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INTRODUCTION

A. ELECTRICAL CONDUCTION IN SOLIDS
1. Ionic Conductors

The electrical conduction of a crystalline solid can be
described as one of two general types of process, depending upon
the identity of the predominant current carriers o

In some materials,

electrons are so strongly bound to their parent, nuclei as to be, for
all practical purposes 9 immobile, even under the influence of such
forces as can cause movement of the parent nuclei.
come under the heading of ionic conductors

j

These materials

and owe their distinc-

tive conductivity type to their greater ionic than electronic mobility.
The current carriers consist predominately of the ions of the crystals
themselves y the movement of which, because of their charged condition,
constitutes an electric current.
Varying degrees of ionic character exist, and therefor 3 the
classification of a compound as being lIionic fi is not clear-cut (1).
However, the classification Itionic conductor" includes those materials
in which the preponderance of the current is carried by the ions themselves.
2. Electronic Conductors
l'letals -- The other broad classification of materials is
"electronic conductors Ii.

In these materials, although motion of the

nuclei may take place 9 the preponderance of the current is carried by
electrons.
Within this classification 9 a material may be classified as
either a metal y a semiconductor, or an insulator.

The consideration of

these three types '''ill begin with a discussion of metallic conduction.
-1-

Huch of the behavior of metals can be explained by considering
a metal as a group of positively charged ions, whose lost valence electrons are free tD move through the crystal.

Their systematic movement

through the crystal constitutes an electric current, from which arises
the high conductivity of a metal.
A fUrther analogy is the consideration of the electrons as a
gas tifhich pervades the interionic space in the metal (2) and whose interaction with the latUce ions can be explained by considering the potential
energy of the electrons as being constant within the metal,

tl~t

is, not

subject to the periodicity of the lattice.
However~

i f this electron gas is treated in the same manner

as a classical gas (3) J errors result"

particularly as regards the

high specific heat to be expected of such a gas e
because

or

This error arises

two assumptions, made in the classical treatment of

gases~

that is, that any number of molecules can have exactly the same energy,
and that the molecules are individually distinguishable.

In this

case~

the distribution of the energies of the molecules ,.all shrink about
the zero energy point

low temperatures, and in general will have an

average value consistent with the value of the temperature.
tion is valid for gases, whose molecules are relatively far

This assumpapart~

and

relatively heavy.
However j electrons are extremely light, and extremely concentrated in a metal (10 22 or more/cc).

These facts led to a quantum

mechanical treatment (4):> in which only discrete values of kinetic
energy are available to the electrons, the occupancy of each of these
energy levels is limited to two electrons of opposite spin (Pauli
exclusion principle) and the individual electrons are considered as

-2-

being undistinguishabl.e.

These assumptions result in the Fermi-Dirac

statistics. Implicit in this quantum-mechanical treatment

the posses-

sion by the indIvidual electrons of a wave'-li.ke character, which can
also be demonst,rated experimentally by such peneomena as electron diffraction (5).

The electron can then be thought of as possessing a

momentum p '" miT ~ or a wavelength A =
and

f\

hlp,

where h is Planck i s constant,

is commonly called the de Broglie wavelength (6)

of the electron

q

The energy

then be

E

where k is the wave number.
electrons in a

one~dimensional

\
\\

The

A plot of E vs the wave number k for the

\

~

distrib~tion

crystal will look thus

+k

of electrons among the various kinetic

energy states in a metal is governed by the limitation imposed by the
Pauli principle, so that even at OOK many of the electrons must occupy
high energy states for lack of empty levels at lower energies.

The

distribution of electrons in tpe possible energy states is shown by

-3-

f(e}

-

Ef (T=T)

v:here f( e) is the average number of electrons per state.
Ef

The energy

is defined as the Fermi energy, which is .the energy at which one-half

of the possible energy states are filled ",ith electrons.

An expression

can be deduced by means of a statistical treatment (7) which gives the
value f( e) at any energy E and temperature}, viz.

f(e) :;

1

exp (E _ E ) /kT
f

+JL .•

--'0:-

(2)

In metals~ the average electronic kinetic energy at OOK has a value
which corresponds to the average value of the classical distribution
at extremely high temperatures (many thousands of degrees (8)).
This inability of the electron distrigu tion to attain an
average value in keeping with the temperature of its surroundings
means that, even at the melting point of the metal, relatively few
electrons

~~ll

receive the extra energy necessary to break away from

the top surface of the energy distribution, and consequently the electronic specific heat ,,"1.11 be almost insignificantly small.

-4-

The above considerations apply to a metal crystal within which
the electronic potential energy is constant.

If this potential energy

is assumed to have a term l,vhich varies with the periodicity of the lattice, then solution of the appropriate equations discloses that the
relationship between energy and wave-number is no longer continuous (9).
Rather, values of k exist at

~vhich

a further infinitesimal increase in

k is accompanied by a discontinuous change in energy_

The Ek vs k curve

is modi f''; ed +

where the shaded portions represent a "band of fo rbidden energy!!, and
the clear areas are !!bands of permitted energyfl.
etc o occur when k
tion of

reference~

The values of kl' k2'

nTT/a, where a is the lattice constant in the direcand the situation can be thought of

an interference

effect involving the periodicity of the lattice and the wave-like character of the electrons.

.
..
..
A generalization in three

dimensions of one allowed

I

band in the distorted

~

vs k curve is called a Brillouin zone.

-5-

Another result of the distortion of the Ek vs k diagram is
shown by double differentiation of equation (1),

----

(])

Under ordinary conditions (i.e., when the Ek vs k curve is a parabola),
the

right~hand

term of this equation is constant.

However, the distor-

tion of the parabola produces changes in the second derivative which seem
to indicate a change in the mass m of the electron.

It can be seem that

near the upper edge of the allowed bands, the second derivative is negative, indicating a negative mass.

This phenomenon is expressed by

'>L

assigning an lYeffective" mass mn to these not-quite-free electrons.
The appearance of effective masses different from the electronic mass or with negative sign has been shown experimentally by
measurement of such things as diamagnetic susceptibilities and electronic heat capacities of metals (10).

Another instance

the

conduc~

tion in certain metals, which indicates charge transfer by movement of
positively charged particles (a condition ~~ich can be shown equivalent
to negative electronic masses).

This effect occurs in metals ~ose

uppermost Brillouin zones are nearly filled (with electrons), the vacant
electronic energy levels behaving as positively charged uholes fl , which
are the current carriers.
Semiconductors and Insulators -- The concept of alternate forbidden
and allowed energy bands completes the basic picture necessary for the
division of non-ionic conductors into metallic conductors, insulators,
and semiconductors.

In metallic conductors, the uppermost allowed band

is only partially filled with electrons which, under conditions of zero

-6-

applied electric field J lie in the lowest available levels in the band.
This is not to say that these electrons are stationary, since the band
represents not positions, but momenta of electrons, and the flat top of
the distribution indicates merely that, for every electron traveling in
the positive x direction vlith momentum p, another electron somewhere in
the crystal has the same momentum J but an exactly opposite direction of
travel~

to

flow~

thus, there is no net charge transport.

In order for a current

some of the electrons at the top of the distribution must move

to higher levels, where they can have momenta more or less parallel to
the direction of the applied fi61d 9 so that the distribution of momenta
is no longer completely randoms but has a net resultant in the direction of the field.

This can be effected by the application of a poten-

across the crystal.
In an insulator J however, the uppermost band is completely
filled, and the absence of vacant levels prohibits the production of a
net resultant current flow within this

filled~

or tlvalence" band (so-

named because of the occupation of this band by the valence electrons
of the atoms in the crystal).

this case, the nearest empty levels

lie in the bottom of the next allowed band (the "conduction" band),
which is separated from the valence band by the energy gap represented
by the interposed forbidden band which, in insulators, is of the order
of one or more electron volts wide.

-7-

A source from which electrons can acquire enough energy to
cross this gap is the thermal energy possessed by the crystal lattice.
Since the thermal energy available is of the order of kT, which is
only about 0.025 eV at room temperature, very few electrons ,.Jill find
themselves able to make the jump at room temperature, and the conductivity of the material will be extremely low.
In an intrinsie semiconductor, on the other hand, the energy
gap is relatively small, perhaps of the order of only one-tenth electron
volt, and the thermal energy of the lattice is enough to exite a significant number of electrons to the vacant conduction band.

the zero

of energy is taken at the bottom of the conduction band, the number of
electrons so excited can be calculated from (2) above to be
~=-- (4)

where Cn depends upon the density of states in the bottom of the conduction band and Eg is the width of the energy gap (ll).
assumes that

~ Eg

»

This equation

kT1 so that
1

"-'

The evaluation of Ef_depends upon the fact that, for each electron excited to the conduction band-, a positive hole is formed in the
valence band,

The number p of such holes is given by

---- (5)

n == p

where Cp is related to the number of states in the top of the valence
band.

The product of

(4) and (5) is
(-E,/kT)
b

-8-

---- (6)

Since n

p for intrinsic conduction, then
n

:=

---- (?)

p '" VCnC p

The conductivity of an intrinsic semiconductor can be calCUlated from
these and other equations to be

where ie\ is the numerical value of the electronic charge, and}Up and

AJ.n are the mobilities of a positive hole and an electron, respectively,
.~age

drift veloci t;r •
applied electric field
are all temperature dependent, the temperature dependence of (8) is conexpressed as

trolled primarily by the factor exp (-Eg/2kT), so that the temperature
dependence of

0- for an intrinsic semiconductor, when plotted as

Iner vs l/T will have a slope very nearly equal to -E g/2k.
j

This allows

the calculation of Eg from a series of measurements of ()' at different
temperatures.

An assumption which

implicit in the above treatment is

that the number of electrons in the conduction band is relatively
sma11 9 so that the classical statistics can be used in the consideration of their movement.

certain cases, such as at very high

temperatures or in materials ifith a very small forbidden gap" the
density of electrons in tl:B conduction band is so great that the
Fermi-Dirac statistics must be applied to them.

In this case, the

electron distribution in the conduction band is said to be degenerate.
The analogy with the state of affairs in a metallic behavior leads to
the classification of this phenomenon as "pseudo-metallic" behavior.

-9-

has been seen that the division between pure insulators and
intrinsic semiconductors is a function of the width of the energy gap in
each.

There

is~

then, no clear-cut division between the two since, even
gap, at least a few electrons will be

in an insulator having a very
exci t.ed to

distinction is arbitrary, and can be

conduction band.

applied

to personal preference.
The consideration of intrinsic semiconductors has been under-

taken ...rith one further implicit assumption; that is, that the materials
under

consideration are perfectly pure, perfectly stoichiometric single

crystals.

In

practice~

this assumption is not valid, due to the presence

in the crystal of foreign atoms and lattice vacancies, both of which
exert a profound effect on the conduction process.
One

of this is the replacement of a cation with an ion
in place of Cd+ 2 in CdTe).

of higher valence (for instance,

In

order to fit into the bond arrangement in a manner similar to that of
the normal
be used.

cation~

two of the three available valence electrons lull

This leaves a surplus of one electron outside the last full

quantum shell of the replacement ion, which is bound to the ion by
coulombic attraction.

The energy of interaction of the ion and the

extra valence electron can be calcul

from a Bohr-like model, but

it turns out to be much smaller than in the free atom, due to the
surroundings in which the atom finds

(12).

The host lattice is

a dielectric, and the force of attraction, from elementary considerations:; is inversely proportional to the dielectric constant.

Thus,

the orbit of this lIextra ll electron will be much larger than in the free
atom~

and the energy of interaction will be correspondingly smaller.

-10-

Thus, only a small energy need be given to this extra electron in order that i t may break away completely from its parent ion,
and become a free electron, able to take part in electrical conduction.
Its energy is then represented by the bottom of the conduction band.
The energy of the electron when still bound to the parent ion (or donor
center) can be represented oy a discrete energy level below the bottom of
the conduction band, the distance being equal to the energy of interaction,
conduction band
-

donor levels

valence band
As in the case of intrinsic materials, the electron can be excited into
uhe conduction

ba~d

by the thermal energy of the lattice in a manner to

be considered below,
Substitution of a cation of valence lower by onE
the opposite effect.

has somewhat

This cation (or acceptor center), having given all

its valence electrons to bonds with its neighbors, still requires one
extra electron to complete the bonding.

An extra electron can be sup-

plied by its removal from a normal bond somewhere near the impurity
cation.

The energy required is less than that necessary to excite it

into the conduction band by the amount of the energy of interaction
between it and the impurity cation, and can be represented by a discrete
Ilacceptor" level somewhat above the valence band.

-11-

Conduction Band

_

_

_

_

_

Acceptor Levels

'falence Band
The removal of an electron leaves behind a positive hole,
which is actually the absence of an electron in the valence band, and
~mich

can move about when an electron from a neighboring bond moves

into the vacancy, thus leaving a vacancy on the site from whence it
came.

This positive hole, as a result of its ability to move, can

take part in the conduction urocess and, as has been considered above,
can be treated for most purposes as a positively charged particle.
It must be pointed out that the electrons and positive holes

are originally bound to the impurity ions, and that they can move only
after being excited to the conduction and valence bands, respectively.
This discussion has dealt only with the replacement of cations.
Anion replacement is also possible, the mechanism responsible for the
generation of electrons and positive holes being essentially the same.
A similar treatment discloses that vacant cation sites lull act like
cations of lower valence, and vacant anion sites will act like anions
of lower valence, and may contribute positive holes and electrons,
respectively, to the crystal.

