ) hv , where h is Planck's

! .
constant = 6.62° 1027 erg-sec, and v 1s the frequency of the electromagnetic

i . .
vibrations. In the process of electromagnetic excitation, one: electron receives
i { .

' the total energy of one photon. Therefore photoexcitation is only possible if
|
hr 3 AE; for the excitation of impurity centers, or 1f hv > AEj for the

excitation of intrinsic conductivity. Tﬁis fact distinguishes photoexcitation

; from the thermal excitation which may, in principle, occur at any temperature
other than zero. The excess energy hv — A E is transferred to the excited elec-
tron in the form of kinetic energy which, as a result of frequent collisions of

l

{
; this electron with atoms, is rapidly reduced to a level corresponding to the

I average kinetic energy of the entire eleclfbron ensemble, which is in a state of
L .
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thermal equilibrium with the lattice. Si‘nce the activation energy for many semi-

conductors is expressed in fractions of an electron volt, the threshold frequency

-~ i.e., the minimum frequency ¥, of the electromagnetic quantum which
l .

produces the photoconductive effect in such semiconductors -~ is usually found in
t

the infrnred' region of the spectrum. Even when ‘the activation energy of a semi-

; conductor reaches 1 ev, the threshold frequency, as determined by the relationship '
12 - |
RS 1-1.6°10  / h, 4is equal to 2.5-1'oll‘sec 1, which is still within the infra-
. |
red band of the spectrum. It should be recalled that the frequencles of visible

| _ R . !
ll*sec 1 to 8 lol-hsec 1, which corresponds to light-quantum

light range from 4 ° 10

energies from 1.5 to 3 ev.
The thresholci frequency Yo of the pLJotoconductive effect is called tne red
photoconductivity th.reshold.. Electromagn"etic radiations with frequencies » & v, |
| are ineffective since the energy of a sin‘gle rhoton of this radia.tion is insuf-
ficient to excite an electron. On the other hand even frequencies » which exceed
¥, Dbecome less and less effective with increasing departure from

may be due to the rapid increase of the a]bsorption coefficient » > vy, with the

result that the total electromagnetic energ incident on the body is absorbed in a

|
v |
g |
i

i
thin layer close to the surface of the body, and the increase in the number of cur-

+

rent carriers occurs only in the thin sur*’a.ce layer. Such an increase in number of,
current carriers may exert a slight influence on the total conductivity of a mas-

sive body both because the rate of recombina.tion of electrons and holes is higher

Y

a.t the surface than in the volume , end because of the intensified recombination in

4the volume due to difrusion of seconda.ry current carriers into an impurity semi-

A _.- P S e c...—.,. e e - - v DPPPIAIN . P

- conductor. -

"_.‘-..\.. e eeraes T

A negative photoeffect vhich is a.ccompa.nied by & decrease, not an increase, inl

t

i _"tne conductivity of e boiv exposed to ra.diation is sometimes observed a.nd is ex-

) Z““

.pla.ined. as a. consequence of this intensified recombina.tion. Capture of current

e cl.rriers of the opposite sign ‘by the impu.rity centers is believed to be the cause

STAT -
R
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of the diffusion of current carriers wifh only one sign deep into the body. There-

phenomena of ca.pturing ("sticking") of current ca.rriers hn.ve not been experimenta.lly

R
Sl e

demonstrated 1n nll ca.ses ) but are still ortm referred to 'becacuse they support

K

concepts of the complex mechanisms of the photoconductive effect vhich aid. in ex-

pla.ining the complex rele.tionships observ!ed. in experiments 1n the study of photo-
conductivity. . The future development of this bra.nch of semiconductor physics will
show to wha:b extent these concepts are true. Thus far, the experimental fact is
that the n'equency range“o;_photoconductivity is comparatively very narrow. The ]
situation which preva.ils in this respect ‘:Ls shown schanatica.l‘ly in Fign. 28. In\‘
this figure the x;avelength A=c / v where' ¢ 1s the velocity of light,
is plotted against the x-axis rather thanl- the frequency v. The absorption co-
efficient 1 and the photoelectric current‘ 2 are plotted against the y-axis. It
is seen from the curves in Fig. 28 that tlhe photoconductivity of nonmetallic
crystals is observed to be within a cowpuratively narrow spectral region at the
long-wave edge of the continuous-absorption band of the crystal. The curve which
corresponds to the photoeffect in the impurity centers is not shown on the sche-
matic graph in Fig. 28; it would have for%med one or several smaller peaks in the

long-wave band of the spectrum. l

|
Since the experimental curves have extended and unclear extremities and are not

as distinct as the schematic curves in Filg 28, a wavelength situated on the

, |
right-hand descending arm of the photoconductivity curve and corresponding to the }
I

|
half-value of photosensitivity ( A1 in Fig. 28) is taken as the threshold
Z

h
wavelength which determines the activation emergy. The activation energy A 2y Ep |

* determined from optical data may be compared with that determined from the tempera-
t i
tur £ du . .
e curve of conductivity, AE, (FiF 20) !

There are theoretical considerations! according to which the above two methods !

of measuri ng the forbidden-band width may, in some cases, produce numerically dif- l

ferent results. We shall discuss these considerations at somewhat greater length, I

STAT
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| T

for they involve important problems of semiconductor physics.

ERYPIT IV I PE

The first consideration proceeds from the specific properties of the ionic
lattice. In this" case theory leads to the conclusion that A_Ez > A §° and
! explains this discrepancy on the basis of polarization of the ionic lattice. Let
' us take into account the fact that an electron is displaced into space upon exci-
l ta.tion. A displacement of the surrounding electrons and nuclei into new equilibriulm
' positions occurs as a response, with the result that the energy of the crystal
. diminishes. In the atomic lattice, this
{polu‘iution process is effected solely

‘by displacement of electrons , which 1s

!
very rapid. The polarization process in

. |
the ionic lattice is due to both the rapid
|

displacement of light electrons and the
' !
comparatively slow displacement of the

lheavy ions. The energy of optional exci-
Pig. 28. Illustrative spectral z

distribution curves for optical tation in an ionic crystal is determined
absorption 1 and photoconductivity

2 in crystals. by the difference in energy between the
‘ Etvo sta.te's of the crystal: the nonexcitedl

initial state and that after polarization -- i.e., after displacement of the ions

_into new equilibrium positions. Therefore the energy Agph of optical excita-

t
[ tion is greater than the energy A E, of the thermal excitation by the quantity

of energy which the lattice receives as a result of the displacement of ions.
!

A.E?’ A Eo in a.tomic crystals y since the polarization of the medium, which

; * l
15 eﬁfected by the displacenent of electrons only, keeps up with the process of ‘

excitation. o | L

. . ;.VL‘ u

The experimenta.l fact which we are now discussing may become more compre-

K
hensible if explained in the following mnnner. The phenomenon of the electron

excita.tion in an a.tomic crysta.l is distinguished from thsl: in an 1on1zed. cryatal
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by the absence of the energy of polariza.‘l'!ion displacement of ions in the energy s i

balance of the atomic crystal 3 which is present in the energy 'b&hnce of the ionic

crysta.l this energy is converted into t ermal energy of the crystal in both Optl— ’

cal a.nd therma.l excitation mechanisms Therefore if the excitation 3n =n jonic -

crystal is caused 'by a source of thermal energ, the final excitation energ' ex-

pended by the source is rednced 'by 'bhe allnunt of energy rf.turned to the source by

g
ionic polarization. In the case of the- optlcal excite:bion mechanism, the electro-

magnetic quantum must furnish the electron undergoing exc:itation wi‘th the req,uimea EaA
] L L

et

| quantity of energy in fall, | i kR BT

The d:lfference in the numerical values of A Eph and A E for the sub-

stance may be linked to yet another circumstance. The fact is that optical elec- 5
" tron trensitions in a solid (as in individual atoms) obey specific laws of selec- i

i
" tion which, in some cases, do not permit transition from the valence band to the

! !
conduction band by the shortest energy route; in such cases, the only possible

transitions are those occurring between levels at some distance from the energy-
l

' band boundaries. This circumstance, which applies equally to both ionic and

|
atomic crystals, may also give rise to an inequality of the type A Eph> AE:'

| .
No such restrictive rules apply for the thermal mechanism of excitation, and the
' thermal transfer of electrons can proceed along the shortest energy route between

g bands.
| ph
mental values for A E and A E maey arise from the excitonic mechanism of exci- i

Fina.lly, a third and last cause of possible discrepancies between the experi- {

ta:bion in the photoconductive effect, which will be discussed on page 108, We ‘

t ,
indicate here only that the discrepancy in experimental data on the width of the |

| .
‘ forbidden band which results from this isl: expressed by the converse inequality !
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It should be noted, however, that elisting experimental data from determina-

‘ tions of the forbidden~band width in atomic: and ionic crystals by optical and

“ph t
electrical methods reveal noticeable divergency between A go and A Eo
only in rare cases. ' \

. l .
The next problem to be dealt with is the establishment of the dependency of
. { |
the equilibrium concentration of the current carriers excited by electromasgnetic
: . i |
! radiation on the intensity of the latter, Theory and experiment indicate that the
' 1]

result depends on whether the photoconductivity constitutes a small addition to

" the conductivity due to thermal excn.tat:.on (i.e., to the dark conductn.v:.‘by) or is
the primary generator of current carriers in the crystal. The equilibrium concentra-

: tion of current carriers results from tw; competitive processes -- ex—cita.tion,
whicli deperrds on the radiation in‘bensity‘é and the reverse process of recombina-
tion, which .depends on the total equ‘iJibx;'ium concentration. When the dark con-

. ductivity of the semiconductor is small de can be disregarded, the equilibrium

: concentration I—lph 1s determined by a forn!‘mla. of the type:

Bon = ayE a3

; - l
where @ is a coefficient of proportiona.lity which depends on the photoelectric

" activity of the light and the rate of recombination of current carriers.
l
In the other case, in which the number of current carriers created by the

l
photoconductive effect is small as compared to the number of dark current ca.rrlers 5

the additional concentration at equilibrium is determined by the expression

./ e MARITE W

s of both the photoca.rrlers and the

1~\‘.‘ -.,q»

Y ———

% is proportiona.l either.to the square root

conduc tive effect 1s the principe.l fa.ctor
. SIAT:

S LRI TS
et opieiaiimonar i onie St
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"be noted, however, tha.t these laws are n t universel, for some emicondnctors the

i

dependence of photoconductivity on ra.dia.tion inteneity is eypresseﬂ. either ‘by a. e

.e

different exponent or is of more complex ch&racter 1n general. 5 As was noted
earlier, some semiconductors even show a decrease ra.ther than an increa.se 4in con-
ductivity when exposed to radia.tion in al certain tempera.ture ra.nge (negative ;photo

1 effect)

Experimental studies indicaue that not only fhe mobility of the photocurrent

carriers but also the sign of their charge is the same &as that of the dark car-

riers. This is natural in the case of electromagnetic excitation of current car-

riers from impurity levels. However, itE is also found that when electrons are
excited from the valence band into the conductivity band -~ in which case, as we
know, two current carriers are formed (e.n electron and a hole) -- the charge car-
.rier which participates in dark conductiyity usually possesses mobility in the
crystal lattice. This experimental fact:is not yet accounted for; it is unclear
vwhy the carrier with the opposite sign becomes trapped, as it were, in the lattice

l
very shortly after formation and does not participate in the current. The fact

+hat such carriers actually arise in the photoconductive effect is confirmed by

ST A AR ot i bt —m =

our experiments with secondary radietion

sign appear vwhen a semiconductor previou

. gdditional carriers with the opposite

51y excited by photons which transfer elect

trons from the valence band into the con

" radiation by photons whose wavelength is

ebove transfer ( BY<AE, ).

. 1
. i
when such & crystal is exposed to radiation by the latter photon type only. Hence

we conclude that the secondary exposure

carriers but merely liberates those char

secondary "capture" levels formed by implr:ities and crystal defects in the first

These

t+o radiastion does not create new current

duction band is subsequently exposed to
such that they are unsble to effect the

additional current carriers do not appear

Ees which hmve been trapped in the various
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!
The dependence of the intensity of the photoelectric current on the strength

of the external electric field acting on [the photoconductive substance (the so-
calléd current-voltage characteristic) has its own characteristic properties. The.
primary photocurrent created by those charges which are directly activated by

|
light conform to Ohm's law only in a low-field region with an upper boundary nu-

merically different for different photbconduf:tive substances. As the field in-

creases beyond this boundary, the prima.ryA photoelectr;_te current increases at a

rate slower than that prescribed by a lir}ea.r relationship, with a tendency to

saturation in strong fields which is illtl}strated. by the theoretical curve in
' Fig. 29.

