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CHAPTER I

A, Scope of Research
This thesis, although an independent study of the Hall Effect, is a
continuation of a research project which has been conéerned with many
other properties of semiconducting diamonds, Previous and concurrent
(1,2) ’

studies Have been concerned with rectification surface state

investigations(l’z), optical transmission and absorption(B’A), photo-

5,6,7) ©,6)

‘conductivity , photovoltaic effect , and measurements of
lifetimes( 8 ). In addition, several other effects such as electrolumin-
escence, fluorescence, and phosporescence have been noted but not complet-
ely investigated.

As has been stated, this thesis is primarily concerned with the
Hall Effect in semiconducting diamonds. Although several other
investigators have measured the Hall Constant in Type IIb diamonds, this
is the first sample whose resistivity was as high as lO5 ohm cm on which
the Hall Effect has been reported. Previous investigations were made on
samples whose resistivities were below 500 ohm cm., The relatively high
resistivity of our sample made some adjustments in the technique of
measurements necessary,'particularly in the area of contact phenomena,
Our sample is also unusual. in another respect. There is a distinct
difference in resistivity in opposite ends of the crystal. This
difference will be discussed more fully later. This difference prevents

us from regarding our sample as homogeneous throughout.

B. Histﬁrical Development of the Hall Effect.
In 1879, Edwin Herbert Hall, published an article entitled "On a

New Action of the Magnet on Electric Currents". In it he described



how, while reading Maxwell's Electricity and Magnetism, he was attract-
ed by one of Maxwell's statements to the effect that the force on a
current carrying element due to an external magnetic field was exerted
on the conductor rather than on the current. This struck Hall as being
contrary to experience, since the force is proportional to the current
rather than to any of the physical properties of the conductor., He
discussed this seeming discrepancy with professor Rowland, under whom
he was studying at John Hopkins University at the time. Rowland
concurred with his pupil and suggested that if the force wds exerted on
the current rather than on the conductor, then one of two effects would
possibly be present., If the current was assumed to be particle like in
nature, then the foreing of the current to one side of the conductor by
the magnetic field would cause an increase in the resistance of the
wire, Or, if the nature of the current was that of an incomprecsible
fluid, then there should be a displacement of the equipotential lines
due to the tendency of the current to be displaced by the magnetic
field,

After unsuccessfully attempting to observe a change in resistance
due to an external field, Hall devised the following experiment to test
the second hypothesis.

A piece of gold leaf was mounted on a glass plate and connected in
series with an external electric circuit. Two probes connected to a
galvanometer, were positioned on the gold leaf until no current flowed
through the galvanometer, The sample was then placed between the poles
of an electromagnet., On the 25th of October, 1879, Hall observed a

displacement of the equipotential lines, which effect still bears his



name,

Hall conducted further experiments on this new "Electromotive force"
as he called it, in several other metals. In silver, nickel, tin, copper,
platinum, aluminum, and magnesium, the equipotential lines were all
rotated in the same direction as in gold., However, he discovered that in
iron, cobalt, zinc, and antimony, the direction of rotation was reversed.
Bismuth( 7)) presents an interesting case in that the sign of the Hall
coefficient is different when the crystal axes are rotated to 90 degrees,

For many years, no satisfactory explanation of the anomalous Hall
effect, the‘nam@_g}venhtpwthevungzpected sign of the.group, of iron, zinc,
cobalt, etc.ejgou1d’be.givep. Ituwgs Qbsegved that- the monovalent
elements alilhad:a mipus sign, signifying,electrical;gonductionﬁ but the
rdivalent elements exhibited the anomalous sffect, which should be associated
with conduction by positive carriers.. It was not until the bend theory. of
solids was advgncgd:thgt a sgtisfactory,explana@ion\gf th@;anomalous"Hall
effect was fgrmglﬁge@. e e R