-12-

The production of positive holes and electrons in the crystal
as a result of the replacement by ions of different valence is one mechanism by ,{hich the charge neutrality of the crystal is maintained (13,14)
and its operation is easily understood by considering the replacement of
a free atom by another free atom.

The process for the substitution of

an indimn ion for a cadmium ion would then be pictured thus:

Cd+ 2
Cation

2'" ~ Cdc ---.;\--~ Cdo (leaves crystal)

+

Sited~ \
le + In

+-, -2e

+3·

+ Ino~[no

(enters crystal)

\
The process of formation of a

ca~~imn

2e

Deficiency

./Z

vacancy would be

Cation Site~Cd+2 + 2e ---,,~

(leaves crystal)

and so on.
Another mechanism by which charge neutrality can be preserved
is by simultaneous incorporation of lattice vacancies of the proper type
to "cancel out !I the effect of the high- or low -valence impurities or
lattice vacancies (15).

In the case of the introduction of In ions into

CdTe mentioned above, this would involve, for each two In ions added,
the

sumult&~eous

inclusion of one Cd vacancy, two monovalent cations,

or perhaps even tv.ro trivalent, or less likely, one quadrivalent anion.
Both of the mechanisms described above are described by Kroger and
Vink (16), with particular reference to CdS.

-13-

Trle role played "by interstitial ions in semiconducting crystals
has received limited consideration (17).

It would be expected that they

might playa role, Qut their exact effect does not seem to be predictable
in the general case.
The consideration of the thermal activation of electrons and
positive holes is treated in a concise manner by Brattain (18).
considers a

p~type

He

crystal (one in which conduction is predominately

by positive holes) m which are located Na acceptor impurities, Nd of
,..hich are occupied by electrons from higher-lying donor levels.
remainder Na

=

The

Nd of the acceptors are available for ionization by elec-

trons from the filled band.
At any temperature T, the crystal contains p holes in the
valence "band, Nd

+

p ionized acceptors, Na - Nd - P neutral (unionized)

acceptorsJ and Nd ionized donors.
The statistics of this are treated by de Boer et al (19), and
by Nijboer (20).

If E is the energy necessary to ionize an acceptor,

forming a positive hole in the valence band, then the law of mass action
gives

(-E/kT)

A exp

---- (9)

The solution of this relation has two limiting cases, depending upon
the relative numbers of impurity levels.
1. If p« Na - Nd and if p

» Nd

(corresponding to low temper-

ature and a negligible concentration of donors) then
pe Nd + p)

2

_ _ _ _ C;::,

p

Na - Nd - p

Na

::: A ,;xp (-E/kT)

-14-

or, extracting the square root,
---- (10)
2. If, on the other hand, p
p

A exp

<<. Nd ,

then

(-E/kT)

---- (11)

There are, of course, intermediate solutions.
The analysis of experimental data will, then, depend upon the
relative numbers of impurity centers and positive holes.
the slope of the In ~
intermediate value.

VB

In particular,

liT curves will be either Elk or E/2k, or some

In the present investigation, calculation will follow

equation (10).
The development of the above equations has been under the implicit
assumption that equilibrium conditions pertain at all times.

Deviations

due to carrier injection and optical excitation have been, and 'il.rill subsequently be ignored.
The determination of the number and type of charge carriers
present in a crystal constitutes only one of the two factors which
determine the conductivity.

The other parameters necessary are the

mobilities of the electrons and positive holes in the crystal, which
have been touched upon above.

Once having been produced, the movement

of the charge carriers is effected by their interaction with the thermal
vibrations of the lattice (21,22) and "I.n.th impurity atoms (23,24,25).
In genera1 3 the effect of lattice scattering can be written as

fin, 0

---- (12)
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The effect of impurity atoms is essentially due to interaction 'vi th
ionized impurities (the number of which varies with the temperature),
and can be written as

---- (13)
luthough Cl and
the T

± 3/2

C~

..L

are slightly temperature dependent, the effect of

term is usually dominant o

Throughout this section, frequent reference has been made to
"the ions in the crystal", "replacement by impurity ions tl , etc.

This

is not to say that all semiconductors are to be considered as purely
ionic crystals, but that the picture is more easily expressed by reference to ions.

Essentially the same considerations apply whether the

crystal is considered to be purely ionic, or partly or wholly covalent.
B. ELECTRICAL MEASUREMENTS
1. Resistivi ty

The most common and straightforward measurement applied to
semiconductors is that of the resistivity.

The resistivity of a con-

ducting material is perhaps its most descriptive property, serving as
the criterion for the classification of the material as either a
metallic (or pseudometallic) conductor, a semiconductor, or an insulator.
Likewise~

the purity of a semiconductor can be qualitatively judged

from its resistivity, which depends upon the impurity content.
The variation of resistivity with temperature can be used to
calculate the activation energy for the conduction process, as described
above.

In order to do so, the assumption is usually made that the change

in resistivity is solely a function of the change in the concentration of
current carriers, that is, that the carrier mobility is temperature

-16-

independent.

This assumption is usually' warranted for ordinary precision,

as has been indicated above.
In single crystal materials, a dc measurement of the resistivity
usually suffices, due to the absence of grain boundaries and other barriers, the analysis of which requires ac measurements.

The simplest dc

measurement involves merely shaping of the specimen into a bar, attaching
electrodes to its ends, and applying a measured potential across them.
The current passing through the specimen is measured, and the resistance
calculated.
This method has several drawbacks, which result from the inclusion of the current electrodes in the voltage-measuring part of the circuit.

Any contact resistance or stray potential generated at the

electrode~
ment~

crystal interfaces will affect the accuracy of the measure-

as will inhomogeneities in the current density near the ends of

the specimen, which can be caused by regions of poor contact between
the electrodes and the specimen.
An alternative arrangement is the four-probe method, in which
the arrangement is thus;
3

~________

1

2

The sample current is passed between electrodes 1 and 2, and the I.R.
drop between 3 and

4 is

measured by a potentiometric method, so that

at the balance point, no current is drawn from the potential probes.
Thus, the contact resistances do not affect the balance point (except

-17-

that very high contact resistances INlers the sensitivity).

The situa-

tion of the potential probes near the center of the specimen avoids
inaccuracy due to non-uniform current density (above).

20 Hall Coefficient

The information supplied by the resistivity measurements J which
depend upon both the number of current carriers and the carrier mobility,
is incomplete without some independent information about the number of
carriers.

Hall coefficient measurements supply this information.

The

Hall effect depends upon the interaction between a magnetic field and
a

moving across the field.

In practice, the specimen to be inves-

tigated, in the shape of a long rod, is positioned as one of three orthogonal axes9 and a mctgnetic field is applied along one of the other two.

As current

through the specimen, the current carriers (electrons

or positive holes), are deflected by the field, to an extent depending
upon their veloc

J

and in a sense which depends upon their sign.

This

deflection produces a potential, which appears bet,..;reen the two sides of
the sPecimen vihi

are perpendicular to the third of the orthogonal axes.

It is detected by two probes attached to these sides o
This

is usually measured potentiometrieally,

in order to avoid drawing current from the specimen.

again

Al ternati ve methods

of measurement of the Hall coefficient include a modification of the dc
method (26) in which the Hall potential is chopped and amplified before
measurement, and an ac variation (27), which can be used in very high
resistivity material So
The choice of specimen shape is important to the accurate
measurement of Hall coefficient o

The calculation of results is made

,4th the assumption that the sample is very long with respect to its

-18-

dimension along the Hall potential axis.

In practice, very little

inaccuracy occurs if this ratio is 4:1 or larger, although a correction must be made i f the ratio is much less than 3:1 (2S, 29,30).
Another experimental difficult;:,' arises from the interaction
between the current and the magnetic field, which produces thermal
gradients in the specimen.

These gradients interact with the current

and magnetic field, producing anomalous voltages and further thermal
effects.

These are classified as the Nernst, Ettingshausen, and

Righi-Leduc effects, ,,rhich, if ignored, can introduce some error into
the Hall potential measurements.

The error can be reduced substan-

tially by averaging the Hall potential for measurements made using
two opposite field orientations and two opposite directions of current
flow, during which process the Righi-Leduc and Ettingshausen potentials
drop out (29).

No satisfactory method for eliminating the Nernst effect

has been found.

However, it usually is small and is commonly ignored o

The Hall coefficient can be expressed in practical units as

---- (14)

where VH

the Hall potential, I the current, H the field and d the

dimension of the specimen in the direction of the field axis.

The

concentration of current carriers is given by

---- (15)
where e is the magnitude of the electronic charge, and C is a constant
which depends upon the predominant scattering mechanism (33,34,35).

The

value of C varies between about one and two, the value most often used
in semiconductor work being 3rT/S.

This value will be used throughout

except where otherwise stated o
~19-

Hall mobility can

Having determined the Hall coefficient,
be calculated from

--

---- (16)

~

1vhere

P

and)1 is the Hall mo bili ty, 1vhich is also

is the

the average drift

if the proper choice of C has been made.

The equations above are derived under the assumption that
of carrier is present.
sic conduction j

on~y

one type

At temperatures approaching the range of intrin-

ho~"ever,

significant concentrations

and positive holes are present.

of both electrons

In this case, the

coefficient

expression becomes

,
where b

= fin/ )Jp,

n

---- (17)

the concentration of free electrons, and p is
inform.ation can

the concentration of free positive holes.
be extracted from this expression only if

information is

availablec

by a graphical

Solution of this equation is

method developed by Hunter (36).
Another assumption Dade in the

of Hall coefficient

data is that the resistivity of the material does not change with the
application of the magnetic field (magnetoresistance)Q
is usually valid

in materials h

and small effective masses.
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This assumption

very high carrier mobilities

C. CADMIllvr TELLURIDE

Cadmium telluride is one of a family of similar compounds
crystallizing in the zincblende structure.

This structure consists

of a face-centered cubic array of tellurium atoms with tetrahedral
interstices, Hhich are occupied by cadmium atoms.
length

given as 6.h6h

The unit cell

± 0.002 ~ units, }rith an x-ray density of

5.866 (37L
The phase diagram of tellurium and cadmium

of a simple

type) with one compound at Cd/Te = 1/1, the melting point being given
between 10hlo C (38) and 1050 0 c (39).

This two-component equilibrium

diagram would indicate the possibility of straightforward preparation
of CdT e , but for the fact that a substantial dissociation pressure of
cadmium exists over cadmium telluride at the melting point.

This can

be roughly estimated at about 1-2 atmospheres from the ''lork of Kroger
and de Nobel (hO).

The presence of a vapor at the melting point is

considerably more pronounced in the other t,m compounds of the group,
CdSe and CdS.

Of these, CdS melts (at 1750 0 c) only under a pressure

of 100 atmospheres of its vapor (hI).

An understanding of the phase

relationships in this system can thus be obtained only by a consideration of the system solid-liquid-vapor.
The thermodynamic properties of CdTe and other similar
materials have been studied by JVIcAteer and Seltz (42), who found
for CdTe A H250c

= - 24~

530 cal/moL

The dielectric constant is

given for normal temperatures as about 11.0 (43).
The arrangement of the cadmium telluride unit cell is such
that each cadmium atom has four tetrahedrally arranged tellurium
nearest neighbors, the telluritWl atoms being likewise surrounded by
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cadmium atoms.

This arrangement suggests that a tetrahedral orbital is

operative in the bonding.

Both cadmium and tellurium can take on the

sp,3 hybrid configuration, thus
) + 28
'"18 0

\-,hich, because of its tetrahedral character, is a possibility for the
bonding.

On the other hand, the ionic radius ratio

r Cd +2

is of

r Te -2

the proper magnitude for the existence of tetrahedral ionic bonding to
form Cd+ 2 Te- 2

electronegativity difference between Cd and Te is

Q

small but appreciable (0.6)
forward by Pauling
likely,

then~

(44) and leads, from the calculations put

(45) to an estimate of 8% ionic character.

that the bonding in this material

It is

resonant between

purely covalent bonding by sp3 orbitals (Cd- 2 :. Te+ 2 ) and the pure
ionic type (Cd+ 2Te- 2 ).

The relatively low electronic mobility in CdTe

(about 500 cm2/v sec) in contrast to other of the zincblende compounds
(up to 104 and above) is taken as evidence that the average of the
resonant forms is one of at least partial dipolar character

the

electronic mobility in such materials is taken to be a function of
their dipolar character (46).

A further manifestation of dipolar

character is the intrinsic activation energy, which is thought to be
higher in the more dipolar materials

(44,47). Lattice size is also

held to be a contributing factor in the activation energy of the
CdS, CdSe, CdTe (48)Q
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Early interest in CdTe ana related materials, as well as much
of the more recent work, has centered around attempts to produce better
infrared photoconductors (49,50,51~52,53,54,55).

These materials are

of use in detection devices, and in the case of CdTe, a further importance is the size of the band gap (1.45-1.55 eV), which is near the
theoretical value desired for most efficient solar energy conversion (56).
Schwarz (54), in 1948, prepared CdTe cells sensitive
(-78°c and liquid nitrogen temperature).

low temperatures

Garlick and Heyne (52) working

with evaporated films, produced specimens which, after forming with oxygen at 500 o-550 o c" shmved a temperature-independent sensitivity with
maxima both in the red (corresponding to the intrinsic band-gap) and in
the blue.