Physically, this phenomenon stems from the mechanism of generation of the

' primary photoelectric current itself. Charge carriers activated by light migrate
| at random in the crystal in the absence of a field during the period T ° of their
free existence, axid then recombine or are captured by impurities or defects of the
crystal. If a wea}r external field E is applied to the body exposed to radiation,
the photocurrent carriers drift in the field during the period from the moment of
excita.ti:on to the moment of their recombination, undergoing displacement toward
the electrodes through a distance 4, whi Ih is determined by the product 4 = EE"CO,

]
vwhere u is the mobility. The quantity 4 is called the drift path of the current

. which is proportional to the number ngh .of primary photoca.rrlers liberated by

,L . ——— —_— PR,

ca.rriers a,nd.‘c their lifetime (see page '38). The strength of the photocurrent, ° ll
|

o l:.ght in unit time and to then_r mean dr:ft 4a ( —~ 2_p °a) in the f:.eld,

; w:Lll increase 11nea.r1y m.th the i‘leld on]y unt:.l the drlft path attalns

1}

the magnltude of the mterelectrode dlS bance D. 'Ihe mcreaSe oi‘ the pr:.-

o - ——— ————- = -— -

mé.ry photocurrent wlth increa.sn.ng field strength sla.ckens as the drlft of the inch-

vidnal current ca.rriers beglns to experience restriction by the distance to the '

electrode, and. is llmitecl by a certain velue I equal to the tota.l cha.rge of a.ll

current a.rriers liberated by the light ﬁer unit time over the entlre crystal and
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Fig. 29. Current-voltage cheracteristic of primary photocurrent.

~ This picture is observed in pure form only in nonconductor crystals. Thus the
; | .
saturation point of photocurrent was a'tt:ained in a 15,000—v/cm field in the diamond

[
specimens investigated and in a 2,000-v/cm field in AgBr. The current-voltage ‘
characteristics of many typical semiconductors exposed to light differ considera.bl}’r

from the theoretical curve shown in Fig. 29. Two circumstances are responsible |
' |
for this departure: first, the fact tha‘h the sbove limiting condition (I Lon -ma.x)

concerns only the primaxry photoelectric component of the total current and not itsl
|
dark component (which considerably exceeds the former in many semiconductors) a.nd,{

second, the fact that various secondary phenomens which distort the above mechanisrh
‘ ] .
of formation of.the photocurrent apprecig‘bly are superimposed on the primary photo%

f current in semicondnctors.

" lators confirms the correctness of the consistent concept of electroconductivity
: |

|
for all solids which has been established by the band theory. The experimentally

The fact that photoconductivity is observed both in semlconductors and ‘insu- !
|
|
)
1

| | i
observed differences in the manifestations of photoconductivity in semiconductors |
. and insulators arises basically from the‘fact that, in the former, the photocurrenil:
often constitutes only an inconsiderable |addition to the dark current. It is an l

empirically established fact that photoconductivity does not occur in all pure ‘
|

Pt

D N e e e R L T T e
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I .
gemi conductors and insulators, but only in those with dielectric constants e

greater than 4. The photosensitivity may be imparted to substances which fail to
meet this condition by adding 1mpurities!lto them. In addition to impurities, the

condition of a solid's surface (e.g., 1ts roughness) also influences its photo-

1
!
' sensitivity, especially in cases in vhicI‘J, the absorption of light occurs in a

i
thin surface layer. This is explained by the fact that the condition of the sur-
|

* face of a body strongly affects the rate of surface recombination -- 1.e., the |
!

. rate of the process which returns the current carriers to their nonconductive state.
: {

‘ .
Also of interest is the question of the number of current carriers which
' I

correspond to 1 gbsorbed quantum (photon) ; this value is calied the quantum yield
] I e

' of the photoconductive effect. In the ms.jority of cases the quantum yield within

I
the photoelectrically active band of .the: electromagnetic spectrum is equal to
: |

unity -- i.e., each photon engenders one'pair of current carriers in the excita.tion
i .
; of the basic lattice. This is shown clearly, for example, in the case of germanium,

. !
! where each photon with a wavelength from 1.0 to 1.8 £ forms a single pair consisting
* |
' of one electron end one hole. Sometimes, however, comparatively small amounts of
: - [
radiation produce intensive photoconductivity in experiments with certain sub-

|

stances, and the gquantum yield is found ’To exceed unity. According to the genera.ll

concept of the mechanism of the photoconductlve effect which was developed earlier,
l
| each primary excitation event in the intrlnsic lattice can create only one pair of,
., current carriers. To a.ccount for experimental fdcts involving a qju.antum yield

which exceeds unity, therefore, various Tecondary processes are assumed. to arise “
from the imperfectlon of the crystal after excitation of prlma.ry current car'riers.‘
l

e sy - PRI

As an exanmle » the very strong photoconduct1v1ty effects observed in fine-grained |

- - l
crysta.lline specimens of same semlconductors are e.xplalned by the presence of in-

sula.ting, oxidized intercrysta_‘lline layers whose condnctlvity changes sharply on

=

the appenrance of the prlmary photoelectrons Expern.ments indica:te tha.t the in- _

e, “'? b

2 —fluence of light on such a semicondnctor manifests itself in & sha.rp dec]ine in
‘ - [ :"
- . bTAT
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cates that secondary processes do act y oceur in the photoconductive effect.

The secondary processes are disting\ushed i‘rom the prima:ry 'by the noticea.‘ble “but

: sometimes quite sma.ll time lag in their development. Therefore an ultra-short-

pulse irradiation technique which 'prevents the development of the seconda.ry proc-- :

'esses is used in experimenta.l separatlon of these processes."" L

The qua.ntum yield is found in some ca.ses to exceed 1 due to the fa.ct that the {- ;

. t

' photoelectric activity of the light exter}ds into the frequency range in which “the ‘[
. !

_ energy of & single photon hv is several times greater than the excitation energy of

the current carriers AEO. The primary cfurrent carrier in this case proves capabl
of exciting additional secondary current I'carriers by virtue of the excess energy
; (p— 2 Eo) which it acquires on ebsorption of a photon.
It was indicated in the discussion dlf Fig. 28 that in the majority of cases |

' only a comparstively narrow range of the electromegnetic spectrum at the long-wave

|
f
|
edge of the continuous-absorption band of a substance is photoelectrically active. !
I
1
|

This means that photons which do not belong to this narrow range do not excite

.. current carriers even vwhen gbsorbed by a 1solid. and possessed of an energy sufficien
to accomplish an excitation event (1_“’ >i AEO). This photoelectrically inactive
gbsorption of light has suggested to physlicists the idea of the existence of a

i
certain mechanism of °excitation which produces no current carriers. However, it

! .

was recently proposed that this mechanism of excitation s&lso participates in photo-
! i .
I electrically active %xcitation -- i.e., that the formation of current carriers under

AL P eI S R A b ST T S RS

t the influence of light proceeds in two st'ages. During the first stage a photon ‘
{ |
: transfers an electron not directly into the conductlon band but into an excited leYel
[ located just below the bottom of the conduction ba.nd An electron in this state l

does not completely escape the e.ttraction of its atom, but remains related to the

hole which it has left 'behind in the latter. Such an excited state of an atom is

Sev R

STAT
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— 1
called an exciton and mey be transmitted from one atom to another -~ i.e., migrate

| .
at random within the atom. It must be understood here that in transmission from I
|

| |
one atom to another, the excited state returns the first atom to its normal unex-

cited state. The application of an externa.l electrical field has no influence on e

the rendom movement of excitons in the crystal lattice and therefore does not cre-,
i I
ate a current, since the exciton as a whole co.stitutes a neutral combination of an

. !
electron and a hole and the bond cannot be broken by a low external field. Accord.-;

ing to the above concept, an exciton can "bresk™ into two current carriers (an

. |

electron and a hole) or recombine ~-- il.e., return the atom to its normal state -- i
. i

only upon collision with impurity centers. The former (i.e., the second stage of
l

the photoconductive effect) occurs at the expense of the thermal energy which it is

necessary to impart to the exciton to effect the break -- or, in other words » the |
| . !
! energy which is necessary to transfer the electron from the exciton level to the

conduction band. The latter (i.e., the recombination of the exciton) is accompanied

either by emission of an electromagnetic;quantum or -- which is more frequently .
: |

the case -- by transfer of the exciton' energy to the lattice in the form of heat.
' } i
| An electron and a hole are formed after the second stage of the photoeffect, but |

! one of these current carriers may prove ineffective due to its low mobility or

capture by impurity centers. This, briefly, is the physical essence of the modern ! .

theory of excitons. | - - L

The above ena‘bles us to understa.nd one of the causes of the phenomenon whlch

. was dlscussecl on page 101. It may be seen tha.t the explanation rednces to the

fact that when ‘the photoconductive effect is due to the exc:.’con:.c mechanism of exci-

.85 _:. ~omsRa- ~% .o,—tx Chgeer “Aetraan .,4 e

tatlon, the 'bhreshold excitation frequency Vo may be below AE / h and consequent]y s !

P

the for'bidden:band width ( A E ) determned by the optica.l method a.s AE b

nm.y be found sma.ller tha.ﬁ AE . It should be noted that the exc:.tom.c concept

P ,\-',: = e AR L t,,.:

ha.s received experimenta.l confirmation in the absorpt:.on lines recently observed

-

1n~the long-vavelength edge of the funda.mmtal a.bsorption bands of some } ¢
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semiconductors (i e., at the right end o’ the absorption curve, I'ig. 28)

) How does variation in the temperature of a body influence photocondnctivity!.

£

The rela.tive importa.nce of photocon mctivity mst, na.tural_ly, increase 'uit

1,

decrea.sing vemperature B since the dark cond.uctivity which serves as the ’backsround

age.inst which the photocondnctivity manifests itself declines with decreasing

! :
X temperature Theory and experience indicate that the absolute msgnitude oi‘ ;photo-

conductivity increases with decreasing temperature. This is explained by the ;fact
' that as the concentration of dark current carriers -- the electrons a.nd holes s A
. decreases s the probability of recombination of current carriers is a.lso reduced.‘ K ’
Variation in temperature also influences the red photoconductivity threshold'
¢ )\% in Fig. 28); here, the algehra::tc sign of the shift is found to be aif-
ferent for different semiconductors -- i:e., -some substances show a displacement
: of the threshold to the right with decreésing temperature, while in others it
shifts to the left. This experimental result is explained as due to constriction

of the forbidden band in some semiconductors and its expansion in others with in-

| creasing temperature (see yage 37). i
Characteristic of the photoelectric effect of electromagnetic radiation is the

'~ fact that the change in the electrical properties of semiconductors exposed to
‘ radiation is of temporary nature (with tlzze exception of the case where 7 -—gquanta
induce artificial radioactivity). This n!leens that the pre-irradiation value of the
dark conductivity is recovered more or less rapidly in the majority of cases after

| .
irradiation ceases; some semiconductors require microseconds for this process,

' while in others it requires minutes and even hours. This circumstance is of ex-
treme importance for a whole series of technical applications of the phenomenon of

photoconductivity, since high specificeations are sometimes imposed on devices of

T SR e b et S T T

this class (photoresistors) with respect J;to thelr response inertia.

The most suitable materials for photoresistors are selenium, germanium, and

AT

silicon, as well as sulfides and selenides of cddmium, lead and bismuth. Thin

109 STAT
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layers of PbS, PbSe and PbTe are photosezllsitive in the far infrared band of the

spectrum extepding to 4 x . This photosz%nsitivity boundary moves in the direction

of longer wavelengths with decreasing temperature.
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_CEAPTER VI

THE INFLUENCE OF STRONG ELECTRIC FIELDS ON THE CONDUCTIVITY OF SEMI CONDUCTCRS

~ ’ .7 P PR A LA

It follows from the physical comsiderations by which we substantiated Ohm's_

law see Formulas [(l) alrld (2)] that this law must apply only if the cu'z'xient ;:ar-
rier mobility and concentration are independent of the electric-field strength.

: Actuelly, the specific conductivity ¢ :I.L not a function of the field strength E

" in this case , and the current is proportional to the field in agreement with Ohm's

law.