In 1909;'K,_Baedegerg 19)”(§§pgrteq‘the,regglﬁsigf his investigation

in calcium iodide,

P
At

This was the, first known invegtigation.of dhe Hall .-
effect in semié&n&uétors.' B%édGKQFei%Ygﬁtigatfé,quuﬁamplsSyfwhich:werenof'
different resistivities. From his investigations,.he concluded-that the ..
Hall coeffig%eg§3w§§md$nggtly proportional to the resistivity and inver-
sely proportional ‘to. the gongenﬁf@t&qn;g@ electrons( ll). Later he
reported that_the,Hall;constant?Was independent of the‘magnetic field
strength,

Although much work was done on metals in’thé pefiod»preceeding the

1940's, and most recently on the rare earth elemehts, the most rewarding .

fizld for investigation of the Hall effect is in semiconductors. The



Hall effect in conjunction with measurements of resistivity has constituted

the most basic electrical measurement for semiconducting materials.

C. Survey of Literature

Diamonds have for centuries been treasured by man because of their
startling beauty when cut as gem stones, The first known mining of
diamonds was carried out in India, However, since the discovery of the
rich diamond fields of South Africa approximatsly 92% of the world's
supply of diamonds, both of gem and industrial quality have come from
the dark continent,

Physical investigation of diamonds has been hampered by several
factors such as their extreme hardness and their relative scarcity.

It is only relatively recently that two types of diamonds have
been distinguished, Type I and Type II. These two types differ in four
qualities.

Type I diamonds have an absorption band at & microns in the infra-
fed which is absent in Type II. Type I1l diamonds are usually of a more
mosaic character on their surface, Type I diamonds cut off in the ultra-
violet at 3000 Angstroms where as Type II diamonds transmit at wavelengths
as low as 2240 Angstroms.

Recently(lz ), the cutoff distinguishing criterion has come into
question, F. A, Raal and J. F. H. Custers were able to obtain diamonds
which had been flaked into steps of thickness down to approximately
.04 mm, Transmission through the various thicknesses seemed to indicate
that for thinner sections, the transmission cutoff apﬁroached that of
| the Type II diamonds. This the author postulated to be proof that

Type II is purer or has less imperfections than Type I. However, if



the absorption coefficient rather than pergentage abgorption is
plotted, the distinction in.cutoff rémainso

This is in agreement with the two comprehensive spectrographic
analyses of diamonds. In 1942, F. G, Chesley (13 ) ran spectrographic
checks on thirty-three samples for Al, S5i, Ca, Mg, Cu, Ba, Fe, 8r, Na,
Ag, Ti, Cr, and Pb. Unfortunately for future work, he did not
distinguish between Type I and Type II diamonds. However, two of his
specimens were of much higher puritydthan the other thirty-one., This
is approximately the expected occurance of Type II in a random selection

(

of diamonds. In 1957, F. A. Ragl 1) also conducted a spectrographic
analysis on 25 samples, His analyses were for the same elements as
Chesley's, and in addition, he was able to identify Ni content. Before
his testing, he ran transmission data so as to be able to distinguish
between Type I and Type II diamonds by means of their optical cutoff,
He further distinguished between Type IIa and Type IIb diamonds by
means of electrical measurements,

His spectrographic analysis showed that Type I diamonds were
relatively more impure than Type II. The main impurities present in
the Type II diamonds were Si, Mg, and Al, with Al predominant in most
cases, However, in further subdividing'Type IT diamonds into Types Ila
and Type IIb, there was little significant difference in the amount or
types of impurities.

The further subdivision of Type II into Type IIa and Type IIb was
(15)

first suggested by J. F. H. Custers on the basis of their electrical

resistivity. Normally diamonds, both Type I and Type II, have resistivities
in the range 1012 to 1016 ohm-cm., However, Custers discovered certain

Type II diamonds had resistivities as low 25 ohm—cm.(16 ) Custers‘§lso
; Il
l



made the observation that all the blue diamonds which he had investigated
were Type IIb. In our own experience, we have also found this to be true.

Since Custers first announced his discovery of the two types of
diamonds, many others have investigated their electrical and optical
properties. In this thesis we will be primarily interested in their
electrical properties.

(17)

Leivo and Smoluchowski reported resistivity measurements on
a sample which yielded an activation energy of 0.35 electron volts.
They were the first to identify Type IIb diamond as a temperature
dependent semiconductor.