This double sensitivity was confirmed by van Doorn and de Noble

(55) who, working 1-Jith single crystals, found a large maximum at about
105 eV, and a small subsidiary peak at about 2.5 eV.

The change of band

gap 1 Ji th temperature was found by transmission measurements to be
0

2.34 x 10-4 eV/oK at 77°K and 5.44 x 10-4 eV/oK at 800 oK.

These figures

agree well Ivi th Bube (57) who had deduced the relation
E

=

1.52 - 3.6 x 10=4 eV/OK.
Miyasal.va (58) has prepared CdTe in the form of single crystals,

from which an activation energy of 1047 eV was deduced from photoconductive response measurements.
Kretschmar and Schilberg (53) were able to increase the sensitivities of CdTe cells by very slight doping with indium during deposition.
Attempts to obtain a photovoltage from p-n junctions in CdTe
have been made by Miles (59), who obtained open-circuit potentials of
approximately one volt.

Subsequently, Pensak (60) and Goldstein (61)

have produced cells with open-circuit voltages of up to several hundred,
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by the use of films with many photovoltaic junctions in serieso

These

films were produced by an evaporation technique in which the direction
of deposition was at an angle Q to the normal of the surface of the film.
The voltages produced by these cells increased as Q increased from 00
to 100 , and thereafter increased slowly to a somet.,hat higher value at
Q

=

600

•

The mechanism of the production of these multi-boundary films

is not kn01-ln.
Early methods of preparation of CdTe includes reaction of the
vapors of the elements (62), growth from the liquid phase under high
pressure conditions (63,64), and various wet chemical procedures (64).
Hore recent work has centered on variations of the first two methods.
The first evidence of the effect of added impurities on the
electrical properties of CdTe is due to Jenny and Bube (65).
workers found that both

n~type

and p-type material could be produced,

depending upon the impurity added.
found averaged

Oo3~0.5

These

The p-type activation energies

eV, while the n-type activation energies were

extremely small, usually only a few thousandths of a volt.

Their

explanation for the difference is that in the n-type material the
free electrons are liberated from impurity atoms in which they are
superfluous to the bonding, which process requires little energy.
In p-type material] on the other hand, a hole is generated only by
the removal of an electron from a host

ato~3

a process which requires

much more energy.
Hall coefficient measurements by these workers indicated a
minimum mobility of 30 cm 2/v sec for both electrons and holes, with
the probability of electron mobilities being as much as an order of
magnitude greater,

The value given for the intrinsic gap> as deduced
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from transmission measurements, is 1.45 eVe
Appel and Lautz

(66~67)

have made measurements of dc conduc-

tivity in CdTe without intentional impurity as a function of temperature
from 3000 to 10000K.

Values of the intrinsic gap deduced from the

measurements vary from sample to sample between limits of 1.44 to 1.53
eVe

In

addition~

low temperature activation energies of 0.73-0.77 eV

and of 0 06 eV or smaller were found, depending upon previous heat
0

treatment.
tively.

Presumably these were p ·type and n-type

respec-

specimens~

A peculiar feature of all curves shown by these workers is the

appearance of smaller (about 0.67 eV) activation energies in the high
temperature range above the apparent intrinsic range.

In one specimen

this slope joins the very low activation energy curve (a few thousandths
of an eV) without any trace of an intervening intrinsic region.

The

cause of this phenomenon is not known, but is believed by the authors
to be some sort of chemical process.

A further peculiarity is the

appearance of another activation energy in several samples at yet a
higher temperature.

Its slope of 1.98 eV makes it steeper than the

intrinsic part of the conductivity curves.

The presence of such an

activation energy higher than the intrinsic value is not understood.
The room temperature values of conductivity for the better behaved
specimens vary from 10=5 to 10-7 mhos/cm.
by Boltaks

Similar values were obtained

(68) for polycrystalline specimens prepared from the melt.

The most exhaustive work to date has been performed by Kroger
and de Nobel (40).

These workers prepared polycrystalline CdTe by

direct reaction at 5000 e under 40 atmospheres of argon, followed by
melting and

re~freezL1S

the product.

This material was then melted and

zoneppurified in a horizontal boat to form a single crystal.
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The

product, because of its exposure to the free volume of the melting
enclosure, was deficient in cadmium in the absence of a cadmium
atmosphere.

As an approximation, the zone-refining was carried out

under a cadmium pressure of one atmosphere.

A study was made of the

effects of atmosphere upon stoichiometry by equilibrating the specimens at 900 0 C under various pressures of cadmium vapor.

It was found

that the resulting crystals could be made either n-type, p-type, or
neutral by the use of a corresponding cadmium pressure.

Neutral

(stoichiometric) crystals resulted when the applied cadmium pressure
"ras 0 56 atmospheres.
0

viaS

found that the stoichiometric crystals tended to lose

cadmium above 300oC.9 and that crystals prepared under a cadmium pressure of less than 0"
heated above IS00C

atmospheres gave irreproducible results when
The authors felt that this was due to the separ-

ation of excess tellurium.
From measurements of thermal emf, the effective mass ratio
in these crystals was found to be
( ffit. ~})
(m_~i-)

Average Hall mobilities at room temperature were }In

pp

= 50 cm2/v sec.

600 cm 2/v sec,

Using the expression

5/2

,

the effective mass ratio was calculated as 2.7, in very good agreement
with the thermal emf values.
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On the basis of these and other measurements, several types
of impurity center are postulated to exist in CdTe.

In n-type speci-

mens, anion vacancies which have trapped two electrons constitute
filled donor (V 2- ) centers
A

Anion vacancies which are empty constitute

empty donors (V-A)' which can be compensated by Vc + centers or by monovalent impurity atoms.
In p-type crystals) acceptor levels occupied with holes are
(VC 2+) centers, Ivhile unoccupied acceptor levels are (VtJ levels,
which

Cffi1

be compensated by (VA) centers.

Copper atoms present in

these crystals as an unintentional impurity are thought to contribute
levels similar energetically to the (V C+),

-27-

II. EXPERIJIiENTAL
A. PREPARATION OF SPECIMENS
1. Single Crystals
Preparation of the single crystals investic;ated l'1faS carried
out by McNeilly (59,69) in this laboratory.

These were crystals of

cadmium telluride, both "pure" and with intentional impurities of Ag,
Bi" In, Sb, or
percent.

Cu~

1-yhich were added in the amount of

one-tenth mol

Starting materials consisted of 9909997% pure cadmium~~ and

C. P. tellurium. which was first purified in the laboratory by a zonerefining technique.
The zone-refining apparatus consisted of a fixed silica tube

1.5

inches in diameter and

40

inches long, fitted with water-cooled

ground joints and connected to a conventional vacuum system.

Provision

was made for operation in vacuo or in a purified helium atmosphere.
The charge of tellurium to be purified was placed in a recrystallized
alumina boat which rested inside the silica outer tube.
tion

vIaS

This precau-

necessary to avoid contact between the molten tellurium and

the outer tube, since this contact tended to cause cracking of the tube
during the repeated freezing and melting of the charge.
Heating was accomplished by four nichrome tape heaters, which
were two inches wide and mounted on four-inch centers.

These heaters

were mounted on a carriage vlhich constituted the moving part of the
system.

The carriage moved through the inter-zone distance of four

inches in about two hours, the fast return motion being controlled by
a clutch mechanism.

Thus, in effect,

~

full molten zone was passed

~~This material was kindly supplied by Imperial Smelting Corporation, Ltd.,
Avonmouth, England.
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through the charge every two hours.
All traceable impurities in the original C.P. tellurium
moved vath the molten zone, producing a rod whose pure section comprised about three-quarters of the length of the original specimen.
Further purification was possible by subsequent re-purification of
the pure portions of several charges.

Spectroscopic analysis of the

purified tellurium showed impurity concentrations of the order of one
part per million.
All crystals reported here were grown in a modified Stockbarger

furnace~

by a conduction

consisting of two independently-wound halves, separated
(l.Yld

radie.tion baffle

0

The temperatures of the two

halves i-Jere automatically controlled, that of the upper half at about
l080 0 c and the lower half at about lOlOoC (the melting point of cadmium
telluride iSJ'YI040o C)"

The furnace charge, consisting of stoichiometric

amounts of cadmium and tellurium, was held in a pointed silica capsule,
which in turn was held in an alumina liner which served to protect the
outer mullite reaction tubeo

This outer tube was attached, by means

of a glass-mullite seal and a water-cooled ground joint, to a conventional vacuum system o

The outer reaction tube was first pumped out

hard, and then a purified helium atmosphere was admitted at a pressure
which was calculated to increase to just over one atmosphere at the
melting point of cadmium telluride.

In this way, the diffusion of

atmospheric gases through the outer liner at high temperatures was substantially decreased.

The inner silica capsule was first pumped out to a

pressure of about IO~6 mm of mercury, and the contents outgassed at about
200o-300oC, after which the capsule was sealed off.
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In preparation for the growth of a crystal, the charge was
heated slowly to about 700-750 0 0, in which range the two reactants
united to form cadmium telluride.

This reaction must be carried out as

slowly as possible, since the reaction is exothermic and can cause the
e}~losion

of the charge capsule.

The charge was then raised to about

11200 0 and held t here for a few hours to destroy relTlF;_' ing centers of
nucleation.

The charge and protective jacket were now held stationary

and the furnace raised

owly, so that the freezing front, situated at

the division between the two halves of the furnace, passed up through
the capsule, beginning at the pointed tip.

In the most successful cases,

this resulted in the seeding of one crystal at the tip of the capsule,
1rJhich grew as the furnace ,,,as raised further.

The usual raising rate

was 2 mm per hour.
After the complete solidification of the charge, the resulting
crystal was cooled to room temperature over period of several days.
One of the difficulties encountered in the growth of cadmium
telluride single crystals is the tendency of the material to lose cadmium at high temperatures, thus producing a non-stoichiometric finished
crystal

(40). In the method outlined above, however, the charge was

enclosed in a capsule having very little free space, which limited the
quantity of cadmium thus vaporized.

A rough extrapolation of Kroger

and de Nobel's results indicated that this loss probably amounted to
s than 0.0001 gram of cadmium per gram of charge, or about one part
in 5000 of the oriGinal

cad~ium.

This discrepancy is hardly enough to

affect the stoichiometry of the first material to crystallize.

As

crystallization continues 9 the remaining melt will be more and more
depleted of cadmium so that the last material to crystallize will be Cd-
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deficient.

Uoon long standing just below the melting point, it would

be expected that the cadmium content of the crystal as a whole would be
deficient, as a result of the equilibration of the solid phase by means
of diffusion of cadmium up through the crystal to the more seriously
depleted upper portion.

However, in the time available, the geometry

of the charge capsule is such that this equilibration is very seriously
hampered.

This supposition is borne out by the low-temperature measure-

ments of McNeilly (70), which sho"Jed some of the crystals to exhibit
intrinsic conduction far below room temperature.

It is probable that

the p-type character found in crystals investigated at high temperature
was at least partially produced by evaporation of cadmium during the
measurement~

and not entirely during the original

gro~~h

of the crystals.

Spectroscopic analysis of the crystals grown by the above
method, together with the occurrence of intrinsic conduction at low
temperatures, indicate that the unintentional impurities were of the
order of one part per million.
2. Hot-Pressed Specimens
The hot-pressed cadmium telluride specimens reported here were
prepared by Miles (70) in this laboratory.

They were prepared from C.P.

materials as part of a preliminary study of hot pressing in generalo
The specimens were pressed in graphite dies to form disks l~ inches
in diameter and about

i

inch thick.

Pressing was carried out at 9400 -

10300 C, under pressures of 3000-5000 psi.

The IJressed disks were of

nearly theoretical density and quite homogeneous, being easily polished
to a mirror-like finish.

It was found that by holding the specimens

under pressure at 10300 C for eight minutes and then cooling to room
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temperature in one-half hour, specimens could be obtained
crystallites up to three millimiters in size.

~Qth

individual

Both these and specimens

Nith smaller crystallites were investigated.
The purity of these specimens was
from C.

10"\'J,

due to their manufacture

materials, and also due to contamination from the graphite die.

It is probable that better specimens could
purity of the ralV'

materials~

made by increasing the

and preliminary experiments have indicated

an improvement could also be obtained by lining the pressing die with
boron nitride.
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B, CUTTING JU\lD ELECTRODES

The specimens reported have been prepared for measurement in
several different ways.

The polycrystalline specimens (hot-pressed)

were cut from the original disks by means of a thin, water-cooled silicon
carbide-coated paper disk? rotated at about 10,000 rpm.

Preparatory to

cutting, the hot-pressed disks were mounted on a glass plate in the cutting jig using glycol phthalate.
Single crystal specimens were obtained by first cleaving plates
from the grown rods.

Ca~~ium telluride exhibits {llOJr cleavage (59) which

is strong enough that usable plates could be obtained with a minimum of
difficul ty.
planes.

All single crystal specimens were cut from these [no}

The plates were positioned in a jig and cut into rods about

2 mm square by 8 nun long by mea.'1S of an S. S. !Alhite Industrial, Airbrasive
uni t, using a narrm·J rectangular orifice.