‘ I.et us discuss the physical significance of these two premises. Let us ‘begin,
with mobility. According to (2)u = e'r/m , so that the dependence of the mobil-

ity u on the field E may manifest itself only through the free time T . The value

T= y V itself begins to depend on the ‘field when the increa.se in the velocity v

determined by Formula (1), is not negligl‘bly small as compared to v. The qua.ntityi

| '
“ over the free path 1 becomes compara'ble to the velocity -~ i.e., when A_Y_ s 8s i

T is both an explicit (denomina.tor) and impllcit function of v, since the numera.toli'
the length of free path 1, also depends on v in some important scattering mechanisms.

|

 Consequently, the physical premise of the field-independence of mobility is re-
' I3
H

duced to one of negligibly small influence of the field on the velocity. On the other

hand, however, it follows from the consiéerations on which Ohm's law is based that‘

TR

|
the influence of the electric field consists precisely in & change in velocity, and
i
it might appear thet no explanation of the occurrence of the current could be foum}-
if this change were completely disregarded. How to account for this? The fact isi

g iclel1s s vector quantity, and the eISTATe i
%

111
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—
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l

field acts on this quantity in two ways:i 1t changes both the absolute magnitude

i
law is valid, the change in the megnitud.e of electron velocity over the free path

of the velocity and its direction in space. In the low-field range in which Thm's l‘

!

: is small by comparison with the absolute magnitude of the initial velocity of the

' electron in its free path, and may be neglected in this case. The other effect of’
the field -- the change of the direction‘of electron velocity ~- suffices to ex-

plain the occurrence of the current and substantiate Ohm's law.

: |
In the absence of an external field, the directed average velocity found by

l
geometrical summation of the velocities of the individusl electrons is equal to
I
zero (see Fig. 2). Application of an éxterna.l field produces a certain directed’

-l
resultant velocityAv which, though sma.ll by comparison with the absolute average

velocity of the electrons, appears distinctly enough agalnst the background of the.

l
zZero directional velocity which preva.ils in the absence of the field.

‘It can be imagined that with increasing field strength, the change in the

. 1 |
absolute value of the velocity over the free path of an electron becomes, at suf-

|
ficiently high fields, comparable to the magnitude of the initial free-path

1

| velocity. I. ) \
l An increase in the average random energy of electrons represents, essentia.].'l_y,
| an increase in their average thermal ene:ig measured in degrees of the tempera.ture
scale. This means that in a strong enough field the steady-state temperature of

the electron gas- may noticesbly exceed tha.t of the lattice. As a result, the

tra.n.sfer of energy by current carriers to the lattice increases , and a stationary ‘

condition is esta’blished. in which the total energy received from the externs.l field

f-
is uransmitted by the current ca.rriers tQ the lettice. Since the therma.l velocity

"\.‘ N - . e

of current ca.rriers increases in thi csée in proportion to the square root of the

field strength, the mobility of semicondL ctors with the length of free path inde-

pendent of velocity mxst vary according to the la;w u~l/VE [See Formula (l)]

— e e

iy

For hes “fields, which we refer to as strong fields , Ohm's law no longer holds,

|

e o | i - P 2 A~ 5
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-

since -3 noticeable increase in the veloclty over the length of the n'ee pa.th gives "y ?

rise to an appreciable dependence of bot the free time T and the mo‘bilityu on

v

the field streng‘ch E; this. resul'bs -in dependence of ‘the conductivity—j 3. “on® Ea-- 1 a_;,

& departure from Ohm's law. It fol_lows from the rela.tionship T = l (_)/V that X

|
and, consequently » the mobility u, may elther decrease or increase vith increasing

field strength E. Thus, T and, consequently, u must decrease with increasing fiel

strength (causing a marked increase in v) when the free path g does not depend on
|

] . i
' the velocity v, as is the case in the thermal mechanism of scattering in atomic
!

crystals. But T and, consequently, u mus'lt increase with inereasing field strength

when the free pe.th:_L_~vh, as i1s the case in the scattering of current carriers by

Thus a departure from Ohm's law due to dependence of mobility on the field
must occur when the external field causel; a perceptible increase in the velocity

. of electrons. The minimum field strengtL which causes the departure from Ohm's
l
" law to become perceptible is called the critical field Ec“ What are the substances

-— {
in which this departure should occur ea.r]l.iest? Since Ay = uE , a noticeable in- !

|
|
|
i
, ionized impurities. . - T ,
|
|
l

crease in velocity with increasing field’will manifest itself earlier in su‘bsta.ncelg
_ with greater mobility than in those with‘lower mobility. The mobility of eleetrpng
. in germanium at room temperature, for example, is u ?;900 cina/v.sec, Bo.th;‘t even

a field with an intensity of lO v/em shc’mld. produce in it a noticeable increase

in velocity over the free path. The relative change in velocity 11} this case

amounts to
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Fig. 30. Experimental curves illustrating departure from Ohm's
law due to change ir mobility of current carriers in germanium
in strong fields.

Experiment has actually shown that a perceptible departure from Ohm's law

|
may be observed in electronic germanium at as low a field as 900 v/cm at room

!
temperature (see Fig. 30). The critica]l. field of hole-type germanium at room

\ |
temperature is somewhat stronger -- lhoo‘v/cm; this is in accord with the fact

‘ that the mobility of holes in germanium (g = 1900 cmg/v.sec) is lower than that

of electron.s. The experimental results %or silicon may be considered a confirma-
f'tion of this rule f_or the dependency of j:ritica.l field upon mobility. Thus for
; electronic silicon E = 2500 v/em (u = 1200 cr-na/v.sec) ; for hole-type silicon
| = T500 v/cm'(u = 500 cm2/v.sec). "It;follows further from this rule that the
: critica.l fleld should d.ecrease if mobn.]_ity increases p'lth decree.s:.ng tempera.ture.
Ind.eed. Fig. 30 shcrws tha.t the critica_’l. fleld in electron-type germa.nium falls to

120 v/cm at T = 77 K. In a.Ll of the above ca.ses, the depa.rtures from Ohm's la.w

,—_.-._41 R

s manifest themselves in tra.nsa.tions from the dlrect proportiona.]ity I~~E with

e
- <

E <E to the theoretically supported la.w I~‘/- m.th E > E . The latter cor-;

1o e W

o (

responds to the change in the mo'bility which occu.rs 5 a.ccording to the law Ml/ f .

upon a cha.nge in field.. It is seen from
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voltage characteristic is saturated whed E > 3500 '\r/cm, indicating the transition .°

to. the dependency u ~ l/E 1n which the current no longer depends on field
strengt;h. At = field strength E = 40,000 v/cm, the mobility of electrons in ger-

manium at room tempera.ture is one-tenth .of the corresponding vn]ne in weak :fields."

Fig. 31. Experimental curves showing current-carrier mobility
as & function of electric-~field strength at low temperatures.

We have already explained why the mobility u of atomic semiconductors such as,

silicon and germesnium should decrease with increasing field in the strong-field

region in the case of the thermal scatt&ing mechanism. The mobility must increa.sge
vith field strength at temperatures su:ffficiep'bly low so that scattering in atomic
semiconductors occurs primarily at the i‘onized impurities, and the free path is i
T~ zh. Exper:.men‘bal results for electronic germanium indicate that at |
T = 20° K,E amounts tc & mere 8 to 10 v/cm and the mobility increases instead
of decreasing with increasing field strength (see Fig. 31). As the velocity and
the mobility of electrons noticeably inclrease, the thermal mechanism of dispe.rsi"o;zi

becomes effective, in which case 1_1~1/‘\/E ; this accounts for the further decreases

in mobility with E > 20 v/cm. However,| there exists another body of opinion as

STAT
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to the treatment of these last experimeni!a.l facts (Fig. 31) which maintains that tl}e

observed departure from Ohm's law is due;to violation of its second prremise -

i.e., to nondependence of the current ca::.;-rier concentration on the field. ILet us

Theory predicts that when the in-

|
now turn to this problem. . ’
l

tensity of the field in & pure semicon-

!
ductor exceeds 10% to 10° v/em additional

i
1

!'

current carriers produced by the field
should appear in it. Experiments have
actunu.y shown that in the range of fields

with E = th to 10° v/em and sometimes

even with E = 103 v/em, the cu.rrent-ca.r~l
Fig. 32. Curve illustrating the I
influence of strong fields on. con- rier concentrations of many semiconductors
ductivity with mechanism of second- f
ary increase in current carrier con- show a noticeable increase with increasing
centration due to the electric field. |
. ,field so that the current rises at a much

faster rate than that required by Ohm's la.w.

The experimental data may be divided into two groups. The dependence of the
E conductivity on the field for those in the first group is cha.racterized by Pool's* !
' .
empirical law o 208  (E — EL ) (see Fig. 32), where o, =¢ce —AR /231‘, «1is & co-:
efficient which depends upon temperature a.nd usually decreases as the latter in- l
creases, and E'c 1s the critical fielad, which depends on the nature of the semi-
conductor, temperature and the impurity concentration, the dependency of current
on field for the second group may be represented in the form of the Frenkel's ‘bheo-’

? ~

retically-derived law g =g o B VE, o NED RS

- - ‘. -

What then, is the physical essence of th_is phenomenon -~ i.e., the mechanism

of the influence of the electrica.l field which is responsible for the increase in

* Transla.tor's ‘note: ' Name tra.nslii';eratedj' (Pur'). Spelling not verified.
' i STAT
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current carrier concentration? It devellps that this phenomenon im.r'olves mct (me;" ;:’
but as many as four different mechanisms 3 vhich characteristicauy become operati‘v

not simultaneously but at different crit cal fields. We sha.]_l concern ourselves -

only with the two mechanisms which produce stationary sta.tes vithout causing de- }
compos:.t:.on of the substance, 2 onizati
" Stark's effect), according to theoretica} estima.tes > first become effec ive«in the

region of f:lelds'-\clo7 v/em, when- breakdcwn dne to the fi 3t two- mechanisms has- -

1'

i

. . LR i _:’ \' — ‘:J_ PR ‘ - ) 1

. &lready oceurred. - s .. V7 e s i

i
With increasing field strength, the mechanism of Frenkel's thermoelectronic

' ionization is +the first to become effective. The action of this mechanism will

! .
become clear when we consider that the externsal electric field acts on the electron

with a force €E and changes its energy state in the atom. As a result, the energ‘y!

| .
expenditure necessary to excite an electron into the conductive state is reduced !

1
by a quantity 2e V eE e > while the probability of thermal excitation ;

increases correspondingly by a factor exp(2_¢_e_ Ug E/ e which results directly in ]

' an increase in current-carrier concentration in accordance with Frenkel's law, :

l above. A more exact theory of this phenomenon glves a depemdency of the type of !

' Pool's law for conductivity in compa.rati';ely weak fields and of the type of Frenkei's
law for stronger fields. -Thus the actiorl of the thermoelectronic 1onization !
mechanism reduces to facilitation of the 'escape of the electron from the atom; the!'

' separation itself is effected by thermal {excitation. !

To understand the Physical essence o:f the second mechanisgm, which sfollowing Il

the mechanism of thermoelectronic ioniza'ﬁ‘ion, becomes effective in stronger fields, l
| it should be taken into consideration tha‘t 8 free electron undergoing acceleration‘
on its free path may, in a strong enough field, acquire an energy sufficient to I
excite either a bound electron, an impurlty atom, or an atom of the basic lattice. ‘

In accordance with the Thysical essence of the phenomenon, this mechanism of exci- '

L

tation of secondary current carriers is cla.ned impact ionization. The mechanism

STAT
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of impact ionization may bring about &n increase in current-carrier concentration i
only under the condition that the ionizing electron, after exciting a bound elec-
tron, itself remainsg excited - i e., in the conductive state. Clearly, this can
only occur when the kinetic energy of the ionizing electron is so great that it

retains (after effecting the excitation)'an energy sufficient to keep it in the

conduction band -~ i.e., when the lonizing electron is displaced only from a

higher to a lower level within the limits of the conduction band in the process
|

of impact ionization. This, in turn, requires that the conductivity-zone width
i

!
exceed the forbidden-band width when electrons in the valence band are excited.
Similar conditions may also be formiated for the impact ionization which may be

. |
praduced in the valence zone by & hole. !Since the activation energy of impurities

|
is usually less than the forbidden-band width, the excitation of current carrilers I

!
| 4n an increasing electric field occurs first from impurity levels, following which

|
l

!

i
i the impact ionization of basic atoms of the lattice becomes effective.