James J, Brophy( 18) investigated the Hall effect, electrical
conductivity and point contact rectification of one specimen. The
Hall effect was measured by means of an alternating current method.
The sample was found to be p-type over the temperature range of
26° Centigrade to -40° Centigrade. The slope of the curve of the
natural log of the Hall constant versus the inverse of the absolute
temperature was found to yield an activation energy of 0.3 electron
volts. Potential probe investigation of the surface showed that the
entire surface was p-type but that considerable inhomogeneity was
present, Because of these inhomogeneities, further resistivity
measurements were deferred. Average values for the number of carriers
/ cm%, resistivity, and mobility were found, These were 7xlOl3 holes/
cm3, 760 ohm-cm and 100 cm2/ volt-sec respectively., Because of the
homogeneities, Brophy stated that these could be considered order of
magnitude values only,

J, F. H, Custers (19) reported on a Type IIb diamond whose resist=

ivity he measured as a function of the absolute temperature., From the curve



obtained( 20), an activation energy of 0.35 electron volts can be cal-

culated., Custers also noted that the diamond acted as a rectifier and

that current readings could not be repeated after the temperature once

had been raised. This he mentioned as a so called "hysteresis" effect.
A fairly recently published article on a Type IIb specimen wés

by Austin and Wolfe(21 )

who investigated resistivity and Hall effeet
as well as optical properties. Their investigations showed that the so
called "hysteresis" was mainly a contact phenomena.

The Hall effect was measured over the temperature range of -100°
Centigrade to 600° Centigrade using standard D.C. potentiometric and
galvanometric circults with a field of 2130 oersteds. The sample was
found to be p-type over the temperature rangs with a carrier density of
1.8 x 1013 holes per cubic centimeter.at room temperature. The activation
energy was found to be 0.38 electron volts by resistivity and Hall data
calculationé. CGalculation of the effective mass of the holes by assuming
a model with just an acceptor lével at 0.38 electron volts yielded a value
of approximately 500 m, where mg is the mass of the free electron. This
seemed unreasonable in the light of other semiconductors so a model
containing both donor and acceptor levels was investigated. This
yvielded a value for the ratio of the number of donors to the ratio of the

15

effective masses to the 3/2's power of 2x10 cm.-B° The value of the . .

mobility was found to be 1550 cm2/ volt-sec.
Continuing work which he had begun with Dyer(zzl), Wedepoh1(23 )

measured the D.C, Hall coefficient and the resistivity of six semiconduct-

ing diamonds over the temperature range from 200° Kelvin to 800° Kelvin.

A1l specimens were p-type, with resistivities between 50 and 1200 ohm-cm.

On one of the specimens, only enough data was taken to establish order of



magnitude values because of high contact resistance of the Hall probes.

Of the five other diamonds, Hall data yielded activation energies in three
cases of 0.34 electron volts and in the other two, 0.32 and 0,29 electron
volts.

In the three cases where the activation energies were equal to 0,34
electron volts, the ratios of the effective mass of the holes to the mass
of the free electron were 0.25. In the other two cases they were 0.62
and 0,16 respectively.. The mobility values at 29OOK averaged out to
1330 cmz/volt—sec with a range between 1140 and 1450 cmz/volt-:sec°

M. D. Bsll and W. J. Leivos?) investigated the rectification
characteristics of a Type IIb diamond and found these to be independent
of the work functions of the metals involved. This they attributed to
surface gtates., They also reported that there was an observable
electroluminescence when a forward bias of 45 volts was applied, Their
investigation of the photovoltaic effect showed a peak in the visible
range of the spectrum at 660m:/and in the ultraviolet at 230mit .

6,6)

Measurements of photoconductivity by the same group showed a peak
at 660mM in the visible which was the first reported photoconductivity

in this resnge in diamond.



Chapﬁer I
Theoretical Discussion of Hall Effect
A, Particle view
Perhaps the simplest view, albeit it is slightly misleadipg, of thé Hall
effect is from the standpoint of particles., Consider first anAelectron

starting at the origin in Figure I.