The Airbrasive unit produces

a jet offine alumina particles driven by 50-80 psi of a dry, inert gas,
in this case nitrogen.

After cutting, the surfaces of the crystals

were lightly abraded v.Jith the Airbrasive, since it was found that this
slight sandblasting revealed crystal boundaries and planes of twinning.
During this treatment and thereafter, the specimens were handled only
with forceps, the abrading treatment being relied upon to remove any
contamination and debris from the surface.

This treatment was felt to

be superior to the chemical etch described by other workers, which might
leave a contaminating residue.
The literature reports several types of current contacts to
cadmium telluride and similar crystals.
deposited gold and silver

Some of these are chemically-

(40), indium-plated metal (40), evaporated

gold (58), electrolytically-deposited nickel and copper to which wire
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leads were

soft~soldered

(65), and evaporated copper.

The problem of good electrical contact

one of the major

problems in the investigation of semiconductors.

The application of

low-resistance, noise-free ohmic contacts depends upon the relative work
functions of the semiconductor and the metal used, which considerations
have been developed in the literature (71).
tion is, however, not so easily dismissed.

The question of contaminaGenerally speaking, any

foreign material in contact with a semiconductor must be regarded as a
possible source of contamination, especially when the electrode system
must be used at high temperatures.

Indeed it would seem that any elec-

trode material which fulfills the requirements of good adhesion and good
electrical contact must, by the sams token, contaminate at least the end
portions of the specimen.

The use of a four-electrode system, as in the

present investigation, partially

elLminates the complication of contami-

nation, since the end portions of the specimen are not involved in the
measurement.

Some contrurination must, however, be expected from the

potential probes.
The process responsible for the contamination of the bulk
semiconductor specimen is the diffuffion of the electrode material
through the crystal

It has become customary, in some quarters, to

0

neglect the possibility of significant bulk diffusion at temperatures
below about 0

0

5 of the melting point of the host material (the so-called

Tammann temperature).

At first glance this would seem to rule out con-

tamination due to diffuffion of electrode material below about 340°C in
cadmium telluride.

HOi~ver,

it has been found that, in some cases, con-

tamination can take place in relatively short times in this temperature
range (see below).

In addition, the possibility of fairly rapid surface
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or even volume diffusion must not be disregarded as a contamination
mechanism.

This proved to be the case in similar materials at temper-

atures far below the Tammann temperature (72,73,74,75).

In view of

these aspects, all semiconductor work, the present measurements included,
must be exambed critically from the standpoint of possible electrode
contamination.
During the course of this investigation, several of the electrode materials listed above were investigated in an attempt to secure
the best results.

Initially, great difficulties were experienced in the

matter of current electrodes for Hall coefficient measurements, due to
short-term changes in the current flowing through the specimen.

These

changes produced variations in the I.R, component of the Hall voltage
which were, at best, of the same order of magnitude as the Hall voltage
itself, and which were aggravated by the high resistivity of the material
being investigated

0

Some improvement was obtained by extremely careful

positioning of the Hall voltage electrodes, but the current changes still
contributed a very large second-order variation to the measured Hall
voltage.
The first current electrodes were made with platinum foil
spring-loaded against the specimen.

This system entailed perhaps the

least possibility of sample contamination.

However, although they

were reasonably stable, the contact resistance was extremely high, and
subject to large discontinuous changes, which limited Hall effect results
to the determination of the sign of the current carriers.

Further disad-

vantages were the difficulty of distributing the current flmv over the
end surfaces of the specimen, and the tendency of the cadmium telluride
to attack platinum at high temperatures (above about 300 0 C).
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In spite

of this attack, spectToscopic analysis failed to detect any diffusion
of platinum into the specimen.
An alternative electrode was made by applying silver paint to
the specimen ends and subsequently sintering it on by an instantaneous
touch of a small flame.

These electrodes had fairly low resistance, al-

though under hard vacuum they tended to crack with age.

Another disadvan-

tags ,..ras the possibility of diffusion of silver into the specimen at
o

high temperatures (above about 300 C).

This contamination was verified

by spectroscopic analysis of one specimen which had been heated as high
as 3BOo C for several hours o

Resistivity changes were noted in some

specimens Hhich may be attributable to this contamination, but other
effects to be noted below may have been responsible.
Evaporation of gold constituted another means of applying
current electrodes, the evaporation being carried out from a tungsten
spiral under a vacuum of 10-5 to 10-6 millimeters of mercury

0

Gold

deposited on the sides of the specimens was removed by the abrasion
treatment described above.

Evaporated gold contacts were found to

have extremely high resistances, although they were fairly stable.

A

further disadvantage was their poor adhesion, which caused them to rub
off as a result of the abrasion caused by the different thermal expansions of the crystal and the electrode jig during heating and cooling.
Some of the hot-pressed specimens were provided with copper
and nickel current electrodes, l\Thich were deposited from solution to a
thickness of several microns.

In the light of the effect of current

flow upon the resisitivity of certain of the specimens, these electrodes
were

abandoned~

due to the necessity of passing current through the

specimens to effect the plating

0

These electrolytically,-deposited

electrodes proved to have excellent electrical properties in the case
of hot-pressed specimens, but attempts to apply them to single crystal
specimens were unsuccessful; due to treeing and poor coverage.
Kroger and de Nobel (40) have used both indium-plated electrodes (on n-t;ype specimens) and chemically-deposited gold electrodes
(on p-tYl'e snecimens).
be applied to

p~type

These Horkers found that a good contact could

specimens by applying, at the desired contact

point, a solution of gold chloride, which apparently attacked the crystal, replacing cadmium by gold.

This system was used for most of the

measurements made, in spite of the fact that there is some evidence
that it produces changes in the electrical properties of the crystals
(70).

The use of indium-plated electrodes was not considered, due to

the fact that most of the specimens examined were p-type, and the
obvious impossibility of using this low-melting metal at high temperatures.

An interesting demonstration of the greater applicability of

gold electrodes to

p-tJ~e

specimens than to n-type specimens was noted

with the indium imrrnri ty specimen to be reported below.
was ini tially

n~type,

was changed to the

but by suitable heat treatment,

p~type

condition.

This specimen
character

The quality of the contacts

proved to be better after the treatment.
Before the change to chemically-deposited gold contacts, the
potential probes consisted of fine (0.002 inches) platinum wire, which
was heated yellow hot and plunged into the surface of the specimens.
Although these probes gave good service, they had two disadvantages.
First, the necessity of plunging the platinum 1dres very rapidly into
the crystal made it very difficult to position them properly, as is
required in the case of the Hall electrodes, because of the large LR.
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Additionally, during the heating of the

potential mentioned

wires, the specimen was unavoidably heated

although the surface

layer of the crystal was subsequently abraded away to remove the
resultant surface

it was felt that this heating was too strenuous.

Subsequent to the adoption of chemically-deposited gold current
contacts, the voltage probes were made by the same process.
plish this, two

surfaces of the

in the desired electrode area.

To accom-

were coated with

The crystal was then wrapped with one

loop of thin copper wire (0 015 inches) and
0

tected were abraded to remove the surplus

but the areas so proIt proved possible, by

this method, to position the Hall electrodes directly opposite each
other, to an accuracy of about 0.001 inch.
Following the application of the gold stripes, platinumrhodium wire leads were spring loaded (by their own elasticity) against
the electrode
finally made it

It was this system of gold electrodes which
to measure reproducible Hall coefficients.
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C. APPARATUS
1. Atmosnhere
A problem common to each of the types of measurement to be
made was the preparation and maintenacne of an accurately controllable
sample atmosphere.

In order that results might be more reproducible,

it is desirable to have an atmosphere which will not contribute to a
change in properties of the specimen during the time of measurement or,
failing that, one which will change them in a predictable way.
In

caili~ium

telluride, this problem is aggravated by the tend-

ency of the material to lose cadmium, as has been mentioned above.
Since most of the measurements were to be made above room temperature,
it would have been desirable to nrovide as a sample atmosphere a partial pressure of cadrr.ium vapor appropriate to the temperature at which
measurements were being made.
presented themselves.

Hovlever, certain obvious difficulties

In the first place, this equilibrium pressure

has been measured at only one temperature (900 0 C)

(40). Although the

equilibration of the specimens reported by these workers occurred in
a few hours, the equilibration time would be at least two orders of
magnitude greater at 300 0 C, which is in the upper range of temperatures
at which measurements were made.

In addition to the above objection,

the possible presence of adsorbed cadmium on the surface of the sample
holder 'iould cast some doubt on the value of the measurements obtained.
It was therefor decided to abandon the idea of a controlled
cadmium atmosphere in favor of some less time-consuming scheme.

The

first possibility which suggests itself is, of course, hard vacuum.
Accordingly~

an apparatus was constructed by means of which the sample

reaction tube could be evacuated to very low pressure, with additional

provision for the admission of a purifj.ed gas atmosphere.

This apparatus

comprises a conventional high-vacuum system (figure 1), consisting of a
high velocity water-cooled mercury diffusion pump backed by a rotary oil
fore-pump.

This system was also used for the evacuation of the bell jar

used in vacuum plating of metal electrodes.
In use j the pressure was kept belo1l-1 1 x 10-6 mm of mercury, as
measured by a standard JvIcLeod gauge.

The specimen was protected from

mercury from the diffusion pumps and other vapors by two intervening
liquid air traps.
In some of the experiments J it proved necessary to use an
inert gas atmosphere to act as a transfer medium to facilitate rapid
changes in temperature and to permit cooling below room temperature,
where heat transfer by radiation
the system

1I-laS

1I-laS

no longer effective.

In this case,

first evacuated to the highest attainable degree, the

stopcock nearest the specimen closed, and the intervening section of
the high-vacuum line alternately flushed with high purity helium and
pumped out.

This procedure was repeated several times, during which

two liquid air traps were maintained in the isolated section.

Following

the flushing the sample tap was opened, and helium admitted to the samreaction tube, again through two liquid air traps.
pressure was generally chosen at about

40

The helium

cm of mercury, so that the

pressure in the sample section vJOuld be less than one atr;lOsphere at the
highest measurement temperature.
In the quenching experiments to be described below, it was
not possible to pump out the sample holder, due to its design, and
therefor it was first flushed vJith

high purity helium, closed off,

and kept under a helium pressure of 2-3 cm of mercury.

The amount of

TO VACUUM
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t

-

Hi>
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,

TO FORE
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J
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FIG. 1- VACUUM SYSTEM

TO
REACTION
TUBE

flushing heliuT1 used was about 104 times the volume of the sample
holder.
2. Sample Holders
Hall coefficient -- }flost of the results reported here were
made in a specimen holder designed specifically for the measurement
of resistivity and Hall coefficient (figure 2).

This holder consisted

of a Wonderstone (natural pyrophylite) jig, suspended in the reaction
tube by a bundle of four twin-bore fused silica tubes, which additionally
served to insulate the electrical leads from the specimen to the measuring apparatus.

Although the bulk resistivity of the Wonderstone material

is fairly high, it was decided to sleeve all electrical
silica.

ads with fused

The snc;cimenwas held in the desired orientation by hlO spring-

loaded silica rods, the platinum fo iJ. current electrodes being held
betirJeen tho silica rods and the specimen.

The distance between current

electrodes was adjusted by means of the Wonderstone screw shown in the
figure.

The voltage probes were either spring-loaded against the gold

electrode stripes or, in the case of imbedded platinum lure electrodes,
irJelded to these small platinum irures.

The thermocouple used, 1'Jhich in

most cases was of the copper constantan type, was spring-loaded against
the specimen by its own elasticity.
Except where otherwise noted, measurements were made in the
dark, the specimen being shielded from ambient radiation by a platinum
foil shield wrapped around the sample jig.

This shield had an aperture

of approximately 1 x 2 cm for the adJnission of illumination, v;rhen desired •

.

The reaction tube itself 1.,as of fused silica, and was connected to the
vacuum system by means of a Vycor ground joint, beloH which it was found
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necessary to install a radiation and convection shield to keep the
joint cool when the reaction tube was being heated.

The reaction tube

was equipped ,vi th a non-inductively wound platinum heater, insulated
and covered by an asbestos-tape-plus-sodium-silicate layer.

Addi-

tionally, it i,as provided with a silica ;;llndow of approximately 1 x 2
cm, for the admission of illumination.

'Vrnen measurements were desired

in the presence of such illumination, the reaction tube could be turned
in such a way that this windo,,r lined up with the aperture provided in
the radiation shield mentioned above.
The electrical leads left the reaction tube by means of multiple platinum-to-soft-glass seals, which in turn were joined to the
reaction tube head by means of graded Vycor-to-soft-glass seals.

By

means of the precautions mentioned, it was possible to maintain a leakage resistance of greater than 1010 ot~s between any two electrical
leads at room temperature.

This leakage resistance decreased somewhat

at high temperatures, but was at least several orders of magnitude
larger than the resistances of the specimens at these temperatures.
ivIeasurem;:mts at

10'tfJ

temperatures wi thou t illumination were

made by iwmersing the reaction tube to the required degree in a Dewar
flask containing liquid air.

The amount of liquid air was chosen so

that, when the desired low temperature had been reached, the liquid
had been completely evaporated.