The above concept of the mechanism of impact ionization may give rise to the
misgiving that it cannot achieve a stationary state and must alweys lead to break-

down. Indeed, does not an avalnnche-].ike process of formation of steadily in-

creasing numbers of current carriers -- a -process which should lead to breakdown
i occur at a given high field strength when conditions are such that the ionizing
electrons, after e;cciting secondary electrons, themselves remain in the conduction

band? This would be the case if the process of excitation of current carriers wer

(B e e e

not concurrent with another opposed. and stabilizing process -- that of recombine-

tion of current carriers. The formationnof seconda.ry cu.rrent carriers by impa.ct

t
1oniza.tion is. accompanied by elther a.ddi‘biona.l free impurity levels or adda.tional

.,-.._,._ - .,._. \..... - e - e

hole . in the valence ba.nd, ’che excited electrons recombine \rlth these with a
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with the field but remains unchanged in 'r given strong field.

When the field is strong enough (usually at E > 10° fo 106 v/cm) the proc-

'ess of impa.ct 1onization assumes an avalanchn-like character and leads, of course, _;'

“to" abreakdmm E . - - E R Ak B

Since great qua.ntities of energy which may considera'bl or even da.ngerously

heat it are developed in the test specimen in strong fields, experimental studies

of the ei‘fects of strong electrical fields on the conductivity of semicondnctors

e

_ are often ca.rried ou't using the transien’t-pulse method.

Tet us note in conclusion that the conductivity increase in semiconductors
in strong electric fields is a phenomenon utilized in technical devices for the

protection of electric transmission lines from overvoltage.
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CHAPTER VII

THE INFLUENCE OF VARIOUS TYPES OF CCRPUSCULAR RADIATION ON THE CONDUCTIVITY OF
SEMICONDUCTORS

There ere four reasons for the changle in conductivity of semicondlnctors under‘
bombardment by streams of high-speed electrons, neutrons , deuterons anda-inrticlesl.

1) Corpuscular radiation excites (fonizes) atoms, with the result that the
concentration of current carriers increases. This excitation is, in general, of
the same ephemeral cbara.cter. as in the c%ée of the photcic-orlductive effect, anL
vanishes rapidly after withdrawal of the ‘radiation.

2) Bombarding particles cause disp }a.cements of ordered atoms (or ioms), with
the result that stable and unstable defeclts of two types appear in the lattice:

vacancies and interstitially implanted ic;ns. Iike chemical impurities, these de-
]

l
|
|
|

fects alter the energy spectrum of electrons, causing a change in the equilibrium

concentration of current carriers which a.rises from thermal excitation. The work
: t

required.to remove an atom from a germanium lattice point amounts to about 25 to

30 ev, so that the displa.cements of a.toms from the lattice points during bombard-

1

the. bombarding particles themselves but also by those prlmarily disphced atoms

|
which ha.ve received energy sufficient for seconda.ry dlsplacement of other atoms in :

ment of this semiconductor by heavy high-speed pe.rticles are effected not only by

.~‘ the"lattice. However, the number of sta‘ble seconda.ry current carriers dislodged
a.toms displaced. may amount to several h dred. This 1s explained by the fact that

defects of the lattice are for the most ;:L.rt quickly corrected a.fter radiation
i

120, STAT
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ceases. In many cases, €even complete restoration of the originnl state of the

specimen may be Werfeoted by means of appu'opriu.’ce annealing.

3) Under‘ corpuscular radiation, as|well as when exposed to the ‘f55-'rayn of‘§ -

'bhe electromagnetic spectrum, radioactive transformations in the 'body exposed to '

I
radia,tion mey occur, resulting in the appearance of stable atoms or ions of elements

l
. which were absent in the original substa.nce. This development is s:lmila.r 4n itg & TT

results to the process of injecting chemlcal impurities,vhich is often used. to im~ o

i

!

i H

part defini'be, specified electrical properties to a semiconductor. - Since the’ in— 1
|

jection of chemical impurities is a very important procedure in semiconductor

: | )
technology, it is likely that techniques ‘by which impurity centers are created by !

various types of corpuscular radiation, which have their own peculiar advantages,
1
will compete successfully with the chemical method and find important technical

application.

4) Defects of the lattice and impurities in the form of foreign elements |
|
created by the action of corpuscular radiation reduce the current-carrier mobility!
i
(and, conseguently, the conducti\}ity) insofar as mobility is determined by scat- 1
N i

" tering at impurity centers. ) |

After thus generally characterizing the effects of &ll kinds of corpuscular I

|
ol

. .
radiations, let us discuss in somevwhat greater detail those properties which are

characteristic of certain particular forms of corpuscular raediation. Further dis-

v

! cussion of this problem will be chiefly and necessarily concerned with germanium f

1

l and silicon, since up to the present time these semiconductors had been studied 1nE

the majority of experiments made on the action of corpuscular radiation.
|
Electrons. It hes already been indicated that & work of 25 ev per atom 1is
| .
required to create stable effects resulting from displacement of atoms from the

!
* lattice points of germanium. Calculatiorli indicates that an electron mey transmit
1

such an energy to an atom in an elastic collision only if its initial energy ex-
i

ceeds 0.55 Mev.. TIf the. energy of the bombarding electrons is less than this

STAT
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qu;m.tity, thelr -effects on the semiconductor are reduced, as in the case of the ‘

photoconductive effect, to. a temporary clLa.uge in the current-carrier concentration;

i
which vanishes when radiation ceases. }ﬁcperiments with the exposure of germanjum :
!

)
to radiation by medium-energy electrons ( < 0.55 Mev) have confirmed this cenclusion

! and indicated that conductivity increases during the exposure and is restored to ',

- l
, its initial value in ~~10 5sec upon withdrawal of the radiation. This time 1nterv|al

. |
. 1s hundreds of times smaller for other semicondnctors. The working principle of

electron- and a -particle counters of the crystal type (diamond, CdS, ZnS), which .

. offer convenience in operation and provid.e high amplifications (to 1,000) but stlll
. i '
| possessa number of serious shortcomings, is based on this phenomenon of temporary

»

:' change in conductivity upon exposure to radiation.

When specimens of electron-type germanium are exposed to radiation by high-

speed electrons with an energy of 1 Mev, the change in their electrical properties
takes a course different from that in specimens of hole-type germanium. The stable

. I
conductivity of n-type germanium , 1i.e. ; the conductivity established after
l

suspension of radiation, decreases as the radiation begins and then passes through

a minimum and increases, as radiation conuinues, to a value which may exceed its .
initial value. However, n-type germanium is converted into the p-type modification
H 1

in the process of these changes in condué:tivity. This effect of high-speed elec- 1
_ trons on n-type germanium stems from the:acceptor character of the lattice d.efec‘c,s1
i created by the bombardment. The small mmber of acceptors produced in n-type
i germanium during a short exposure to radjl:.ation capture electrons from the conduc- .

!
“tion ’band and..the donor levels, thus lowering the conductivity of the irradiated

specimen, vith a further irra,diatlon, the zrumber of acceptors increases, with the ‘
result tha.t the number of conducting electrons i the conduction band decreases

. and. ‘becomes practical]y neg]igible At the same time, holes appear in growing

mmbers in the valence band. as the exposure to0 radiation contimes. Fina.'lly the

-z 4z

elect:on-type germanium, ha.ving been comrerted. into the hole type a.fter a 10ag
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| enough exposure, acquires current carriem"s (noles) in concentrations which increasg

" with the duration and intensity of its 'bclamba.rdment by the high-speed electrons. i

c -
| 3 The condition of thermal equilibrium n .p = ?i between the cohcentra.tions of elec-,
P

trons and holes [see Formu.la (9)] where .n | B, is a constant of equilibrium which 7 |%H
! .

‘ depends on temperature for a given substa.nce s applies for &11 stages of the Drocess

" in which electron-type germsnium is converted into the hole type. For germanium,

2-36106cm6atT_3OO°K. - i

When hole-type germanium is exposed:to radiation by high-speed electrons, itsf
stable conductivity increases from the v%ry beginning of the exposure. This ex-
perimental fact is in I‘ull accord with tﬂe conclusion that the impurity centers
created in ge..nanium during exposure to 1?’adia.tion by fast electrons are of z-:r.cce;p’l:.oxi
character.

Experiment also confirms that current-cerrier mobility continues to decrease

|
with longer and more intensive bomba:rdmelllt in both hole- and electron~type germaniu
1

|
However, this has only a slight effect on the character of the change in conductiv
!

ity, since the relative change in concen%ra.tion which occurs when pure germanium .
I
is exposed to radiation far exceeds the relative change in mobility.

1
Neutrons. Neutron bombardment of a'semiconductor has its peculiar character-
I

isties. First, the ionization of atoms ’By neutrons is a seeondary process brought

|
about not by the action of neutrons themselves but by the action of the atoms to
l

which neutrons have imparted their energy in collisions and by radioactivity inducﬁd
l

' by neutrons in the atoms of the basic substance. Second, upon irradiation by neu-'

trons, radiocactive transformations take place in a semiconductor, with the result l

l

that foreign-element chemical impurities are formed in the original pure suIbstanceJ
Thus, for example, gallium, arsenic and s;elenium impurities appear in germasnium
' upon neutron bombardment. This variety of products of radiocactive transformation
of germanium atoms is & result of the complex isotopic structure of the latter

! element. The atoms of gallium, an element of group III of the periodic table, act

L
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as scceptors; those of arsenic, an element of group V, behave as donors (see
page 65 ), while the selenium atoms, as ixildicated. by special investigations, exert

no influence on current-carrier concentration in germanium. Since the formation

z
|
|
l

of gallium proceeds three times as rapidly as that of arsenic, the effect of the
radloactivity factor during bombardment i)y neutrons is to cause preferential

accumilation of acceptor impurities. Slow neutrons produce a predominant radio-

TR oy ot o] | ot s (2o

' 1
' getivity effect, although it should be noted that the cross section of this reaction

. 1s comparatively small in germanium, and in addition, fast neutrons cause crystal

defects which, as was shown before, are 5f acceptor character in germanium. As &

Fig. 33. Schematic diagram illustrating the process of change
in the conductivity of germanium under neutron bombardment.
|

i result, the bombardment of germanium by fast and slow neutrons is found to lead

in general to the same result as does irx:adiation by fast electrons: n-type

. germanium is ga@y transformed into the p-type as irradiation continues, its
conductivity changing in accordance wi‘bh:{the changes in the concentratior; and mo- |
bility of current carriers. The conduct:{vity of p-type germanium increases 3
‘monotonically throughout tHe process of rlleutron bombardment. .‘ ) l{
b

) _» Fig. 33 presents a band diagram which :Lllustra.tes the above process of trans-

formation ‘of electron-’cyye germanium into the 1"o e type. with the pv‘om'essive

w

12
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accumulation of acceptor impurities 3 the compensa.tion of the donor chemica.l impuri-

ties vhich vere present in the n-type ge:'ma.nium before irradia.tion are compensa.ted.

first the tota.l current-carrier concentra.tion decreases in the cou.rse of this comy . -

pen.sation process 3 'then, with ﬁu’ther irradia.tion, whick leads to the forma.tion of L

) an excess of acceptor impurities , hole-type current carriers appesar in the valence

band, their number increasing with the duration. pf pombardmen?,_ .

H
i

It might be assumed on the basis of general consideratiors that the 1rradiat101é~»- -
' of silicon would lead to the same qualité.tive results as irradiation of germa.nium.f

I .
Tt is true that the crystalline structure of silicon is the same as that of germa.n-;;

ium, and the influence of chemical impurities on the conductivity of silicon is of:
|
the same character as that in the case of germanium. Experiments, however, have |

!
shown that the above assumption is not the case. The conductivity of silicon ir- i

' radisted by high-~speed neutrons decreases throughout the process of.irradiation

| .
from the outset irrespective of the sign of the initial conductivity. The sign of
!
conductivity affects only the rate of the increase in electrical resistance.