Figure 1I.

A9

-

Let the magnetic field be directed along the Z and the electric field
along the X axis. From elementary electromagnetic theory, the force on a
charged particle is given by |

Fn=lvxs Jo

Since we have chosen an electron as~our‘test particle, its velocity

will be to the right., The vector diagram which follows shows that the

electron will experience a force in the Y direction.

. >

& E,
Thus the electron current will be in the direction of the resultant
force due to the electric field and the magnetic field. In this parti-

cular case the deflection will be downward from the X axis.
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This deflection of the flow lines of the current leads to a shifting of
the equipotential lines in the transverse (¥) direction after equilibrium
has been reached., Equilibrium will be reached when the field associated

with the accumulation of electrons on the surface is large enough to

cancel the force due to the magnetic field. The mathemathical formulation
of this statement is derived as follows:

The resultant force on the charge carrier due to the electric and

F=ce l§—+ v X %] ’

The equilibrium condition stated above is

F,=0 =ce Eé? -‘VXB;]

magnetic fields is

for the geometry below,

Figure 2

'":‘I‘ | —> U,
A V’ |
T
Therefore, 8
Ey = VB,

Now the velocity is equal to the current density divided by the

z Eﬂ

number of carriers times their charge or
Ix
Vy s
wheren 1s the number of carriers per cubic centimeter

and e 1s their charge.

Thus the transverse component of the electric field is

J ne




The ratio of the transverse component of the electric field to the
product of the longitudinal component of the current density times the

magnetic field strength is defined as the Hall coefficient Ry .

By

Ry = -
H I8z

With the geometry defined as in Figure II, the current density is

given by I

and the Y component of the electric field is
v,
Ev = B
YT
where I is the current in the X direction
and Vp 1s the measured transverse voltage. Thus

Vp W
Ry = J. LS

After changing this to practical units, we have

Ry = 108 xVxW
H™ =T%8

where V is in volts
W is in centimeters
I is in amperes
and B is in cersteds
In addition to this primary electromagnetic effect, there are
associated thermo electric and thermo magnetic effects which enter into
the problem of measuring the transverse voltage., These secondary effects£24)
are the Ettingshausen effect, the Nernst effect; the Righi=-Leduc effecf, and
for the lack of a definite name in the literature, the I R drop.
The Ettingshausen effect states that a permanently maintained temper=-
ature gradient will appear if an electric current is subjected to a magnetic

field perpendicular to its direction of flow. This temperature gradient is
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calculated from the relationship
AT ¢ P
where a is the width of the specimen
b is its thickness
I is the current
H is the magnetic field strength
and P is the Ettingshausen coefficient,
The Nernst effect is the name associated with the potential gradient
which appears in the Y direction if a thermal current flows in the X
direction and a magnetic field is applies in the Z direction. The Nernst

effect 1s governed by the equation

where W is the thermal current density (defined as the product

of the temperature gradient and the thermal conduct-
ivity)

Eyp is the Nernst potential gradient

k is the coéfficient of thermal conductivity

and Q is the Nernst coefficient
The Righi-~Leduc effect produces a temperature gradient in the ¥
direction when a thermal current flows in the X direction and a magnetic

field is in the Z direction. This is governed by the relationship

_ wHa
T=25 T

where T is the temperature difference between edges of the
sample
and S is the Righi-Leduc coefficient.

The fourth associated effect occurs because of the possibility of a
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voltage drop between the Hall probes before the mégnetic field is imposed
on the specimen.

From an analysis of the preceeding relationships, it can be seen that
the measured transverse voltage is in reality the sum of several terms,
Thus,

Vpy = Vg + Vg +Vy + VRy *+ Vir
where the subscripts are self explanatory. Of these five terms, the Hall
voltage and the Ettingshausen voltage are dependent on both the current and
the magnetic field strength. The Nernst and Righi-Leduc Voltagés depend on
the magnetic field only, and the IR drop on the current only. Thus if;both
the current and magnetic field are reveréed, then the expression becomes
Vmy, = Vg + Vg = Vy = Vpp, -Vig

Therefore,

Vm  + Vmp
i

The relative magrnitude of the Ettingshausen voltage will be discussed

later.