The space between the mouth of the

Del·Jar flask and the reaction tube was then insulated with cotton batting.

The temperature then rose slowly to room temperature at a rate

l-lhich was found satisfactory for the measurements.

Wnen a constant low

temperature was desired, some liquid was left in the bottom of the Dewar
flask, and the flask lowered to the appropriate degree.
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LOH-temperature measurements under conditions of applied
illumination could not -De made by this method, due to the non-availability of a strip-silvered Dewar flask.

For these measurements a

heat exchanger was made, which is shown in the figure.

This unit

consisted of an aluminum alloy shell pierced by a one-inch thin-walled
Synthane tube.

In the bottom of the heat exchanger ,'!las incorporated

an aluminum rod, which was immersed in liquid air to the extent necessary to obtain the desired temperature.
through the Synthane side tube.

Illumination l'!laS adrni tted

In practice, it was found that the

silica window frosted up as the temperature was lowered.

This condi-

tion was remedied by playing against the window a jet of dried cold
nitrogen.

stream, at once cooled and dried, was obtained from a .

rubber tube connected to a Dewar flask filled with liquid nitrogen.
A "leakyll Dewar

was used for this purpose, from which the gas

evolution was sufficient for the purpose.
The use of liquid air as a coolant in an applied magnetic
field sometimes results in a lowering of the temperature of the sample,
due to the tendency of the highly paramagnetic

oxygen component

to drift to the sides of the Dewar vessel faCing the pole faces.

For

this reason, liquid nitrogen 1:Jas used whenever available, although the
effect was found to be negligible Hith freshly made liquid air, especially since the magnet Has used only for short periods.
I1agnetic field for the

coefficient measurements was

provided by a four-inch dc electromagnet, operated manually from a
battery system.
methods.

The

The magnet ...ras calibrated by comparison of three
was the conventional ballistic method, in which a

search coil is removed quickly from the field, and the induced potential

integrated by means of a ballistic galvanometer.
for the calibration of the coils.

A lmo't-m field was used

The second was the Quincke (76) method,

in 't-rhich the field is derived from the rise in a capillary of a paramagnetic fluid of knm..,rn susceptibility.
laboratory-designed and built double

The third method .fas by use of a
~inning-coil

magnetometer.

The

coils were attached to the ends of a brass rod, tlhich 1-ms spun at 30005000 rpm by means of an air-driven gyroscope impeller.

One coil was

placed in the field to be measured, and the other in the field of a
Helmholtz coil of known geometry.
were

emfls produced by the two coils

in opposition and the Helmholtz field varied until the opposing

voltages of the two coils exactly cancelled each other.

This point was

determined by means of an audio amplifier and oscilloscope.

The cali-

bration of the spinning coils l..ras deduced by the use of knmm fields
generated by two identical Helmholtz coils.

This method has perhaps

the highest potential sensitivity and accuracy, but the necessity of
applying corrections for the earth1s magnetic field and fringe fields
of the two Helmholtz coils during the calibration of the coils makes
it difficult to apply.

In practice the two other methods were found

to be most reproducible and to agree with each other, and l..rere used to
the exclusion of the third.
"\fhth the

pieces of the magnet set at a separation allowing

the insertion of a Dewar vessel around the reaction tube, the
obtainable was 5000-5400 oe.

In cases where higher sensitivities l..rere

desired, the maximum field could be raised to 7300 oe, using a narrower
pole-gap&

Quenching Unit

The above apparatus was not applicable to

measurements made during the rapid heating or cooling of the specimens,
due to its great heat capacity and the thermal insulation properties
of its parts.

It was therefor necessary to design a new type of sample

holder by means of which sample temperature could be changed at rates
up to several degrees per second.

This holder is shown in figure 3.

It cons:Ls ted of a steel shell with a removable bottom Hhich was affixed
by a tapered joint.

The specimen was held in a Wonderstone jig between

spring-loaded current

electrodes~

stituted the voltage probes.

and

spring~loaded

electrode

&~d

copper wires con-

themocouple leads

passed out through a Kovar seal.
In order to facilitate rapid changes in sample temperature,
t1\TO

furnaces "Here constructed, one to be kept at each of the two tem-

peratures bet1-1een Hhich the specimen

1.,raS

to be heated or cooled.

The furnaces weT'e of solid metal, being made purposely massive so as
to have large heat capacities.

3. Heasurement Techniques
}10st of the measurements reported here were made by a standard
potentiometric technique:; using either a Leeds and Northrup type K
instrument or a laboratory-constructed unit for the emf measurements.
Current was measured by galvanometers and milliameters having sensitivities up to 3 x 10- 9 ampere/division.

Resistivities were measured

by the usual four-probe method, measurements being made of the current
through the specimen and the potential differences betl\Teen the two voltage probes

0

In general, these voltage probes vlere placed in the middle

one-third of the specimen, to minimize errors due to inhomogeneities in
current density near the ends.
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During many of the earlier experiments, the current was
allowed to pass through the specimen throughout the time occupied by
the measurements.

As it was later discovered that current flow could

alter the properties of the specimens, this practice was discontinued,
except in cases when the effects of the current flow were to be studied.
Hall coefficient measurements were hampered, as has been mentioned above, by a drift in the LR. component of the Hall voltage.
This made it necessary to make the measurements in the shortest possible
time, in order to avoid errors due to inaccuracy in the estimation of
the I.R. component.

Ideally, these measurements should be made under

all possible combinations of the conditions

(two possible current

directions), and (two possible directions of magnetic field) (see
Introduction, Hall measurement).

However, it was found that during

the time required to make the necessary measurements,the drift in
I.R. component was great enough to throw serious doubt on the advisability of such multiplicity in measurements.

As a compromise, the

Hall coefficient measurements reported were made with only one direction of current flovJ, the direction of the field being the only
adjustable parameter.

The Hall voltage was measured during the

following sequence of magnetic field adjustments! field off, field
vector left, field vector right, field vector left --, continuing
for several cycles.

This permitted fairly precise determination of

the true Hall voltage without the interference of the I.R. component.
Potentiometric measurement of the resistivity became extremely
difficult when resistivities exceeded l06_107ohm_cm, due to the high
resistances of the voltage probes in such cases.

A ballistic method

was adopted by which this situation could be avoided.
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The voltage

probes were connected to a low-leakage condenser by means of a doublepole, double-throw switch, the other throw of which was across a ballistic galvanometer with a sensitivity of 3.0 x 10-10 coulomb.

The

condenser was first charged from the specimen (to which it presents an
almost infinite impedance when fully charged), and then discharged
through the galvanometer.

The

galvanometer~condenser

combinations used

were calibrated by comparison with the Leeds and Northrup type K potentiometer.

Using this

method~

measurements could be made with specimens

Nhose resistivities approached the limit set by leakage in the apparatus
() 1010 ohms).
Another limitation of the potentiometric measurement of
resistance was the necessity during the quenching experiments of
measuring very quickly the rapidly changing resistance of the specimen.
In order to make these measurements with the smallest possible error
in keying the measured resistance to the proper time and temperature,
a simple two-probe resistance measurement was resorted to, using a
common type of mUltimeter.

During these measurements, the temperature

was recorded, being keyed to the resistance measurements later.
The thermocouples used in this investigation were calibrated
by comparison ,'lith water, carbon dioxide and oxygen in equilibrium
with their vapors at atmospheric pressure (results corrected to 760 mm).
All thermocouples used were found to be extremely accurate at 100oC,
but a slight correction was necessary below about (-) lOOoC.
The bulk measurement of specimens was performed by means of
a micrometer, while the probe positions were measured using a laboratorybuilt micrometer cathetometer.
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III. MEASURENENT S
A, CONVENTIONAL HlU.L AND RESISTIVITY MEASUREMENTS

1. Pure Crystals

Measurements of the semiconducting properties of CdTe began
with the determination of the resistivities of several "pure" CdTe
crystals 9 over the temperature range from room temperature or slightly
belovJ to about 3600 0.

4,

Curves of 10glO

f

vs 1000/T are sholm in figures

5 and 6 for specimens 1, 5 and 6 (all "pure").

The forms of these

curves are all dissimilar in the extrinsic region, and one (sa.mple 5,
figure 5) has no intrinsic range in the temperature region studied o
This crystal was investigated both in the dark and under an illumination
of about 1 lumen/cm2 from a standard tungsten lamp.

Photoconduction

appears in the crystal belm" about 900C, the maximum dark to light
resistance ratio being about four.

The intrinsic activation energies

of 1.57 and 1.60 eV for samples 1 and 6 agree within the accuracy of
measurement.
Silver paste current electrodes were used on these specimens,
,nth platinum wire voltage probes,

Analysis of sample 1 after measure-

ment showed the presence of silver from the electrodes and in subsequent
experiments, specimens were kept at high temperature for the minimum
time necessary.
20 Bismuth Impurity Crystals

Figure 7 shows a curve of 10g10~vS 1000/T for crystal #2
(OdTe + 0.1 mol

%Bi)o

Curves were made, as in the case of sample 5,

both in the dark and under the illumination conditions stated above.
The intrinsic activation energy of 1.59 eV agrees well with that of
specimens 1 and 6 (above).

Significant photoconduction appears below

-48-

o

!J.=1.57EV
O+-------~--------~----

I

2 1000/T

3

__~
4

FIG. 4- SAMPLE I (PURE)

LOG,oF ~ 1000'T

5

4

3

LOG 10 f

2L-----~2~----~3~----~4------~5
1000lT
FIG 5- SAMPLE 5 (PURE)

LOG 10 f vs 10roT

3r

2
1000lT

FIG 6- SAMPLE 6
LOGIC) f

3

4

(PURE)

vs 1000lT

6

/

4

04-

/03
20/

f
10

LOG

1

2

2

1000'T

FIG 7- SAMPLE 2 (Bil
LOG10 P ~ 1000/T

3

4

5

about 250°C, the maximum value of
possibility of even

P dark/ Plight

being about 50.

The

larger ratios at lower temperatures was impossible

to determine because of the very high dark resistance of the crystal.
Measurements of anomalous effects in this and other crystals
}ull be given in a separate section.
No quantitative Hall coefficient measurements were made on
5 or 6, owing to poor geometry of the specimen (#2) and

specimens 1,

to the unsatisfactory contacts then available.

3. Hot-Pressed Specimens
Neasurerre nts i,rere made with several specimens of hot-pressed
CdTe, the preparation of which is described above.

Both the 1I1arge-

crystal" and !lsmall-crystal!! specimens were used, the values of resistivities vs temperatures
of loglO
figure S.

f'

essentially the same.

A typical plot

vs 1000/T for specimen 11 (llsmall crystal!!) is given in
The calculated value of E is 0.74 eV for the middle temper-

ature range.

No measurements were carried out at higher temperatures

corresponding to the intrinsic region.
Heasurements of Hall coeffici

were extremely erratic in

the hot-pressed specimens, undoubtedly because of their polycrystallinity.
This was particulary true of the tllarge-crystal ll specimens.
measurements were, however, carried out on specimen #11.

Some Hall

The indicated

mobilities calculated from these measurements are shown in figure 9,
which displays loglO

JU

vs loglO To

The equation of the straight line

in the figure is

)J

:=

CT -3/2

This specimen exhibited p-type conduction, with the calculated concentration of free posi ti ve holes at room temperature being 5.7 x 1013/ cc.
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Copper Impurity Samples
Resistivity curves for the first Cu impurity sample (#15) are

shown in figure 10.

Curve A was taken beginning at low temperature, and

shows a value of E in the low-temperature range of 0.67 eV.
.-laS

heated to 1790 C during this measurement.

during this experiment showed

p-tJ~

value of N = 5 x 101 3 holes/cc.

~

vs 10glO T.

Hall coefficient data taken

conduction, with a room temperature

A plot of log N vs 1000/T is given in

figure 11 for the high-temperature region.
of 10glO

The sample

gives some

Figure

curve

The change of sign of the slope of

suggests a change from impurity scattering at low temperatures to lattice
scattering at higher temperatures, but the results are not satisfactory
for a calculation of the exact equation.
Curve lOB 'vas taken with increasing temperature aftAr cooling
the sample after curve A.

An apparent activation energy of

is obtained for the high-temperature range.
ments made during th
13.

0.70 eV

Hall coefficient measure-

experiment gave values of loglO

The calculated activation energy is

f.=

N

shown in figure

E = 0.95 eV, which

not in

agreement with the high-temperature activation energy calculated from
curve B.

This disagreement

,vi th increasing temperature.
in figure

partially due to the decrease in mobility
A curve of 10glO j1 vs 10glO T is given

The temperature dependence can be

as

The resistivity curve for another sample of CdTe + 0.1 mol
Cu (#16), taken after soaking for several hours at
curve 15A, which shows an E of

150o~

%

is given as

0.B5 eVe LoglO N is given in curve

as a function of reciprocal temperature, the calculated value of E being
0.95 eVa

The discrepancy between the two values is again probably due
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to changes in mobility, which, in this sample, increased with increasing
temperature.

The temperature dependence of the mobility is shown by

figure 16.
5. Indium Impurity Samples
Measurements uere made on a specimen (#9) of pure CdTe
crystal into uhich indium uas diffused in a sealed silica container
high temperature.