* 8ilicon with a specific resistance of 10 ohm°cm has been obtained in this way; f

this figure, however, is still 30 times smaller than the specific resistance whichi

perfectly pure silicon should’exhibit atlroom temperature (see Fig. .13). This 'be-‘
havior of silicon may be understood if it is assumed that the donor and acceptor i
levels created by bo.mbardment with high-s!peed neutrons are located somewhere in thei
' middle of the forbidden band -- which is !l 1/2 times as wide in silicon as in |

germenium ( A E, for silicon = 1.1 ev for germanium 0.75 ev) -- at a removel from

! the bounderies of both the valence and conduction bands. Such an assumption
appears quite plausible since it impliés essentially that the activation energy .
of the donor levels created by atoms whic;h have entered the interstices and of the|

_ acceptor levels created by lattice vaca.nc;ies considersbly exceed the activation

" energy of the chemically injected impu.ri‘tliies which usually occupy points of the

' lattice. Thermal excitation of donors and acceptors éituated in the middle of the

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060003-2



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060003-2

forbidden band in silicon is ineffective'a.t room temperature, but the capture of
electrons from the conduction band by these acceptors and the recombination of

holes in the valence band by these donors in n-type silicon lead alike to both a
dec.rease in current carrier concentration and an increase in specific resistance.
The increase in tlhe resistance of sﬂtlicon is further promoted by the decrease in

current-carrier mobility due to seoondary scattering of current carriers by the

' compensated impurities present in such semiconductors in the ionized state at room )
i ;
' temperature (A§I<< KT). ‘

|

Neutron bombardment of the intermet?.llic semiconductor InSb results in radio-
active conversion of In into Sn, the cro':ss section of capture of slow neutrons by '

| the In nuclei being especially large as lgiistinguished. from the case of the Ge
muclei. The Sn atoms which take positioxfls at points of the InSb lattice act as

! donors. T l

The effect of other forms of corpnécular radiation has thus far been studied’
i

¢ only in germanium. Irrediation by d.euterons and « -particles was found to lead to

. results qualitatively similar to those o'fi')ta.inefl by irradiation with high-speed elec-

| trons and neutrons.

As distinct from neutrons, which cause uniform changes in electrical proper-
' !

' ties over the entire depth of even comparstively thick specimens, charged particles

. penetrate solid substances only insign.ific&ntly. Thus, for example, a -particles |

| with an energy of 5 Mev penetrate germanium only to depth of 2°10 3

Clarifica.tion of all aspects of the physica.l processes which occur during
bombardment of a.toms of a. semcon@ctor by various types of corpuscular radiation l
is of greet theoretical a.nd practical 1mporta.nco. As an exa.mple of the practical
.va;lue of such irra.diation, it might be pcIJinted. out that by irrediation of a plece

of electron-’cype germanium with a d.u'ected. nar“ow bea.m of charged. pa.rticles ’ elec-

tron-hole transitions may be produced at desi.red pla.ces in the piece. 1 It is even

et . P -

“possi‘ble to construct a new type of crysta.l radiation- counter with the a:.d of the _ )
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that the electron-hole transitions repres

| R
' tion of semiconductors in the febrication

p_-n Junctions created in this way (see pe!ge 122). It has a.lrea.dy been indica.ted

T

ent the 'basis for the ‘bechnica.l lrtiliu-

4
-\

of rectifiers 3 amplifiers E and photocelle
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CEAPTER VIII

THE INFLUENCE OF DEFORMATION OF SEMICONDUCTORS ON THEIR CONDUCTIVITY

|

Deformation of & crystalline solid affects its conductivity in two ways.

1) Upon a change in the interatomic distance, the energy depths of the
!

valence, forbidden and conduction bands, as well as the location of the impurity
|

levels, also change (see Page 37). Thege changes result in changes in the acti-
|

vation energy of intrinsic and extrinsic ‘current carriers as well as in the effec-

1
i

tive masses of the electrons and holes, which depend on the width of the valence
1

and conduction bands; either change has & direct influence on current=carrier con-

t
| centration in the solid [see Formulas (%) and (7)]

|
2) As the atoms approach one another, the forces of interatomic interaction

i :
increase, with the result that the amplitudes of thermal vibrations of these atoms
i .
in the lattice decrease. The decrease in the vibrational amplitudes of the atoms
1
-agserts itself in decreased thermal scat’éering of current carriers (see Page 87 )
. !

i
which leads to an increase in mobility 1111 a crystal under omnilateral compression.
o i
The above factor of variation of the efféctive masses mst also affect the current-
i S - s : :

carrier mobility. ’ P “ta
I
¢

The cha.nge in mobility is the basic factor in met.a.ls. Therefore mdst metals, !
when compressed omnila.terally so that the intera.tomlc dlsta.nces decrea.se, show an

K

t
increase in conductinty. The few a.noma.lous cases of decreasing conductlvity are

] . ~
. AN LT JLs o

accoun‘ted for by the a.ction of ‘bhe second factor -~ the incraa.se in the effective

B

mass of curren carriers as the ’coms apTroach ea.ch o’cher. )
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: vhich the for'bidden-band width of a crys al may either increase or decrease as -
. and & decrea.se in eondnctivity in different semicondnctors. L
' semiconductors confirm this genera.l conclusion. |
. of germanium and silicon monocrystals e.t;room temperature has shown that the effect

' tivity of the semiconductor. Ge-n, Ge-p, and Si-n show an increase, and Si-p showé

| |
a decrease in conductivity when the tension and the current are directed along

l K
conductivity when the tension and the current are directed along the [ll(ﬂ axis.

{ .
a.t room temperature increases by a factor of 4.5 under a pressure of 30,000 kg/cm )

The change in the activation energyl which produces a change in the current

c&rrier concentration, is the factor which plays the principel pert in semicon-

.

ductors. On pe.ge37 general theoretica.l eonsideretions were given according to .

u-u. -

the a.toms draw together. Therefore the same deforma.tion ma.y ‘cause both an increase

Experiments with elongation end omn.ilatera.l (hydrosta.tic) compression of*

P $

Lt e A

Experimental study of the influence of elastic elongation on the conductivity

of tension depends on the orientation oflthe crystal and the sign of the conduc-
.

the E.OO] axis, Ge-n and Si-n shov an increase, and Ge-p and Si-p a decrease in

I
In the latter case, the change in cond.uctivity attains a value of 0.0l per cent
per 1 kg/cm of stress. It may be concluded from the results of these tension
l .
tests with monocrystals that as the atoms draw together, the current-carrier mobild

ity increases in & normal manner in Ge-g,l Si-n, and Si-p, while it decreases in

]
Ge-n. The latter is probably a result of the considerable increase in the effective

mass of electrons in the conduction be.nd.l
i - (o]
The influence of hydrostatic pressure on the conductivity of germanium is 8.154
!

i i
different for electron-type and hole-type specimens. While the resistance of Ge-n ]

2

that of Ge-p decreases by only a few per ‘cent under the same conditions. Hydro-
static pressure has the reverse effect orl silicon: the resistance of Si-n is re-
duced by half at a pressure of 30 000 kg)cm , and that of Si-p under the same

pressure increases by several tenths. IJ the latter case, a strongly marked

STAT
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l

hysteresis effect ia observed: the cha.nre in the resistance of Si-p with a de-
to

crease in pressure from 30,000 kg/cm2 zero is represented by a curve completely

different from that for increasing pressure and having a sharply defined resistance

maximum.

Wide conductivity variation is obsetrved in tellurium. At a hydrostatic pres~-,
i
. ] !
sure of 30,000 kg/cma, the resistance of: tellurium decreases, at room temperature,‘

b i
by a-factor of 600. A calculation indicates that a reduction in forbidden-band
]

1

| width to 1/25 of normal (from 0.36 to 0.015 ev) corresponds to such a decrease in

conductivity. At a hydrostatic pressure' of 45,000 kg/cma, tellurium undergoes a

phage transformation into a metallic state. It is of interest to note that hydro-
1 ‘

static pressure produces anomalous deformation in tellurium: compression occurs

|

only in the direction perpendiculer to the main axis of the crystal; a tellurium
|
monocrystal is elongated along this axisl.

© The resistance of selenium decreases by 30 per cent at a hydrostatic'pressure,

of 1000 kg/cma, and increases by a factrr of th with a further increase in pres-

' sure to 100,000 kg/cm?.

At a hydrostatic pressure of 13,000 kg/cm2 and a8 temperature of 200° ¢ > yellovlr
!

. |
phosphorus, which is an insulator with a.i forbidden-band width of 2.1 ev, undergoes.

_an irreversible phase-transformation into the semiconductor black phosphorus,
! whose forbidden-band width is only 0.33 ev.
§

At room temperature, the resiste.nce;e, cof the oxide semiconductors ZnC, NiO,
i

. TiO v 05 » and U308 » which have been studied under pressures up to 50,000 kg/cma,

decrease severalfold (by a factor of up to ten) with dechnlng pressure; the res:.s-

G- . - i

: tance. of Mn Oh mcreases w1th pressure at approxz.mately the same rate,

g s owee - ' - 1

—_—ud - B
i

Experiments made in studies of the eff'ect of deformation of semlconductors on

e

their electrical properties ena.ble us to dra.w :meorta.nt theoretical conclusions

concerning the structure of the electron_Lc energy spectrum -

..,!I!he dependence of the resista.nce ofls

)
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practical application in the tensometersjused for the determination of slresses

vhich arise in structural elements and ;mchiné—%pu"té;.

A PN

v
L
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CEHAPTER IX

ON THE CONDUCTIVITY OF LIQUID, AMORPHOUS, AND POLYCRYSTALLINE BODIES

The band aspect of the modern quantum theory of solids enables us to explein

'sa.tisfactorily all of the various experimentally-observed electrical properties of
i . |
semiconductors, metals and insulators from a single point of view. A basic position

te

of this theory is the concept of the solid as an aggregate of atoms and ions ar-
. . . !
ranged in an orderly manner in a lattice, According to this theory, the electronic

1
iconductivity of solids is determined by the band structure of the energy spectrum

{of the electrons. This band structu:re of the energy spectrum proceeds from very _
i
1 general considerations related to the perlodic structure of the crystal. Therefore'
!in discussing the various electrical proplerties of semiconductors we frequently ‘
emphasized the crystalline structure of tpe substances which were of interest for
ius , as the only case to which the conclus'ions of the band theory are actually
'a.pplica'ble. Experiments confirm that thef crystalline structure of a solid is, in
many cases, & highly importa.nt factor in determining its electrical properties.
Indeed, the width of the forbidden band, 1!rhich exerts an essential influence on the.
,electrical properties of a semiconductor ,idepend.s in a very definite manner on the
spa.tia.l arra.ngement of atoms in the lattice. Carbon, vhlch occurs in two mod:LfJ.ca.-
tions \rith. sha.rply iiffering forbldﬂen baxiul ndths depeuding on the nature of the
: crystal lattice (diamond. and. graphlte) y may serve as an emmple of this dependence.

,ha.ve seen, is encountered in tin a.nd phosphorus. Since

have crystal_. ne

tronic’ condnctivities “with the'am of thelt

132
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property is a point of depa.rture. -

On the other hand, it is knovn that oncrysta]line su’bstances a:lso show elec-

.tronic conductivi‘ty oi‘ both metalilic and en'icond.uctor character. It is known, for,

exmnple ) that the conductivity of the ma;)ority of typical meta.]s declines only by

a factor of 1.5 to 2 upon fusion, so that‘ the metallic character 18 preserved The

l
conductivities of bismuth, gallium, and antimony are even dou’bled. upon fusion. It

|
is also found that the electronic conductivity of many crysta]line semiconductors

‘ is not essentially changed by melting, when the crystalline structure disappears.

Both increases and decreases in conductivity after fusion are observed in this case

| -
' for which we may discern in the experimental data a distinct relationship between

l*t:he sign of the change in conductivity an% that of the change in density during
| .

! |
melting. Thus, for example, germanium shows an increase in density and an increase
|

"4n conductivity at the melting point. Selenium shows a considerable decrease in

|
‘densit'y (13 percent) accompanied by a sharp drop in conductivity (by a factor of
| )
3,000). It is also known that the electronie conductivity of liquid solutions of
' ]
alkali metals in ammonia is of a semicondiictor nature. Finally, it is known that

|
'electronic conductivity of a semiconductor nature is observed in amorphous selenium

amorphous antimony, and certain glasses. l

Thus there exists a whole series of experimental facts which indicate that the
|
crystalline structure of a body radically influences its conductivity, and another

. i
series of experimental facts which indicate that even the disappearance of the

crystalline structure affects conductivity only slightly. From these facts, which
]
are mutually contradictory in terms of modern bend theory, we may draw the con-

clusion that the crystalline structure of !a body does not exert decisive influence

| !

'on electronic conductivity -- the latter being determined not by long-range .order,
i

or the orderly disposition of the atoms over great distances (as compared with th\e

!
interatomic distances), but by short-re.nge order, which is established by the arrang%

|
!ment of the closest neighbors of a given atom, by their number, and by their distam%es
1

l |

133
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"from one another,

It is known that when ‘the long-range order is disturbed wupon the fusion of
.crys,talline bodies, the short-range order is preserved; only with further heating
of the liquid toward the critical temperature does the latter gradually disappear.
This development explains both the facts observed upon fusion of electronic semi-
conductors and the correlation between the cﬁanges in conductivity and density which

was noted above.