B, Wave Formulation of Hall Effect
From an analysis of the expression for the Hall coefficient

1
Ry = Ne

where N is the density of carriers it can be seen that the Hall effect
will be negative for conduction by negative particles., DBut as we have
seen, several elements such as beryllium, zinc and cadmium show a positive
Hall coefficient which would seem to indicate conduction by positive part-
icles. This dilemma was not solved satisfactorily until the band theory
of solids was introduced.

With the advent of quantum mechanics, the electron came to be regarded
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as having the characteristics of both a particle and a wave. In this
formalism, the curfent density | is given by
Jj = Ne v
where N and e have the same meaning as before and vy is the average
velocity of the conducting particles as a function of the wave vector k.
It may be shown (2¢€) that the velocity of a conducting particle is

given by the expression

1
Vi = @ E(k) ' (Bq. 1)
where h is Planck's constant divided by 27 , and E(k) is the energy of
the electron as a function of k.

The validity of this expression for a free electron moving in the

X direction can be easily verified., The energy in such a case is

E(k):ﬁzkzx

m
Therefore

| 7 K2 *

e = L,Lm € = 7
B0k | T2 | T

OI', p
VX':HJ'C'"

where Py is the electrons momentum in the X direction and m is its mass,
Now let the particle be accelerated by an electric field F,

Then
eF cvkz._@_.E_(Q
dt ’

Now from our equation (1)

dv
k =41 eF 1
dt gl V%. ‘v?_

and substituting for w, from Eq. 1

dvk . 1 eFe ° j
M - Ly eF [vﬁ B(K)|
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From analogy with Newton's second law of motion, the term
2

¥
Ve E®)

is known as the effective mass,.

The term ‘QﬁiE(k) is evidently the curvature of E(k) in k space.

It has been shown by Bloch(25) that the motion of electrons in an
ideal periodic three dimensional potential is modified from the usual
parabolic E(k) versus k curve, With the banding occurring as the
solid is formed, the curvature at the top of the bands becomes negative.
Thus the acceleration of a particle at the top of a band will be in the
opposite direction tolthe.applied force.

This concept is usually replaced by that of positive holes which
act as positively charged particles when conduction takes place near the
top of the band.

There are several other Hall effect formulas which we wish to derive
here, The Hall angle © is defined as = 4@éi— in absolute esu and

emy units(®®), uhere My is the Hall mobility,

N2

B

FIGURE 3
The above figure represents the Hall angle geometrically., It is seen

that the - tan 0 = %ﬁ— , or for small angles, © Ey = Ey . Also the current

jXH : JxH
the definition of the Hall constant Ry. Therefore Ry =}4“gin mks units.

density jy = _%!___. Therefore, 8 jxQ = Ey orHHQ = Bye | put B¥C is

This gives us a measure of the number of carriers. It also enables us
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to calculate the mobility if we know the resistivity of the sample., How-
ever, there are several other parameters of semiconductors which are of
interest and which can be determined indirectly from the Hall effect data.
These are the densities of acceptor and/or donor levels and the effective
mass of the carriers. To derive expressions for these properties we
must use Fermi-Dirac statistics.

The number and location of the guantum states in a solid can be
shown to be. essentially independent of the temperature. However, the
population of these states does vary with the temperature, The function
which helps us to describe this relationship is known as the Fermi=Dirac
function which is defined as follows:

The value of the Fermi-Dirac function is the probability that under
thermal equilibrium a guantum state of energy E is occupied by an
electron Qé).

Two properties of this definition should be noted. One of these
is that the Fermpi function is only defined for equilibrium conditions,
The second condition is that it is a probability statement. A further
definition is also needed —that of the Fefmi level, The.Fermi level
is defined as the energy level for which the Fermi function has a value

of & and is denoted by Eg.

e
&

The Fermi function is expressed by the equation:

_ 1
"1+ exp E-Ep
kT E-E
If E is larger than EF~by several times kT, than £ = e - ;TF

which is the same distribution of electrons which is given by Maxwell-
Boltzmann statistics.