These measurements showed n-type conduction uith

a very 10,-1 apparent mobility (about 2 cm 2/v sec.
valUE

Substitution of this

in equations (16) and (17) indicates that both holes and elec-

trans were present.
Hall coefficient and resistivity measurements were made on a
specimen (#18) of single crystal CdTe with 0.1 mol % indium added, from
' 'd alr
. t emperat ure to 67°C.
l lqUl
v

17, 18 and 19.
resistivity.

Figure

These results are summarized in figures

represents the temperature dependence of the

behavior of the resistivity

not primarily a func-

tion of the number of carriers,'but is controlled by the mobility, the
temperature dependence of which
obeys the relation
of impurity scattering.

shown in curve 18.

The mobility

CTO~88 ~ This type of relation is typical
Figure 19 sho"HS the temperature dependence

of the number of carriers (electrons), calculated assum:lng 100% impurity
scattering.

The apparent activation energy was calculated using equa-

tion (10) to be of the order of 0 004 eVo
0

The concentration of carriers

at room temperature was calculated to be 1.53 x 1017 electrons/cco

The

very low apparent activation energy for this indium specimen is due to
its

n-tJ~e

centers

character and indicates that the ionization of the impurity
essentially complete at room temperature.

Since each indium

ion represents one ionizable oondl1ction electron, the concentration of
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indium atoms in this crystal must have been of the order of 1017/ccQ
The reason for this low value is the failure of the l.ndium to dissolve
completely in the melt from which the crystal was made.

Several very

small lumps of metal were recovered from the upper surface of the crystal
6~

~mich,

upon spectroscopic analysis 9 proved to be indium c

Silver Impurity Crystals
Two specimens were investigated consisting of CdTe with 0.1

mol

%

(specimens #20 and #21).

VJhich the
Cutting

These were the

spring-platinum electrodes were attached (see
Electrodes).

are shown in

Results of the measurements of sample #20

20 and 21.

Curve 20A shows the resistivity taken

as a function of increasing temperature (the
heated),
obtained in the
of N

specimens to

An apparent activation

low~temperature

not having been
of 0.55 eV was

region, with a room temperature value

2.17 x 1012 holes/cce
Curve 21 shows the temperature dependence of the mobility,

which obeys the relation

fl '" CT- l ,,5 2 •

Curve

was taken after

the sample at 1000C for 18 hours.

mild heat treatment

is seen to have had a remarkable effect upon the

stivity.

From the

behavior of the sample during measurements, it was thought that the heat
treatment was also

parti~ly

commences at about 35°c.

responsible for the dip in Curve 20A, which

According to Hall coefficient measurements,

change was caused by an increase in the number of carriers, and
had

to do t.nth the r.1obili ty.
Subsequent measurements, made after

the crystal at

room temperature for 13 days, showed that the room temperature resistivity
had increased to approximately the value indicated by Curve 20A.
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resistivity change brought about in this
treatment

due to the heat

, then, probably connected with anomalous effects noted in
#18 (see Quenching Experiments).
The dependence of 10glOpvS lOOO/T for an Sb impurity crystal

(specimen #4)
in

shO~in

in figure 22.

There was no intrinsic behavior

temperature range investigated.

The low temperature value of E

, and Hall measurements, while unreliable, indicated p-type
character,
B,

At~or1ALOUS

RESISTANCE CHANGES

1. npolarization" Phenomena

-- In making the measurements

Crystals!!, anomalous changes were noticed in the

"Bismuth

as a function of time.
zationll

under

An investigation of these lIpolari-

Has carried out in an attempt to determine whether or

not these effects were systematic and reproducible.

The results are

shown below.
#2 ('8i impurity) 1'1aS held at constant temperature
for

hours.

The current "Jas then passed through the

and measurements of resistance made as a function of time.
the

Curves of

of these experiments made at several temperatures are

in figures

After the resistance had reached a steady minimum

(A curves), the current was reversed, measurements being made as before.
The results are shown in the B curves.
to a maximum value,

i .. hieh

The resistance first increased

is about the same as the initial resistance

in the "A" type of curve} and then decreased to a minirrn.rrn value comparable to the

value of the A curves.
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These curves will hereafter
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be referred to as the IIdirectJ' and "reversal" curves , respectively.

If,

after one reversal curve, a further reversal curve is made, the results
are approximately the same (figure 24C).
reversal curves

This is true of additional

0

It can be seen that both the times involved and the ratio of
maximum to minimum resistance decrease greatly at 1mV' temperatures.
Additionally 9 the effects noted seem to occur only in the temperature
range corresponding to extrinsic conduction in the specimens.
illustrated by the points marked 1, 2, 3 and

This is

4, in figure 7. These

points represent values of the resistance at the peaks of the reversal
curves.

The curves in figure 7, themselves, show values which corres-

pond to the minimum resistances measured in the direct and reversal
curves, due to the fact that during these experiments the current was
left on throughout the measurement.
as

Further points of the same type

1-4, taken at lower temperatures, trace out a plot which is essen-

tially parallel to the low temperature portion of curve 7 (dark).
Because of the peculiar nature of the results obtained with
sample #2, it was decided to repeat the measurements, using another
crystal which was cut from an adjacent portion of the same crystal
slab.

This

1~§.S

specimen #7, which was prepared 1v-ith silver paste

current electrodes and platinum wire voltage probes.

This crystal

was heated to about 375°C for the purpose of making measurements of
resistivity as a function of temperature, which measurements produced
results similar to those shown for specimen #2.
made to reproduce the
the previous specimen.
those previously

time~dependent

An attempt 1vaS then

resistance measurements found in

The results obtained were identical in form to

det~)rmined

and

.-lin not be reproduced here.

-54-

Somewhat later it Kas hypothesized that the properties measured
might have been produced as a result of heating the crystal during the
measurement of resistivity as a function of temperature.

Consequently,

it was decided to repeat the measurements, using this time a crystal
which had not been heated previously.

This specimen (#17) was taken

from another portion of the same crystal batch as that used for the two
previous bismuth impurity cr'jstals.

After preparation of the crystal

IT.Lth chemically deposited gold current electrodes and platinum wire
potential probes, it was heated rapidly to 225°C and measurements of
resistivity innnediately commenced as a function of time.
are Sh01ID. in figure 27.

The results

The current was turned on at the beginning of

Curve A, whereupon, after an initial induction period, the resistance
increased

about one order of magnitude.

At the end of this curve,

the polarity of the crystal was reversed, after which the resistance
first decreased, and then increased slightly (Curve B)c

The potential

across the crystal was then increased mid the resistance decreased
again (Curve C).

The behavior of the crystal during these first three

experiments was atypical of the results found "'Tith the other Bi impurity
crystals

0

Hm.rever, subsequent experiments produced results consistent

with those obtained in the other specimens.
represented by the next two

curves~

These measurements are

Curve D was taken upon reversal of

the polarity after the measurements in Curve C9 and shows the characteristic fOrrIl of a reversal curve, the resistance first rising and then
falling to a minimum value.

After this series of measurements, the

crystal was left at the measurement temperature for several days, in
order that it might reach the lIequilibrium-current-offti condition.
measurements were then corunenced again, the result

The

the "direct ll

IIHfMOR OF

FIG. 27
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This curve is of the same type as the direct curves found in

the other cI"Jstals

0

Heasurements were now made of the dependence of the

equilibrium-current-on resistance upon the applied field.
crystal

vJaS

First the

brought to equilibrium under the highest applied field to

be ir:vestigated o

Subsequent measurements were taken by reducing the

field} allowing time for equilibrium t,o be established (resistance
measureITEnts serving as the criterion) and then the equilibrium resistance measured.

This hfas done for several values of the applied field,

the results b

given in Curve F.

The equilibrium value of resistance

is seen to be a strong function of the applied field at low values of
field, gradu;::lly flattening in the high-field region.
of equilibrium resistance upon applied

d had not been noticed in

the other bismuth impurity speeimens investigated.
had been made before to detect the

This dependence

dependence~

No specific attempt

but the direct and reversal

curves usually had been measured under an appUed field which falls on
the steep part of this curve"

The field dependence found in this speci-

men is considered as another instance of atypical behavior, for the
above reasons) ar:d

so as a result of measurements made on another

crystal, to be reported belmf.
Frequent attempts were made to measure the Hall coefficients
of the bi smuth impurity cI'"IJstals reported above,

In th

disappointing

results, in that the data 'Viere never sufficiently reliable for calculations to be madeo

It was possible to determine, however, that the

crystals all showed p-type conduction.
ge

low~temperat ure

This is in agreement with the

acti.vation energies found in these crystals,

which mark them as probably p-type

(40).

-56-

Results similar in form to the ones described above for the
bismuth impurity specimens ,..rere found in one other crystal by another
member of the laboratory, although no quantitative data were obtained.
specimen was a "pure ll crystal, and constituted the only specimen
other

th&~

those containing a trivalent impurity in which this behavior

was observed,

However, the results may have been due to a trace of

unintentional trivalent impurity.
The existence of the effects reported above only in crystals
intentional trivalent impurity suggested that the presence
of trivalent ions might be necessary for the production of the effect.
addition of trivalent ions to CdTe ..1Ould be expected, however, to
produce n-type conduction

0

tuted a contradiction of

The presence of p-type conduction constiexpectation, and i t was decided that

some other mechanism must be responsible for the p-type character.
It has been noted above that heat treatment of CdTe in the
absence of a protective Cd atmosphere caused the evolution of Cd vapor,
behind Cd vacancies in the crystal, and these vacan
been proven to produce

conduction.

have

It was therefor hypothesized

that the Bi impurity crystals investigated had, during some

of

prenaration or measurement, suffered depletion in Cd, with the resultant
development of p-type character.

In order to test

contention, it

was decided to heat-treat a crystal containing trivalent impurity which
had already been proven to exhibit

well~behaved

character, in an

attempt to produce in it the results obtained in the Bi impurity crystals.
According to Kroger and de Nobel (ho), the evolution of Cd vapor becomes
appreciable above 3000 C, and therefor this temperature was decided as
the proper one for the

he~t

treatment.

-57-

Use was made of specimen #18, which consisted of CdTe + 0.1
mol % In.

This crystal, like the Bi impurity crystals, ;,vas expected

to exhibit n-type semiconductivity, since part of the Cd+ 2 had been
replaced by In+ 3 , producing excess ionizable electrons o
tivity measurements made with this crystal using

Hall and resis-

ium as a transfer

gas at loVI temperature showed n-type conduction, and are summarized at
room temperature by

p

0.42Jlcm

E

0.0045 eV

(see In impurity crystals)

N~N

)Un

=

'" 1.53 x 1017 / cm3

189 cm 2/v sec.

Q

The crystal 10fas heated at 300 ~ 3°C and measurements of
resistance were made as a function of time 9 using a photographic
recording technique.

At five-minute intervals a timer turned on the

current for 10 seconds, measurements being made after about 9

seconds~

These measurements included time,:; temperature, voltage and current.
Resul ts are shown in figure 28.
Arter an initial induction period of about 10 days, the
resistance began incrasing, assuming after a few days a linear time
rate of change.

During the 63 days of this experiment, the resis-

tivity charged from 1.34 to 346 ohm em, and the conductivity changed
from n- to p-type, as expected.

'fhe room temperature resistivity

8
increased by a factor of 1.1 x 10.

Typical temperature coefficients

of resistivity for the crystal are shmm in figure 29, before (Curve A)
and after (Curve B) heat treatment.

The indicated high-temperature

activaion energy is about 1.6 eV, "'rhich agrees well with values calculated for other

s.

Curve B was taken under equilibrium-current-

off conditions,
-58-
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Following heat treatment, experiments were commenced to detect
possible time changes of resistance similar to those found in the CdTe
Bi crystals.

Results of these measurements are shown in figure 30.

+

The

current was turned on at the beginning of Curve A, and reversed at the
end, the measurements in Curve B being started
reversaL

~~ediately

after the

The structures of these: curves are identical. Idth those in

the CdTe + Bi cY"'Jstals.
It might be expected that the times involved in the decay
measurements ,vould be related to the value of the electric field
applied to the crystal during measurement, since it is the current flow
which causes the resistance changes.

Consequently, a series of measure-

ments was made at constant temperature as a function of the applied
field.

The problem existed of establishing some reproducible point

on the resistance curves which would serve as a signpost for the
measurement of time.

The peak of resistance after reversal was chosen

as being the most accurately measured and reproducible point.
Accordingly, for each experiment, the crystal was first
brough~

to the equilibrium-current-on condition (polarized, for lack

of a better term) under the applied field to be investigated.

Imme-

diately thereafter the current was reversed and resistances measured
as a function of time, in such a way that for each reversal experiment
the current was passed through the crystal in the same direction,
Resul ts of this series of measurements at 240 0 C u.re shovID in
figure 31 for applied fields of from 1.2 to 6 0 v/cm.
0

In order to

eliminate the effect of possible space charge effects and discontinuous
vol tage drops across the current electrodes, the current vms adjusted
by reference to the voltage across the voltage-measuring

-59-
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served as the criterion for maintaining constant field conduction.