The modern band theory of the conductivity of solids, which overestimates the
part played by long-range order in crystalline bodles, is, in essence, an approxi-
mate theory which disregards many of the important physical factors active in dense
systems. It is surprising, therefore, not that this theory fails to explaln the
electrical properties of liquid and amorplious bodies, but that the varied electrical
properties of crystalline bodies find thelr explanation within tﬁe framework of this
comparatively simple theory.

The viewpoint that the electrical properties of solids are basically determined

by the nature of the chemical inter-particle bonds has recently won increasing recog-
nition. Bonds of the homopolar type in Ifa.rticu:lar give rise to semiconductor
properties.v It is maintained that the fundamental difference between metals and
nonmetals is related not to the width of the forbidden band of the crystal but to

the degree of saturation of chemical bonds: those of the metals are not saturated,
while those of nonmetals are saturated to a considerable degree. The "chemical"
theory is empirically confirmed by the established relationship between the natur,e

of chemical bonds in semiconductor ms.terials ancl such factors as a.ctivation energy

and current-carrier mobi]ity. Rules formulated on this ba.s:.s ha.ve made it possible

to predict the electrica.l proper‘tieb of certaln materlals when these are prepa.red

’ limaisp_ecific manner., ..

tha.t the mjority of- eal olids which ve\ encounter in pra.cticefare not- monocrystals

w»;v-‘.:.— e = T Z
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oriented crystallographic axes. Since the.ﬁmensions of these grai.ns are ulunl'l.y

as & result of the difference ’between the regular arrangement of etoms inside the - ‘L‘.::,,

grain and the distorted arrangement e.t the grain bounderies., If the current-carrier,

free peth vere compara.'ble to the djmensions of crystalline grains, secondary scatter— -

ing at their boundaries would noticeabl;y reduce the current-carrier mobility and
thereby the conductivity of the polycrysts.l as well. Under ordinary conditions,
however, the current-carrier free path in metals and semiconductors (<10-5 cm) ~is
smaller by far than the dimensions of the crystalline grains, so that the presence
of transition layers between the grains of a polycrystalline aggnegate will not, iIn
itself, influence conduction in it; the conductivity of a polycrystal would be de-
termined by simply averaging over gll crystallographic direc‘b.’;.on.s.

The possibility of accumulation of the bulk of impurities at the grain bounda-
ries in & polycrystalline material is found to exert an essential influence on
conductivity. Such conteminated layers, when sufficiently %hick, increase the
electrical resistance of metallic specimens. The presence of such transition layers
with elevated impurity concent';rations in semiconductors with small volume conductivi-
ty may in some cases cause a significant part of the current to flow over the surface
of grains having increased extrinsic conductivity, rather than through monocrystal-
line grains of the basic substance, In other cases in which the transition layers
have elevated resistance, the conductivi‘i:y of the polycrystal is lower than that of
the substance itself. In all cases, however, the contaminated layers reduce the

effective current-carrier mobility noticesbly.

The presence of adsorbed impurities in the grain surfaces may exert a strong

influence on the photoconductivity of semiconductors, since the current carriers
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li‘berated. by the light may be captured by the intercrystalline layers, with the
! reault that the photocurrent-—carrier mobility is sharply 1imited. On the other hsnd,
‘!‘!vhen the intercrystalline layers have higher resistances (oxides , for example), the
photoconductivity of the substance may prove to be anomalously high (see page 106).
The polycrystalline structure of a solid may have aun effect on its conductivity
in still another way. The fact is that, as noted previously, the energy state of
all atoms at grain boundaries is different from that of atoms of the basic substance
at a distance from the bo;mdaries even though impurities are not adsorbed at the
surface of the crystalline grains. Due to this circumstence, separate "surface
levels™ (Tamm levels) are formed in the electron—-energy spectrum which, like the
impuri:by levels, may also occur in the forbidden band of the crystail involved., If
electrons are present in these levels in sufficient numbers, surface conductivity
due to the surface states of the electrons may occur even in substences with virtual-
1y no volume conductivity (due to the great width of the forbidden band), Jjust as
in the case of impurities. The experimental study of these problems 1s gtill in its
initial stage. The presence of surface levels in the electronic energy spectrum of
a solid may have noticeable effect not only on ‘{ts dark conductivity, but on its
photoelectric, contact, and thermoemission properties as well.

In any case,the conclusion can ’be drawn from the experimental data that the
mobility and particularly the lifetime (see page 38) of the current carriers are,
as a rule, smaller in polycrystals tha.n in monocrystals of the same substance. This
may be. explained by the fact that .monocrystals , for the mos‘t part , are purer ’cha.n
:izolycrystals due to the disp]acement of impurities to the 'boundaries of the mono-
crysta]line grains. It is therefore ‘necessary to use monocrystalhne semicond cto*s
in those applica.tions in which the mobility and life’cime of t}le current carriers
are important factbrs.

-,,:,u.".
i

Honuniform distribu‘bion of impurities ma.y exert a. strong inf

electrical proper_ties of a semicondnctor. Of pa.r‘bicu]ar interest 15 the ca.se of
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I

the 80 called p-n transition vhich occurs between two ad,jacent zones of & specinen

Fig. 34%. Positions of impurity levels of various elements in the
forbidden bands of silicon and germanium.

D -~ donor level; A-- acceptor level; D. F..-- Frenkel defects.
(The width of the forbidden bands corresponds to T =0.)

The important physical processes which occur in such a boundary layer in a seml-
conductor will be discussed in the next chapter.
In the table below are given numerical values of the basic quantities determi-

ning the intrinsic conductivity of the most important nommetallic solids--semicon-

ductors and insulastors--at room temperature. The numerical values for the mobili-

ties of the electrons and holes depend on the degree of perfection of the crystal
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lattice of the solid: the more pefect the crystal the higher the mobility. Therefore,
. values ob‘ba.ined..by different researchers for these quantities frequently disagree.
‘The table gives the most reliable data available in 1956.

This table should be supplemented by the value of the activation energy of the
impurity centers as a characteristic of the extrinsic conductivity of the listed
substances. However, data on these values are as yet fragmentary for most substances.
Some data on the distribution of impurity levels in the forbidden bands of semi-
conductors have been obtained only for germanium and, to a lesser extent, for sili-
con (see Fig. 34). The ability of a single chemical element to create several local
energy'l'evels is ‘expla.ined by the ability of atoms of this element to s;ssume differ-
ent degrees of ionization. Thus, for example, gold atoms, which create four types
of impurity levels in the fo:.;’oidden band of germanium, may occur in the lonization
states Au', Au, Au~", and Au”"". A donor level corresponds to the first state,
and acceptor levels to the others. It is supposed that the donor level is formed
by implantation of an atom of gold in the germanium lattice. However, when this
atom enters the germanium lattice as a substitution atom, it may possess three
degrees of negative ionization in conformity with the tendency of a substitution
atom to form, in the germanium lattice, the tetrahedral bond system which is
characteristic of this lattice (see page 65), since a four-electron group which
establishes a tetrahedral bond between an extrinsic atom (or, more exactly, an ion)
and four adJacent germanium atoms is formed when three more electrons are added in
succession to an a.tom of gold with ‘one electron in its outer she]_l. The a.ssumptioul

tha.t substitu’tion atoms tend to ionize accortling to the bond. system of the _Ja:ttice .

e o
APV e

into vhic 1. ey ‘are built a.lso expla.lns the fa.ct that univalent copper prod.uces

P

;three‘ acceptor levels :Ln germa.nium. It can be understood from this sta,ndpoint vhy

group II form single levels 1n germanium while tvo acceptor'levels are
= 3 2 S el ; :

formed by elements of group II (a.ccording to the most recent da.t

T

3 considered. in Fig 34).
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‘TARLE

lumerical values for basic physical perameters determining intrinsic conductivity
of normetallic solids at room tewpersture [see Formulas (2) and (W)].

- melting tempersture; _'1_‘C - upper limit of the tempersture range in vhich & glven semiconductor
modification is stable; AE, - width of forbidden band; . and 39 - mobilities of electrons and holes.
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CEAPTER X

THE ELECTRICAL PROPERTIES OF BOUNDARY LAYERS OF SEMICONDUCTORS ‘

The above discussion was concerned only with phenomena occurring inside the

| . [

volume of a semiconductor. Some importent technical applications of semiconductors
are based on phenomens which occur.at the boundary of a semiconductor at which it
| !

comes into contact with a metalor another'; semiconductor. The study of these con- :
1

i =
 tact effects is also of great importance in the theory of semiconductors.
[}

‘, Thorough description of the contact effects and the methods of their practical
i | t
1
i
|

!
utilization is a subject of the special issues of this series devoted to semicon-

|
ductor rectifiers, amplifiers, and photocells. Here we shall attempt to identify

|
| only the specific properties of semiconductors responsible for the peculiar phe-
!

nomena which occur at the junction between a semiconductor and a metal or another '
semiconductor but not at contacts betweez‘,l two metallic conductors. In doing this !
we shall proceed fron the general pnysic;l conception of semiconductors as developed
above. ) , .- . e Dl o T '_..,. PN “ .

)

First ’”- let us discuss briefly the physica.l sense of the two basic quantities

which characterize the contact phenomena!- the chemical potentia.l p a.nd the work

. o, ;
I JUNETOR ,,.,._____..,.,_, JU S i
s o v - NS s v

Pu:t I 1t wa.s shown that many importa.nt electrical properties of semicon-
dnctors and metels may be understood on 1'§he basis of the simple model of the free
electron gas.' According to this concept ; the conduction electrons in a conductor

|
. u'e in‘a state of continuous chaotic mot:[cn, misrating freely in the conductor,

. they may occur at any point of its volume but may not under normal conditions

133 o ) STAT

‘o

o,
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escape ou:bside it. We conclude from thi‘s that at the conductoxr boundaries there

) ex.ists an electric field which prevents expulsion of free electrons - or, in oth-- !

vords , & potential barrier exists at thejsurface ot : condnctor.

Physically, the formation of this ‘ba:rrier is due to the peculiar state of the

etoms at the surface of the body Unllke the atams in the interior, which are

. acted upon by forces from all sides, the‘atoms at the surface experience a unidi- -

s

rectional inward attraction. Therefore, the in‘c.eratomic dista.nces “and the energy

. states of electrons at the surface of th‘e body differ from those 1n its interior..-.
The resulting displacement of charges (e}ectrons and nuclei) crea;l:es at the surfa.ce.":' -

: of‘ the body a double electric layer (as in a capacitor) whose field presents a po—

' tential barrier which prevents free electrons from belng expe]led outside the body
Moreover, an electron moving away from the surface causes polarization of the body,
* with the result that an electrical image force begins to act upon it, attracting it!

back to the surface.

Experience &lso indicates that electrons may escape from a conductor under

|
 certain conditions. To effect this, it 15 necessary either to increase the energr‘

of electrons or to reduce the height of the potential barrier. The latter is l
achieved by means of & strong electric field directed in such a way as to facilitate

. the escape of electrons. The energy of che free electrons of & conductor may be

. increased, as is knowm, in various va.ys:! heating the body, illuminating it, or
bombarding the body with corpuscular radiation. These experimental facts indicate:
that the free electrons of & caductor a1|°e strongly attracted to ions present in

' the conductor; the latter are formed by the collectivization of free electrons

: which endows them with freedom of motion throughout +he volume of the specimen.

| If it is assumed that the potential energ!ly of an electron which is infinitely

distant from the conductor is zero, a higlh negative potential energy should be

i: asceribed to the electrons inside the conductor.