If f is the probability that a state is occupied by an electron,



the probability that it is empty or in other words, occupied by a hole,

. . b £ = _ = 1
o given by fp =1 - f = T B E)/kT

Let us now derive an expression for the density of holes in the
valence band per unit volume in the crystal. This dan be found from
the product of the Fermi functiQEafor holes times the density of states
in the valence band or p =\%£; N(E) - f,dB where N(E) is
the distribution of energy states; and E, is the value of the energy at

the top of the valence band.

It can be shown(26) that N(E) is given by

N(E):—f-;-i— (21n*)3/2 {E_E‘]l/z

Therefore

Making the substitution E; = E-By , The
oo hnG? oz [ 57 mem a
b kr /BB, T W 1

o 03/2 =
_ 4(ad)” Ep-Ey 2. 1/2 o Bo gp
p= "‘£3° e S A 1 kT 1

and after evaluation of the integral,
<zmm ; QZEF—EV

Now let us consider the case of a semiconductor with an acceptor
level at E; and a donor level at Ej. The condition of electrical
neutrality demands that the total number of positive charges must equal
the total number of negative charges or

n+mnyg* Ny =p+pg+ Ng

where n 1s the number of free electrons per unit volume

ng is the number of excess electrons trapped in donor sites per

unit volume,

3/2 I =7
R ) j Bp 11/2 _E’JF }d
pr AL ) a2 P

E

17



N, is the number of acceptor levels per unit volume

p 1s the number of free holes per unit volume

Py is the number of excess holes trapped in acceptor levels per
unit volume
and Ny is the number of donor sites per unit volume.

Let us consider the case where n and ng are negligible compared
with the number of free holes. Then our equation for electrical neutral-
ity becomes pg = Ny - Ny - p

An alternate expression for the number of excess holes in acceptor

levels is given by the density of acceptor levels times the probability
1

1+ e-F 22

that they are occupied or p, = £ N,  where f =
' kT

sinee in this case E = Ea,

This equation allows us to obtain an expression for the difference

l1-7f
big

Ep - B4 which is given by EF - Ea = kI 1n

From the previous equation it can readily be seen that f=
a

Substituting this value for the Fermi function into our expression

Ng+p
for the Fermi level and simplifing, EF = Eg+kT 1In {:Nd EE R
a -
) /
2 1t mkT 2 _GSF—EV)
h 8 ha = A
But we have seen that p —(-—Eg-———;f e "\

~Substituting our value for the Fermi level into the expression for

the density of holes, we obtain the expression

(E;Nf-i ) knn’ﬁa \3/2 {E%—J

The difference Ea—Ev is denoted by € and is defingd as the activation

energy or the amount of energy needed to release a hole from an acceptor

level for conduction in the wvalence band,

Ng=Ng-p

18
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Therefore,

(?a-Nd-p 2 mkT \@/2 _( € >
= — e
At low temperatures, N, and Nd:€>p the above equation then reduces

to % (5 %) G.hé ‘/. "o (i)

We have seen previously that

The above equation thus bscomes
__.l....._.... K e “"E;‘
RGT3/Z KT

where
N,-Ny <2mrﬁc. 3/2

N4 n?

Taking the natural logarithm of both sides of the preceeding equation,
1o B % 10 KR8 ()
Thus a plot of the natural logarithm of the product of the Hall constant
and = the absolute temperature to the 3/2's power versu; the inverse ab-
solute temperature yields as a slope at low temperatures the value %.
The number of carriers per munit volume as a function of temperature
can be detérmined from the relationship p = l—s. From the expression
S (BR) 7 o)
we find the values of the densities of acceptor and donor levels and also

the effective mass.