The

degree of flpolarization!l was found to be independent of field for applied
fields within the above limits, contrary to the results reported for
specimen #17 above,

one calculates the product of applied field and

time to 'Ti.aximum resistance after reversal (the "reversal time II), one
finds the product to be essentially constant, viz.
Curve

Field
(v/cm)

time
(min)

product
(v min/cm)

A

1.2

120

144

B

1.8

81

146

0

3.0

50

150

D

405

31

150

E

6.0

26

156

Such results irmaediately suggest that the time-field product is a
fundamental property of the material at this temperature ~
It .Jas indicate
of the polarization time
increasing temperature.

1

that 1.n the bismuth-doped crystal, the values
and the reversal time decreased rapidly with

It Has considered

to be important to determine

the temperature coefficient of the reversal time

Accordingly, measure-

ments were made of the reversal time as a function of temperature, under
conditions of constant applied field,

Typical curves are Sh01ID in

figure 32 A-E for temperatures from 200 0 to 3200 0.

It can be seen that

the reversal time is a strong negative function of temperature,

A more

complete temperature coefficient of the reversal tirae is given in figure

33.

abscissa is 1000/,1' and the ordinate is P 3 the applied vol tage-

time product.

The Curve A is a plot for the first series of measurements

made, and displays several interenting features o

-60-

The curve is very
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nearly

P

obeying the

= Po exp (E/2kT), where E

2.32 eV.

This linear relation suggests that an activation energy E can be calculated
from these data.
The second effect observed is an apparent memory associated with
the

previous heat treatment to which the crystal had been subjected.
is illustrated by point (1), Curve A.

the

Prior to this measurement,

to 320 0 C for several hours and

had been

soaked

overnight at 205°0 preparatory to the measurement. The time obtained
from this measurement irJas about 40%
the othe r data"

than would be expected from

Subsequent soaking of the crystal for three days at

2000 C produced an equilibrium after whi ch point (2) was obtained.
Curve B is a similar

s, but is seen to be displaced in

time by a factor of approximately

the direction of

hlO

0

This

may have been the result of further heat treatment,during 1\1"11ich the
crystal ','fas

o

at 280 C for four days in order to attain equilibrium.

apparent activation
region is 20Hl eV.

ener~f

for

curve in the middle temperature

The reproducibility and precision of these measure-

ments, hOI·mver, are such that this value can be considered as in agreement with the value from Curve A, lvithin the limits of experimental
error.

Heasurement of reversal time is more difficult at

tures above about 290°C,

to the tendency for the

h, 5

and

~~

to flatten

Curve B shows the same memory effect,

in this range (see figure 32E).
(points 3,

tempera-

as that described above for Curve A.

Point 3 was

obtained after raising the temperature from 200°C and soaking at the
measurement temperature (281 0 C) for two hours
ization.

commencing the polar-

The value obtained is above the curve by a factor of three;

that is, the crystal

I!

the

time associated vnth 2000 C, the

1~as

last temperature at .,.nich i t

polari

just as Doint

(1)

on Curve

shows a memory for the previous high temperature of polarization.

A

After

point (3) the crystal vIas held at the measurement temperature for four
days and then point (4)
attained equilibrium"

(6)0

"JaS

determinedQ

The crystal had now apparently

Similar behavior is exhibited by points (5) and

Point (5) repr(c?sents a seventeen-hour soak, after vrhich the crystal

was held at temperatu:re an additional tHO days before point (6) i\faS
determined,
The temperature dependence found in specimen 11:18 led to a
re-e/al nation of the data obtained for specimens #2 and
plus Bi).

Since these

1/7

(both CdTe

were not obtained under constant applied

voltage J it ,\fas necessary to arr:Lve at an estimate of the average applied
voltage by graDhi.cal :i.ntegration of the vol tage~time curve for each
temperaturec
Results for sDecimen

#7 are shown in figure 34A, the ordinate

(llpolarizationfl) being (time to reversal) x (applied potential)
linear plot is obtccined) vJith an activation energy of

34B stows a similar

for specimen

L5

1in th

A

Figure

112j again approximating a straight

line, vvith an apparent activation energy of E "" 1.38 eV ~
case

eV.

Q

As >\fas the

snecimen 1118, these tHO activation energies probably cannot

be differentiated 9 o1tJi.ng to the li.'Tli ted accuracy of the measurements.
If the results for specimens

112 and #7 are plotted on the same axes,

(taking account of the difference in separation of the electrodes) it
is found that the experinental pOl.nts for one specimen agree fairly
well with those for the other specimen.
for crystal
other t1tJO

0

1/17 ShOH a

Similar plots of the same data

lJic~e di screpancy beti\feen t his crystal and the

FIG 34 REVERSAL TIME IN Co TE + B,
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A plot of the peak in resistance after reversal for specimen

#18 (In impurity) is shm-ffi in figure 36
is 1067 eV;, compared to the v
of such

temperature

The apparent activation energy

ue of 1.6 eV obtained from the high
CUFves as

the equilibrium~current-on (
the same value

c

Similar plots of

figure

zed) values yielded approximately

<)

intere~;t

Other features of
after reversal,

are feund :Ln the resistance curves

One is thei rllirt,l1al independence of the direction of
reported above.

current fIm" as is the case of
is illust-rated in figure

~

Hhieh consists of

tl'i'O

'rhis

consecutive curves,

made under constant voltage conditions with opposite directions of current flo-vl[

0

Another
in figure 37

on of the reversal characteristic is shown

measurements being made at 27

Curve A is a normal

reversal curve; at, point, (1) the current was reversed 9 whereupon the
resist;mce tended to a peak; at point, (2) the current was again reversed,
this time producing a much more pronounced peak.

is signifi-

cant, since the reversal caIile at a point where the resistance equalled
the original equHibrium-current,-off (unp01arized) value.
the conditlon of the crystal

th:i.s point was not t:::te

Sa'118

unpo1arized ease) even though the resistances are equal"

Apparently
as in the
it were,

Curve C should be a simple !ldireet" curve of the type shown in figure

30A.

In order to test the stability of the crystal condition at
an arbitrary fixed point on the reversal curve, a neVI treatment was
imposed at point (3),
each minute
cisely on the minute,

This scheme consisted of reversing the current
on the

halr~minute

The crystal

nOVI

and measurtng resistance pre-

a1 ternated bet\\Teen two tendencies,

2.
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to polarize and to depolari ze fj the long-term effect being similar to
the application of zero field.

After

So

minutes of this

treatment~

the reversal cycle was stopped such that the direction of current flow
segment D of the figure is removed

1\TaS the same as in Curve C.

entirely, the continued polarization (Curve E) fits continuously with
se&,1nent C9 as if the crystal had been held in suspension during the
cycling peri od.
The slight

do~mward

drift of Curve D represents the tendency

of the crystaJ. to return to the unpolarized condition (spontaneous
depolarization, to be discussed below)

¢

Further evidence of this has

series of measurements, with the following

been found in a

the resistance at point U) is greater than that in the

resultsc

unpolarized case ~ then the gradual shift during the c,ycling period
dOlm (tovlard unpolarized value)

n

If _it is

J

then the drift is

upward (again toward the unpolarized value) ,
As indicated above J the return to the unpolarized condition
in the absence of an applied field (spontaneous depolarization)
been investigated.

These measurements consisted of polarizing the

crystal with an applied

of

6 v/cm (same as figure 32), removing

the field, and measuring resista'1ce as a function of time, applying, for
the very short time interval during 1iJ"hich the resistance
a

measured,

small enough not to effect significantly the polarization of

the crystaL

fields vJere of the order of a few mv/cm.

are shown in figure 38 for three temperatures.

Results

The temperature dependence

is approximately that to be expected, although the time necessary for
depolarization a-t constant temperature is much less than the time
observed to achieve equilibrium \\Then changing temperature.

Apparently,

FIG.38 SPONTA~OUS DEPOLARIZaflON
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two different processes are involved;. f(n.' Irlhjcb. the equilibrium time
constant[; aTe ,rEtst.ly diffcrc:mt,
If one; ca.1.cJ.Jatl's the t,ir1e constants from each depolarization
curve

0

an

exponen+~ial

plot of t,he time constant against the reciprocal

of temperat1JTe is obtained ,,'ith a slope indi:-ating

tj.on energy of about
utlculat~'d

2~J

ev

~ 1~hich

0.0

apparent

agrees satisfactoril:r

~'J,ith

the values

front figure 33,
Dllr~ng

the polarization and revel'sal measurements for specimen

#18) it Irlas found that) after

polar:ization~

again (f:i gl"re 3,L;::; for e xamplf';;) .)

the resistance began to rise

Tti s p"ompted an experiment in vlhich

the polarizai:ion Has continued for long periods of time,
of this e xper.i.rnent (at. 2LC O C) are ShOvffi in figur'c 39"

The results

The resistivity,

after reaching a. minimum:; passed thc-ough several subsidiary
which

activa~

be'~am,2

change after

less and le':i3 distIn.::t_,
hIO

peaks~

The resistance continued to

to thrsc days (norma] reversal. tirr..e under these condi-,

tlons l,as about LIC minutes)

0

The broad :im t.la:L pedK of thi ~J curve is a memory of a previous
polarizilt,ton vlh;ch in th:is case had perslstE,d for h.renty-four hours at
a temperatu.rE' :"Ther;" the measun:rl depolarization time is about

3-5

hours o

This vestigal peilk is found :in many cases l-lhen insuffictent time is
allo'I'Jed between fcxperi;Jent,so
exhibitE.'d atYTical behavior

After this long polarization the crystal
1'0:' ~3everal

days, aft.er Irlhich it returned

~~

at~tempts

to its former stat,i-'<

Hall Keasuremenls

Pr-evious

to measure Hall coef-

ficient in crysi,;lls :JLovJi.ng t.he pola.rization effEct have failed due to
the large drift; l.n

l~al1 prob~o

voltage im.posed by the drift in resistance.

Development of a more precise probe setting technique, however J made it
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possible to position Hall voltage probes opposite each other with a precision of t 0,001 inch, so that the LR. component of the Hall voltage
became much smaller.

This enabled measurements to be n:ade during polar-

ization, as long as the temperature was low enough that the resistance
drift during individual measurements was small (long polarization time).
The result of such a series of measurements is shown in figure
Curve A is for direct polarization, and Curve B for cur-

40, at 220°C.
rent reversal

Curves 1 are resistance; 2, Hall coefficient;: and 3 9

0

indicated Hall mobHi ties

0

These measurements suffer from low precision,

and also from the fact that they can be made only in the high temperature range in which the specimen is already approaching the intrinsic
region 1fThere Hall

measurements~

in the absence of some independent

information about the number of carriers or mobility, become less
meaningful, due to the presence in the crystal of both electrons and
positive holes.

Certain features can be noted, ho,iever"

Hall coefficient is positive, and from previous measurements

jJ nl }Tp

(40), it appears that the mabiE ty ratio b ""

must be at least 4.

In the expression for Hall coefficient
R '" -

ill
8

(nb 2 -=-E2
(nb +p)2

e

,

the term (nb 2 - p) must be negative,

then

Substituting the value 4 for b we

get
l6n - p

<.. 0,

or p

?

l6n

If the Hall constant were zero, the expression for conductivity
+

nPn

would become

l6njJp + n(4}Jp) '" 16n jJp + 4n jJp
-:::;·LJ

jJp

()m +

n)
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In this case (RH

= 0),

the contribution of the positive holes to the

conduction is more than h times that of the electrons.

Since RH) OJ

the hole contribution is even more.
The data also indicate that the operative factor in the resistance change is the change in concentration of free positive holes, and
not a change in the carrier mobility.
2. "Quenchingll Experiments
Boer (77) has found in CdS a lag of the resistance behind the
temnerature when a crystal is heated or cooled quickly.

In the case of

heating at a very high rate (So/sec) from room temperature to the measuring
temperature a conductivity/time curve is obtained which is very similar
to the polarization curves reported here with the conductivity changing
by 3 to h orders of magnitude.

The time constant of the conductivity

build-up (resi.stance decay) is an inverse function of temperature.

The

time necessary to reach a stationary resistance value is about ten times
as great at

294°c

as at 3hSoC, indicating an activation energy of about

2.6 eV, calculated as above.
quoted as being 2 eV.

The band gap in this temperature range is

The author calls this effect "intrinsic defect

semiconductivi tyll and indicates that the current carriers are ionized
from thermal1y induced lattice defects.
Experiments have been performed in an attempt to detect possible
similar behavior in CdTe crystals.

The crystal used was sample #18 (In

impurity), the anomalous behavior of which has been described above.
The procedures used in these experiments 1tJere approximately the same as
those reported by Boer (see Apparatus, Heasurement Techniques).
The results in terms of lOglOf vs 1000/T are shown in figure
hlo

Pretreatment of the specimen consisted of heating it at a moderate
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rate to 200oC, and then cooling to 1000C very rapidly, during which
treatment it VIas discovered that the behavior was similar to that
reported by Boer.

The sample was then allovied to soak at 100 o C for

five daysJ in order that the crystal should reach equilibrium at this
temperature.
Next, the temperature VIas raised rapidly to 200oC, measurest~~ce

ments of

being made every few seconds.

The behavior of the

resistivi ty is sho1m in Curve A, which shows the resistivity decreasing,
at a gradually increasing rate.

Equilibrium was then established at

this new temperature, after l\fhich the temperature was lowered rapidly,
the measured resistance being pictured in Curve B.