\| The simplest energy model of a cond:.?ctor may be presented in the form of th‘:!i

|
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[

[ |
ecta.ngular potential well shown in Fig.|35. The energy of the electrons is plotted

against the vertical axis: O is the potélntial-energy value of an electron outside‘

the conductor, which is taken as the ori%in of the energy scale; A is the potential
i

energy of an electron inside the conductor; € i and. ¢15 are total electron-energy ‘
i values which compose the energy spectrum. The kinetic energies of the varlous
: electrons are defined as the differences (g - A)

It is known from the opening chapters of the present edition (Part I) that i
the electron-energy levels in a solid are quantized and that ‘no more than two elec-“

trons with oppositely direéted spins may ‘ibe present in each level. This 1s repre-;

gented in Fig. 35 by a system of horizontal lines with a double row of oppositely I
', directed arrows (‘i, € ) On the basis of the already familiar concepts, we may .
‘ consider that the level A corresponds to the bottom of the conduction band of the x

solid; the energy difference (0~ ¢ ) determines the energy which must be provided
' o extract an electron from the level € 1‘

In metals the number of free elect;ons does not depend on temperature, and at '

: T = O they occupy all levei'Ls ra.ngi_ng ’froni Atoa certain €nax’ The level emax to

which the potential well of the metal is filled 1s called the Fermi level ¢ F or
i the chemical potential u. ) Theory indic%tes that the numerical value of this

quantity is determined in a metal by the .iconcentra.tion n of electrons and their

; effective mass m:

' The_ position of the Fernt level in m

taupert.ture. l

D s . _ g 7. . ]
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-

From Fig. 35 it is seen that the

minimum energy which must be expénded to |

re.uqové oné electron from & metal ds de-

termined by the distance. (0. - fér‘);' A

larger energy is required for. removal from

[ -
i some intermediate level —‘i= located below
l :

€
i

P

i

_ever, vhen the electrons present in the %l
'body tend to occupy all lower levels of !

Fig. 35. Energy spectrum of elec- .

trons in a metal. the energy spectrum, the electron from the .

At thermodynamic equilibrium,-how- ; o

1 §
highest level will descend, elther directly

1

or stepwise, into a vacated intermediate level. An energy (_fF - ei) will be re-

leased during such a transition. When thermionic emission takes place, in which

case the energy consumed in extracting the electron is thermal energy, and if, in

|
' addition, the energy liberated in the transition of another electron downward to

! ]

a vacated intermediate level is also thermal energy, then the same energy O - € =
f ; I

R will be always consumed by removal of an electron from any energy level. This

energy, which is determined by the position of the chemical potential level u. in

) .
the energy spectrum of the solid, is called the thermodynamic work function.
{ .
Thus it is found that an energy equal to the work function R is required to

" extricate an electron from & solid; the same energy is released when an electron

|
is injected into this solid from without. Since the position of the Fermi level
|

in metals is practically independent of both concentration and temperature, the

|
work function R is a physical constant for a given metal and determines both the
!

| intensity of its thermionic emission and the red threshold of the photoemissive
I i

effect.

The facts are otherwise in the cese of semiconductors. As we know, the con-

; duction band of this class of electronic'conductors becomes vacant &t T = O: the |

| . s
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valence band in the case of an intrinsic !semiconductor or to the local impurity

i
l " free electrons which were present in it \.!’ith T > O descend as T —> 0 either to thé
i levels in the case of an extrimsiec semiconductor. The concept of the chemical
!

potential u (which is also called the Fe{rmi level) is applied in theoretical

descriptions of electronic properties of !semiconductors Jjust as in the case of

metals. Actuaslly, this factor {n all cases determines the probability of occupa-
tion of the electronic energy levels of 81, erystal and, consequently, the current~
carrier concentra.tion as well. All eneréy levels below u are occupied with a .
* probabllity near unity; the probability cif occupation of energy levels above u :
declines with increasing distance of the !energy level from u . The positions of

the chemical potential on the energy diagrams for intrinsic, donor and acceptor

semiconductors at T = O are indicated in Fig. 36.

' The position of # on these diagrams at T > O varies according to the following

|

' approximate formulas:

for an intrinsic semiconductor:

3. ’ “=_‘l§é:_q+1_:1‘]_n(
R |

R for an impurity semiconductor: .

2

: A N 3/ .
| ot o (B2, B
: . i (2x (2 D)

' - The - nota.tion used in ‘bhese formulas l:i.s the same as in Formilas (%) a.nd (1),

and the energy scale begins at the bottom of the conduction band.

- - :_‘1_

as in the case of metals , by "the depth o*f occurrence of the chemlca.l potentie.l.

However, since, as seen from the fornmla.s presen’ced. above , the posn.tion of the

I
e |
“The thermodynamic work ﬁmction of electrons is determined in any semiconduc‘tor R
-
A
i
!

. Al chemical-potential level on the energy diagams of semiconductors (as distinguished

- 8% ;_, a7

-

> from*metals) depends a.pprecia‘bly on the temperature of the bod:,r and the 1mpur:|.ty

—,_ -g,‘«w ..'x r-—\. e -

‘concentra.tion, the thermodynamic vork function ‘of & semiconductor depends notic ly

i T i

2 - .
[s s

3 ’ R STAT
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Py

upofx these values.
Tilé thermodynamic work function of semiconductors , as distinguished from the

case of the metals, determines only the intensity of its thermionic emission and

not the energy of the photoemissive effect. Tﬁérefoz:e in discussing certain prob-!. )
. : .

- . . i - ,
lems of semiconductor electronics it is useful to consider, along with the thermo- !

! dynamic work function, the so-called exte‘:rnal work function R , which is defined
) ‘ és the distance between the level of an électron which has been removed from the
I3
i

body and the bot:tbm of the conEnction bm%d
i It is known from the opening chaptel!s of the prese;w.t volume that the position:
! of the bottom of the conduction band on 1'!he energy dimgram of a semiconductor de-
I pends neither on temperature nor on impu:lity concentration and is determined solely
§ by the crystalline structure of the material of the semiconductor. Therefore the

Fig. 36, Position of chemical-potential level on the energy diagrams
of a - Intrinsic, b - donor, ¢ - acceptor semiconductors.
i .
! |
external work function is distinguished from the thermodynamic work function by itf;s
I

» nature ss A characteristic constant of the materisl of a semiconductor. When con- :

. l |
; sideringz contact effects-we have recourse to the thermodynamic work function, which?

Now, after briefly clarifying the physical significance of the concepts of
I

: is often called simply the work function. ~
L

1

chemical potential and work function, we can turn to our immediate concern -- the |

14k

STAT
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processes which occur in the boundary leyl,er at the contact between any two con-

ductors.

It will be appropriate here to refer to certain simple physical examples.

Let us recall what occurs when communication is established between two vessels

: l
| filled with gas under different pressures or filled with liquid to different

‘ levels. In the first case, as we know, tihe gas will flow from the vessel with the
! higher pressure into the vessel with lowe;r pressure until such time as the pres-.
sures in both vessels are equal; with eqxial temperatures in both vessels, the con-
" dition of equality of pressures reduces to that of equality of concentration. In

!
_the second case, as is known, the transfer of liquid ceases when the levels are

equally high. :

Something similar (to a certain deg:.:ee) occurs when conductors, which are

i
f£illed with an electron gas, come into contact. When two conductors are drawn
]

close to one another they begin to interqhange electrons. What will be the di-

! .
rection of the resultant electron flow and how is the equilibrium condition formu-

" lated under which the flow ceases? Such ‘a.re the basic questions which we must ask.
here. I!

The electron theory a:nswers these q_ulestions in the following way. When elec-

tron conductors are brought into contact ; they begin to interchange electrons. At :

first, the electronic counterflows are no!t equal and their difference originates al

resultant flow. The direction of the resiultant flow is determined by the relation

between the work functions of the contact';ing conductors: the flow is always di-

|
|
|

rected from the body with lower work function to the ‘body with higher work functilo

. t - -
The resultant electron flow imparts a negative charge-- relative to the body with

lowerwori ':'f{m_ctioﬁ -- to the body wj;th the higher work function. A double

. i .
electric charge forms in the boundary layer and a contact potential difference 1is
set ﬁpw:‘be'tweenhthe two bodies. The electii'fc field which is created in: this double. et

layer at the ccnductor boundary by the résultant—charge flow retards the electrons |
. . !
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\

\ T -~ — —-.l_—
which participate in this flow, gradually reducn.ng the la.tter to ZEero with increas- } .

ing field strength. An equilibrium state is estabhshed in whlch the resultant elec-,

|
tron flow is zero and & contact potential difference determined by the- difference :I ;
the work functions of the two bodies is creat ted at the contact layer.

l
As in the case of the gas egullibrivm, the fact that the resultent electron

:t‘low is equal to zero does not result in'cessation of the pa.'rticle interchenge be-1

tween the contacting bodies: the esteblished equilibrium is a dynamic one.

The creation of the contact potential difference gives rise to mutual dis- l
: i
placement of the electron-energy spectra of the contacting bodies: both the band [

boundaries and the chemical-potential levels are displaced. All levels are dis-

placed upward in a negatively chargedbodyand downward in e positively charged

body. This is easy to understand when we remember that the potential energy of an
electron increases in the direction from the plus sign to the minus sign as 1t

moves in the contact field of the electric double layer. Thus the presence of a

contact potential difference leads to a relative displacement of the Fermi levels

I )
in the contacting bodies. Since the electrical potential of the body has an in- l

fluence on the position of the Fermi level, the latter is in this case referred to
as the electrochemical potentiml. The theory states that equality of Fermi levels

1

is a condition for the equilibrium at which the resultant electron current reduces |
to zero, and plays the same part in the contact between electronic semiconductors
as the equality of pressures in the vessels filled with an ordinary gas or equality
of levels in the communicating vessels fi;l_led with & liquid. It should be empha-
sized that these general theoretical conclusions relate both to metals and to
semiconductors (which.we designate colleetively in this case by the term electronid
_ conductors). .

How, then, is the difference between metals and semiconductors manifested,

. and what important effects does it produce in the contact phenomena?

This can be best explained by discussing three cases in succession: 1) metal-

6
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. i !
‘to-metal contact, 2) metal-to-semiconductor contact, and 3) semiconductor-to-semi-

conductor contact.

1. Metal-to-Metal Contact

Fig. 37 glves a schematic representation of displacement of energy levels and

' creation of a contact potential difference when two metals come into contact. The

|
|
!

Fig. 37. Scheme of formation of contact potential difference be-
tween two metals. R - work function; d - thickness of contact

lasyer in which contact electric field is concentrated.
1

contact potential difference \_fc in the boundary layer 4 is
|

v, = (1/g) (By-R; ).

The thickness d of the electric double layer in which the contact field is

; concentrated is readily estimated.
! :
The conta.ct potential difference of both metals and semiconductors constitutes
' | -
a quantity of the order of 1 volt. The double charge layer may be rega.rded essenti-
I i -
ally as a plane ca.pacitor. Using the customary formula for the- ca.pacitance per
unit area of a plane cape.citor B .
I

" ‘\.'. .
c=1/lnrg‘.‘

N "\"rc and the ca.pa.citance c,
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rRp iy

r-u
we can obtain an esti.mation formula. for the d_ouble-layer th_ckness‘

R T
&

- b
- wCl - l
. ——»—‘—-’““i. -

' 'l’he surface free-electron densi't;y 1n metals mey be determined from the number

of atoms present per 1 cm2 of surface. Since the latter constitutes approximately:-

1010 cm'g, the number of free electrons }Jill be the same -- i.e.,‘lOJS en™2 -~ vhen!
one free electron is present in each ato}n Analysis of the latter formila' shows
that the thickness of the contact layer in metals cannot exceed the interatomic

distances -~ i.e., a value of the order 'of 3. 10"8 cm. Indeed, at 4 =3 lo-scmr,

a_Y¥ _ 1/300 L !
Tra 12, 5:3.10~3 =10 statcou_’l.ombs/cm 2 1013 elec*t‘.:r:ons/cm2 l

Thus the migration of only a few per cent of the number of free electrons
' present in the surface layer from one me;tal into the other is sufficient to create
a contact potential difference of 1 v. fbuch & change in the concentration of the
monatomic suface layer of a metal exert:s practically no influence on the conduc-
tivity of the contact layer, so that a chrent flows through the contacting metals
as freely as through the volumes of the metals themselves. Therefore the metal-to-

i
metal contact shows no rectifying effect (as distinguished from semiconductors).

2. Metal-to-Semiconductor Contact

Conditions quite different from those discussed above may arise at metal-to-
|

semiconductor éontacts. The fact is that if the current-carrier concentration in

'~ the volume of the semiconductor is no grleatsr than 1015 cm-3 » the concentration in

0 -5 * 107 em 2. Such

the monatomic surface layer amounts to only lO:L5 *5°* 10
a charge concentration can create a potential difference of only 10"6 v when the
thickness of the double layer is of atomic dimensions. Therefore the leveling of
electrochemical potentials at a metal-semiconductor contact occurs at the expense

of formaetion of a space charge which extends to a considerable depth into the

STAT
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semiconductor. The field of the contact [potential difference penetrates into the

semi;.'.onductor to a depth which may be determined by the formila

(16)

where € is the dielectriq constant of the semiconductor; o, is the volume concen-

tration of free charges, which is equal to the impurity concentration. (This
' |
( i
i thet the contact field removes all free charges from a layer of depth g.) Assuming
-12

I
! formila was derived on the assumption that all impurity centers are ionized and
! ‘ .

_ 5 -3 - _q! .
e = 10, 107 em™, andR - R = l.ev (1.6 * 10 erg) we obtain

: -10712

n
-0

10

6.3 o 23 . 10720 .10%5
At n, = 1013 3, d amounts to 10

em; at o = 10" cm3 s, 4= 107 .

|
The Pewer the lonized impurities (and, consequently, current carriers) in the

| |
d= = 10  cm. I
|

|

semiconductor, the greater will be the depth of penetration of the contact field.
The contact fields of insulators with very small current-carrier concentrations may
penetrate the specimen to a depth of several centimeters.

The dependence of the thickness of the contact layer into which the field

penetrates on the contact potential clifftTrence \_Ic and. the impurity concentration l
i determined hy Formula (16) may be obtained from the following simple and conceptua]li.
' considerations. It is known that the relationship between the charge g, the '
: capacitance C and the potential difference \_Tc for a plane capacitor is expressed as

q=CV .

—_— . -

The charge-which contributes to the:formation of a contact field is 'equal to

the pro:iuct of the space-;harge aensity and the la.ys;r éﬁi&ineéé: g; en, d. "The

ca.pacitance per uni’c area of the ca.pe.c:.t r is C= e/ll- T d.
2 T

-enyd luren

—-,“ e/’.ul’d. €

'y {from which

1ot u._-—fv— .

= This expression differs from Fornm.lsf. (16) only by a fa.ctor of 1/ VT_

114,9 STAT

.
SR U LAY S e

1

Declassified in Part - Sanitized Copy Approved for Releae @ 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060003-2



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/01 : CIA-RDP81-01043R004200060003-2

What is the influence of a cortact }'ield penetrating into & semiconductor on

the electronic energy spectrum? The structure of this spectrum is essentially de~

termined, after all, by the eléctric fie%d of the atoms of the crystal. Therefore;

if the strength of the electric field were a quentity comparable with the strength

of the internal electric field of the crystal, it would be necessary to determine

: ' -
first the changes in the structure of the electron-energy spectrum due to the con-,
" tact potential difference. But the strength of this field never exceeds loﬁv/cm,

‘while the intensity of atomic fields is at least 100 times greater. Hence it may be
| ' . :

' considered that the contact field does not change the structure of the energy - '

i !

spectrum itself; it does not change, for example, either the forbidden-band width

! of the crystal or the impurity activation energy, and it causes only parallel curva-

ture of energy levels. A pattern obtained for the energy spectrum of a donor semi-

~ conductor is presented in Fig. 38. This pattern applies to the case where the work

: function Bsc for the semiconductor is smz’a.ller than the work function B—m for the
! - ;
|

metal, and the contact potentiel difference arises from the transfer of same of the

electrons of the condu;:tion band of the semiconductor onto the metal, on which the3'r
- i
., form a very thin (~~10 ch) negatively-charged layer. The thin negative-charge

layer, as we saw &bove, does not appreciably influence the electron concentration
even in a monetomic layer of the metal. A numerically equal positive volume

I .
charge of fixed ionized donors is concentrated ina comtact layer of thickn:sss 4in

!
' the semiconductor. In the absence of a cantact field, the electron energy at any i
l -]

- energy level is represented on the diagr&iam by & horizontal line. By this we denoté;
the fact that the energy of an electron situated at any energy level (for example,

" at the bottom of the conduction band) is [equal af all points of the crystal. If

I an external field is applied to the crystal, the potential energy of an electron a:é.

I the bottom of the conductio; band (as at any other level) will depend on the co-~

g ordinate and direction of the field. When charges are arranged as in Fig. 38, the

: potential energy of an electron in the se'miconductor increases from right to left

rv—
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in the contact field. Therefore all enexlgy levels in the semiconductor (both in
the conduction band and in the valence ba;.nd) are curved and, as calculation indi-
cates, form parabolas. In the deeper reg:ions of the semiconductor, outside the
corrbac:t. field, the energy levels are horizontal as before but, due to the change

in electrical potential,they are displaced in such a way that they retain their

. original position with respect to the displaced level of the electrochemical po-
: . Il

1
H

| tential.

A sharp change in the conductivity of the contact layer of a semiconductor is
one of the principa: consequences of the creation of the contact potential dif- '
| Perence. If this layer were of atomic dimensions the creation of the contact po-

tential difference would not give rise to a sharp change in conductivity, since

electrons, due to their wave nature, easiiy pass through potential barriers of such
' dimensions. If, however, the contact layer extends over distances hundreds of

] N
| times greater, the motion of the electron is determined by the conductivity of this

-~ |
', layer. In the case to whith Fig. 38 applies, the contact layer of the semiconductor
| !
. represents a lsyer almost devoid of conduction electrons for which reason its

Fig. 38. Creation of contact potential difference between metal

and donor semiconductor: ++ fixed ionized donors in contact layer
of semiconductor, -- electrons accumlated at boundary of metal,

4 - thickness of the barrier layer.

cond;zctiﬁty prov;es to be greatly reduced as compared tc; that of the volume of the

san:;’(;c‘g'ﬁqgctoz_;. ' This accounts for the term "barrier leyer"” customarily applied to

such‘a layer of a semiconductor. The positive charge of such a barrier layer is
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. : . |
created by fixed ionized donors. Any externa,l electric field which we may apply

to the metal—sem_condnctor contact system will sherply influence the conductivity

‘ of the ‘ba.rrier layer. With one orientat:.on of the ex'terna.l ﬁ.eld ( 80 that -the .

minus a.pplies to the <emiconduc1:or and t}ie plus to the meta.l) 3 mobile charges (:Ln

this case electrons) will be attracted :f‘rom the volume of the semiconductor into

Athe barrier lsyer, .reducing its effective thickness and increasing its condnctivi‘b3lr; ‘
with another direction of the ext’ernal field electrons will be displaced from the§

contact layer into the depth of the semiconductor, the thickness of the barrier ° |

layer will increase, and the conductivrby of the contact will d.rop sharply. This

" physical presentation explains the rectifying action of semiconductor Jjunctions.
. |

It will be profitable for the sake of general familiarization with the con- !
|

tact phenomena to discuss yet another case in which the work function of the donor?

semiconductor is greater than that of the metal. The pattern of the energy spectrut.m
1

|
1

for this case is presented in Fig. 39. In this case electrons migrate from the
metal into the contact layer of the semiconductor, charging the latter negatively.
|
' Therefore the curvature of the energy levels is turned in the other direction.

Here the contact layer of the semiconduc‘l'ior is found to be much thimmer than

1
I

Fig. 39. Schematic diagram of formation of antibarrier lsyer
at contact between a metal and a donor-semiconductor whose work
function is greater than that df the metal.

for By > Rg;., and -- which is most important -- the conductivity of

i
the semiconductor contact layer, in which the electron concentration
. 1
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is greater in this case, is higher than Lha.t in its volume. The layer thus formedl
constitutes an antibarrier layer and cannot serve to rectify ;a.lternating currents.
: ]

Similarly, it can be shown that forma.tiox} of a barrier layer in an impurity acceptor

i .
semiconductor is possible only with §m< Bs c* When this inequality is reversed an,

|
|

i
antibarrier layer is formed in the contai:t layer of a hole-type semiconductor.

3. Semiconductor-to-Semiconductor Contact
i

Junctions between two semiconductor? may be realized in three variants:
' 1
i &) Junctions of two impurity semliconductors with current carriers of the same sign;

b} Junctions of two impurity semicondnct?rs with current carriers of different

i signs; and c) a contact between two intrinsic semiconductors with two current-car-

|
. rler species -~ which will not be discus.?ed here since it is the most complicated

. in theory and of the least interest in pz;'actice.

a) The processes at the Junction between two semiconductors with like signs :
of conductivity are approximately the same as those at the junction of a semicon-
ductor with a metal. A barrier layer with a sharply reduced current-carrier con- ,

| centration is formed in one semiconductor and an antibarrier.layer with a current-I
carrier concentration higher than that 11:1 the volume is formed in the other. The |
" result depends both on the relation between the work functions of the contacting )

o |

bodies and on the sign of their conductinties Thus, for exemple, if electronic ,
i
|

semiconductors form the contact, the contact lsyer of the semiconductor with the
lower work function leses free charges and becomes a barrier layer; the contact
layer of the other semiconductor » Which has the higher worl function, becomes an

:
antibarrler layer. The picture is reve'r's;ed at Junctions between hole-type semi-~

condnctozjs: the barrier layer is formed J"'.n the conductor with the higher work
function snd the antibarrfier layer in that with the lower.
b) The junction between two i_rnpurit}}'"semiconductors with unlike signs of

conductivity is of the greatest practical interest. TIts energy diagram 1s presente
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in Fig. 40. The contact fleld at the boundary of the electron-ty‘pe (n) and the ™
hole-type (p) semiconductors is due to the loss of mobile charges by both 'bounda.ry

levels. This also effects leveling of electrochemical potentia.ls in the two seni-

conductors. An excess positive charge appears at the boundary of the _1_1_-region i;l
]

1 .
the form of fixed ionized donors and an ‘equal negative charge is created in the

béunda.ry of the p-region by acceptors fi‘xed in the lattice; the entire contact
l

boundary 1ayer becomes a layer of high electrlcal resistance and, far this reason,:

i

is called a barrier layer. The thickness of the electron-hole, or, as 11: is often |

|
called, p-n transition, is of the order of 10'1‘
. |

cases encountered in practice. The height (\_fc) of the potential barrier concen-

to 10"5 cmn in the most important

trated in this layer attains values of several tenths of a volt. Since the cur-
rent carriers in a nondegenerate semicon?ductor acquire such energies only at a—
temperature of several thousand degrees,I neither electrons from the n~-type semi-
conductor nor holes from the p-type semiconductor can diffuse into ‘t'.he contact

layer in apprecisble numbers at normal temperatures, so that the latter becomes a
barrier layer for mobile charges. One can readily imagine that holes which dif-
fuse from left to right in the cﬁrection! of the boundary of separation are acted

~ upon in the contact layer by the repulsive forces of the positively charged

donors, which are present in excess at the boundary of the n-type semiconductor.

|
Similarly, electrons which diffuse from right to left in their random thermal

" motion are also acted upon in the conta.ch layexr by a force which repels them from

the uncompensated negatively-charged acceptors of the boundary layer of the p-type
semiconductor into the body of the n-type semiconductor. The bend of curves
limiting the forbidden band in the p-n transition shown in Fig. 40 indicates the

increase in energy required for penetration of a mobile charge into one or ancther

point of the contact layer.
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Fig. 40. Schematic diagram of formation of contact potential
difference V and barrier layer d at electron-hole transition;

++ ionized donors, -- ionized acceptors.

-~

If the concentrations of donors and acceptors are equal in the contacting
semiconductors, the contact field is sym?etrical with respect to the boundary of
| separation; if the concentrations of impurities are unequal, the contact field

penetrates deeper into the semiconductor with the lower carrier concentration.
|
Here we are considering the simple case in which the impurities are fully ionized
. {
. at the expense of the thermal energy of the solid.

The technical application of the phenomenon described here is based in one
case (photocells) on the very fact of the formation of a contact field in which
the separation of the electron-hole peirs created by light occurs; in another im-

portant case (rectifiers), the technical .application of the contact field is based

on the strong dependence of the thickness of the contact layer in which this field:

is concentrated, the energy level of the ;pot’ential barrier (\_Ic) which forms, and,

Lo l
consequently, the resistance of this 1aye‘r on the direction of the external volt-

age applied. - I

’,,:O.f-' great 1mpof€ance for the technicetl utilization of the contact phenomena is

een two semiconductors with unlike
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-

conductivity signs not by means of mechaxlical or welded joints but by creating an °
electron—hole transition within the unmutilated ‘body of a mnocrysta]line samicon-

) ductor. As exper:lence shows, only ’by 'this method of forming p-n ,junctions can high .

performance of semiconductor equipment ut‘ilizing the conta.ct phenomena be"‘ensurédz .

Speclal numbers of this series are devoted to more detailed considera.tion of these r
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