This curve lies

much lower than the heating curve, and has the property of being
straight over the greater part of its length, '\fhich suggests that a
meaningful activation energy can be calculated from its slope.
value of E for this curve

The

0.58 eV.

Then, the crystal l\faS allo1<Ied to soak at 1000C for one day,
during which time the resistance progressed toward the equilibrium
value for this temperature (near-vertical portion of Curve B).

At

the end of this time, the resistance was still short of the equilibrium value.

The temperature ",as then raised rapidly to 200 oC, then

immediately reduced to 100oC, then immediately raised again to 2000 C
(Curves C, D and E)o

The behavior of the first two of these curves is

quite similar to the first series of experiments.

Curve E, before which

no time had been allowed for equilibrium to be established, follows the
same general path as the rapid cooling curve.

After this curve, the

temperature \'Jas lowered suddenly to 1000C (Curve F), whereupon the
resistance followed the same type of path as in the cases above.
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The

calculated values of E are very nearly the same (0

0

58

eV) for all of

the rapid cooling curves c
A similar

of experiments is represented by figure

The temperature range was 1000 to 250 0 c.
identical with those given

above~

42.

The forms of the curves are

except for a larger difference between

the tHO series of resistance value s.

The apparent activation energy of

the rapid cooling curve is 0.57 eV.
One further pair of similar experiments was performed, this
time between 1000 and 300 0 C, the results of iv-hieh are shown in figure

430

These two curves have the same general form as those previously

given, but the apparent activation energy of the rapid cooling eurve is
now 1.

eVe

addition, the

portion of this curve

high~temperature

a greater slope than the low-temperature portion; that is to say,
its slope is more nearly the same as that of the rapid heating curve.
This may be due to the faster response of the specimen to the rapidly
changing temperature at these

temperatures

c

In order to determine the equilibrium curve of resistance as
a function of temperature for this specimen, a protracted cooling of
the specimen was undertaken, during which resistance measurements were
made at various points.

The specimen was first allowed to soak at 250 0 c

for 20 days} so as to be sure of temperature equilibrium at the beginning
of

measurements"
At each value of temperature, the resistance was measured as

a function of time until the change became negligibly small, after iv-hich
the temperature was lowered to the next temperature to be investigated.
The time required for the establishment of equilibrium conditions was
an inverse function of temperature, becoming as large as several days at
the lowest temperatures investigated.
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results of this experiment are shown in figure
values plotted being the equilibrium resistivity.

44,

the

The specimen apparently

o
had an intrinsic region at temperatures above about 170 C, the calculated

value of activation energy being 1.61
values reported above.

which agrees well with the

The low-temperature portion of the curve

not

straight enough for the calculation of a meaningful activation energy.
It has been mentioned above that continued heat treatment of
the In impurity specimen produced a lengthening of the measured
time.

This behavior continued during the course of the quenching

ments just described, due to the necessary heat treatnent to which the
cI'"lJstal was subj ected.

After the completion of these experiments it was

found that the resistance-time characteristic had altered by at least
several orders of magnitude.
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IV. DISCUSSION
A¢ CONVENTIONAL HALL Al\JD RESISTIVITY ¥.£ASUREl'·'lENTS

intrinsic activation energies reported here averaged
1.59 ! 0.02

eV~

which is about 0 1 eV greater than the average of
0

those reported by other workers.

The low-temperature activation ener-

of pure specimens #5 and 1'6 (0.52 and 0.35, respectively) are in
good agreement with the results of Kroger and de Nobel (40) for excitation of positive holes from Cd vacacnies.
Results obtained from the hot-pressed specimens Sh01.;r them to
be p-type, probably due to a combination of monovalent impurity and Cd
vacancies.
The

tviO

activation energies measured in the Cu impurity speci-

men #15 (figure 10) are the same, within the limits of experimental error.
The break between the t,m portions of the resistivity curve is seen (in
figure 11 and 12) to be due to changes in both the number of current carand the carrier mobility.

The data of figures 15 and 16, obtained

from the other Cu impurity specimen, are again apparently affected by
the same type of discontinuity.
The p-type conduction found in the Cu and

impurity specimens

is to be expected from specimans of CdTe containing a monovalent impurity,
although the calculated activation energies in many cases exceed those
reported for similar specimens by other workers.

This might perhaps be

due to a failure of the assumption of negligible donor concentration in
these specimens.

this were the case, the solution of equation (9)

would not be of either of the simple forms given, but would be obtainable only through a much greater multiplicity of measurements.

This would

allow the exact evaluation of the

pre~exponential

term of the equation,

as performed by Kroger and de Nobel, who, even then, were unable to
reach a satisfactory conclusion.

However, it seems unlikely that the

assumption of negligible donor concentration could be far wrong, due
to the heavy doping of these crystals.

The extrinsic activation ener-

gies calculated for the pure specimens, and more particularly the Sb
and Bi impurity specimens

(which were known to contain a significant

concentration of donor impurity) may be in more serious doubt.
It has been observed that the temperature dependence of the
carrier mobility in the Cu- and Ag-doped and hot-pressed specimens, in
general, obeyed the relation to be expected from specimens in which
the mobility is determined by lattice scattering.
The p-type behavior found in

but the In impurity crystal

is almost certainly due, to a greater or lesser

extent~

to the presence

of Cd vacancies in these specimens.
The measurements made before heat treatment of the In impurity
specimen (f/18) sho,,! the n-,type conduction to be expected from specimens
containing a trivalent impurity, which is apparently not compensated by
Cd vacancies.
probably not

The activation energy calculated for this specimen is
reliabl~

since the equation used for its calculation

not

applicable to materials in which the impurity centers are almost completely ionized.

However, the activation energy is probably of the

order of kT at the lowest temperature at which measurements were made
(kT~O.008

eV),

A precise determination of the activation energy of

this specimen would necessitate measurements at much lower temperatures.
The mobility in this specimen has been seen to obey a temperature dependence indicating the predominance of impurity scattering, although the
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numerical

by a factor of about three

of the mobility are

This discrepancy may be due

than the results of Kroger and de

concentration of donor centers in the In impurity crystal.

to the

EXPERHlEN'l'S

B. POLARIZATION AND

Behavior of this
for the

t}~e

has not oeen previously reported,

experiments of Boer (

).

It might be suggested that

the effects noted were the result of the peculiarity of one specimen,
and/or that they were due to contamination from the electrodeso
The first objection is not valid) since the effects were found
in four different crystals, of two different composi tiona, the last of
Hhich was studied particularly extensively.

:LS

for the secon6 objection,

the effects i-Jere found in crystals bearing several different types of
electrode:

platinum foil (1/2), silver

deposited gold

, lIlB).

),

a~n

chemically-

establishes the reality of the d'fect and eErdnates the
possibility of artifact due to electrodes or other causes.

It appears

that the presenceof both donor and acceptor centers produce the e effects.
Let us consider this further, for the case of t:l3 In

impurit~/

specimen

(#18) •
The band picture of this specimen before heat treatl:lent was the
follol'ung:
free electrons

-----5
full

-

;1f\ -

-G-- -

empty...!
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-

-

-

dono:' levels

where, of the approximately 1017 donors present, almost all were ionized
because of the very low activation energy.

During the heat treatment

at a constant temperature of 3000 C, Cd vacancies were introduced in the
crystal~ while Gdo vapor was evolved.

tor

ce~ters,

vacancies constituted accep-

into which dropped electrons from the conduction band.

this process continued, the reduction in free electron concentration
resulted in an increase in the resistivity:

---f!)-----9---

, duing this process, the product of the concentration
of free electrons and the concentration of

posi tive holes remained

constant, since it is a property of the crystal lattice for any const,ant
temperature (

ion (6), Introduction).

Therefor, as the concentration

of free electrons decreased, the concentration of free positive holes
increased.

from this, the band

cture of the crystal at

time of the measurements Has approximately thus:
----G--

-

-e-
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vlhere the concentration of free holes exceeds the concentration of free
electrons.
It would normally be expected that the resistivity of the

crystal would pass through a maximum, and then begin to decrease as the
•

crystal crosses the boundary between n- and p-type characterQ

The fact

that it does not suggests that at the beginning of the polarization
experiments the crystal was not at equilibrium, and that the interior
of the crystal

vIas

still n-type, while the surface layer (which ,,-las

closest to the atmosphere into which the Cd vapor was escaping) had
become

p-t}~e,

It would be expected that the

coefficient measure-

ment '.-muld be affected primarily by the condition of the surface layers,
and that the effects observed are a property of these layers and not of
the core of the crystal.

Additionally, as the polarization experiments

progressed, the resistivity of the material did begin to fall again,
suggesting that the entire crystal had become p-type.

This decrease is

barely discernible in measurements made at the same time as the Hall
measurements.') and became much greater at the end of the investigation,
particularly in figure 449 which shows a decrease of about a factor of
120

A possible mechanism far the effects observed can now
described.
agitation at

Under the influence of an applied electric field or thermal
temperatures, a few In ions jump from their normal

lattice positions into interstitial positions in the crystal (the interstices in the zincblende structure have six-fold coordination and so are
larger than the normal lattice

, which have four-fold coordination).

These interstitial cations would constitute Frenkel defects (78).

It

may be assumed that they exist in the interstices as In 3+ ions, whereas

-75-

in their lattice positions they had a much lower effective average
charge, due to the mixed ionic-covalent bonding of the lattice.
charge of the In3+ ions, their

Because of the increased

coulombic attraction for free electrons would be much greater, and so
they would represent ionized donor centers, but with much
activation energy than that which they possessed while still in normal
lattice positionso

The band

of the crystal would thus

"normal ll donor levels
"interstitial" donor levels

acceptor levels

The probability of

electrons dropping from the conduction
lIinterstitial fl donor levels would be much

band to one of these

greater than that of its dropping into a shallow lInormal" donor
and the overall effect would be a marked reduction in the number of
free electrons in the conduction band.
~

is constant at constant

HOI-leVer, since np

=:

CT (where

), a decrease in n must be accom-

panied by an increase in p and, by differentiation,
n dp

+

P dn = d (CT) = 0,

dp/dn ;:: -p/n
p) n, then dp

> (~)dn,

and

be greatly increased, with a resultant
in figure 30A, for example)

0

number of positive holes would
in the resistivity (as

Upon the reversal of the current direc-

tion, the interstitial In ions would first tend to jump back into normal

cation positions (reversing the above process), and the resistivity would
increase.

Then the movement to interstitial positions would proceed in

the opposite direction, and the :reSl sti vity would again decrease.

This

behavior is the sa~e as that found in the reversal curves (figures 30B,
31 , 32) etc.).
of In ions from interstitial to normal lattice

The

tions 1,-JOuld be an activated process, due to the potential barriers between
the tl.vO

of

site~

and the activation energy calculated from the rever-

sal curves is apparently that for the jumping process (the calculation of
this activation energy has followed the relation associated liJi th the thermal
creation of Frenkel defects

(79)). The spontaneous depolarization curves

would be expected to show the same activation energy, which was observed.
The secondary peak observed in the extended polarization experiment (figure 39) would, according to this model, be associated with the
diffusion of In ions from normal lattice sites to Cd vacancies, in which
their behavior would be similar to that in the unpolarized condition.
The proposed model accounts for the essential features of the
resul ts obtained, not only in the In impurity crystal, but in the Bi
impuri ty crystals as ''lell

0

While there is no reason to suppose that

Cd ions do not also move to interstitial positions, where they would
behave in essentially the same manner} the activation energies calculated for the Bi impurity crystals are different from those of the Indoped crystals.

This would not be expected unless the impurity played

a dominant role in the production of the effects.

Hot'lever, the activa-

tion energy may be not only a function of the impurity present, but
also due in part to some other

par&~eter.

-77-

The behavior observed in the quenching experiments is probably
related to the other properties discussed above.

It is likely that the

decrease in the low-temperature resistivity is due to the freezing-in
of interstitial ions, and that the activation energies observed in the
rapid-cooling curves represent the recombination of the excess positive
holes created as a result of the interstitial ions produced thermally
at higher temperatures"
The model proposed above cannot be made directly to account
for the folloHing observed features:
1.

The increase in reversal time in the In impurity
specimen brought about by continued heating of the
crystal.

2.

The ultimate disappearance of the reversal effects
v,hich "'Jas observed after the quenching experiments.

3.

The

times required to attain temperature

equilibriwn for the measurerrent of reversal times,
,,,hich in all cases greatly exceed the observed
depolarization times.
These features might be explainable by further development of
the proposed model.

However, further elucidation of the polarization

and quenching effects i-JQuld require extremely extensive further work,
particularly as

the production of specimens of sufficient variety

and of proper impurity content.

-7

v.

SU.Ml1ARY

Conventional Hall coefficient and resistivity measurements
..Jere carried out in single crystals of Cd'l'e, both "pure" and with
added impurities, and in hot-pressed polycrystalline specimens v

In

was consistent with the

most cases,the sign of the current
valence of the added imnurity.

in certain trivalent

impuri.ty crystals are explained on the basis of an excess of Cd vacancies.

about 200 cm 2/v sec, and

mobilities for electrons

those of holes about !to cm 2/v sec, both at room temperature o
Anomalous changes in resistivity as a function of applied
electric

eld and heat treatment in crystals containing both donors

and acceptors were found and investigated
which

Q

A rough model is developed

for most of the effects observed.
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