C. Corrections to Hall Effect Equations
It will be noted that the expression for the number of free holes per

unit volume which we used above lacked a factor of two which is often found



because of the possibility of spin in both directions by a hole., But
let us examine this more carefully. Consider a donor level which can trap

one electron, The probability that the j th energy level is occupied is

(27 )

ghven . E&ar -E)
TRR +o 9 S

where g is the degeneracy of the level, The total probability that the

donor atom has a bound electron is glven by £ = E:f
- J
I Y
L €p '

The factor gp is usually taken to be 2.(27'). This cancels the factor of
two which is present in the allowed energy state,

There is one further correction which ﬁust be considered, This ig
due to the finiteness of the-s;mple\and the resulting edge effects. Con-

sider the following experimental model.

o

24 —> X%
2w

LJ Hall
Probes

Because of the Hall field, the edges of the sample become charged,

producing an electrostatic field which can be found from E (the Hall field)
and the boundary conditions. The quantity measured experimentally is the
transverse potential- difference. Vm = - -IW'E dy as a result of

the electrostatlc field where V, is the voltage measured.

Since the electrostatic field E has as its source the charge distri-

bution on the surface the two conditions which must be satisfied are



S . )
V xE =0 and V " E = 0 in the interior of the sample. e..
The Y component of the electrostatic field must satisfy R]zEy(x y) =

for the boundary conditions.

i}

E, (*1,5) = 0

0

+

By (x=w)

Where the Hall probes make contact at x = O, y = £ w and electrodes which
have high conductivity compared to the sample make contact at x = % 1,

The solution of 2 satisfying these conditions is given by

o0 -
E = 45 (<1)k cosh 2§ti'" % cos Zﬁ;} o T
I k=0 2k+1 cos 2k+1n,l{ -
- Ry BI
The Hall voltage VH is given by Vy= 2uB = 5T

where B = RHL x B

Then
— k 2 W
Vp _ 8 1 E (-1)" tanh 3351 T Joo 2k+1n»l¢
H i k=0 2

Thus from a plot of %ﬁ versus —> the relationship between V and
H
.VH for any parfieular crystal dimensions can be found. In our case the
Hall voltage is Y__ if the sample is assumed to be 6, 5mm long and is

J8
equal to Z? if it considered to be A4.5mm long.



CHAPTER IITX

1. ©Sample Degcription

The one sampls invéstigated was a regular parallelepiped measuring
6.5 x 3,51 x 2.25mm., The sample could be visually divided into two por
tions, a blue end and a white end. The blue end has a light blue color-
ation which is easily visible under normal illumination. Visually, ifg
length has bean estimated to be approximately 2 mm.
2. Resistivity

Resistivity measurements were made on the sample using a direct

current, potential probe method. The following circuit was used,.

e T

e
K2

AT
¢

)

2y

( Potentiometer ' f ] /" g f I
[—}_ {/3 J / ” =

Due to the relatively high registivity of the sample, it was necessary

(s

to make contacts by means of silver paint, Du Pont 4817. The current
contacts were made by painting the whole surface at both ends. The‘potenu
tial probe contacts were made by painting strips on the surface. The
probes were then lowered onto the painted strips. The potential differ.
ence between the strips was measured by means of a Leeds and Northrup
K=2 potentiometer. The resistivity was then calcﬁlated by means of the
equation o= % %D where V is the voltage between the strips, I is the
current in the sample, A is the total cross sectional area, and 1 is the
distance between the strips. This method of measuring resistivity
assumes that the lines of flow are parallel and that the strips do not
disturb the field. The first of the conditions is probably closely

approximated by painting the ends of the diamond completely. However,

22



the second condition must be assumed, It was necessary to make the
strips of an appreciable width in order to reduce the contact resistane..

The diamond itself could be divided into a& blue and and a white(end
on the bagis of resistivity. The resistivity of the blue end was found to
be much less than that of the white end. In spite of this difference in
conductivity, there was no diseernible rectification over the junction
between the two sections. This could be due to a relatively gradual
change 1n carrier concentration corresponding to a Sarrier with an apprec=
iable width,

The resistivity along the 6.5 mm dimension in the white end was also
found to be different from the resistivity of the 3.5 mm dimension. Unfor-
tunately the surface resistance of the 2,2 mm dimensions precluded any
attempt to measure its resistivity. All attempts to make contacts on the
smallest dimension resulted in contact resistances which were too high for
any appreciable current to deflect the galvanometer,

3. Hall Measurement Apparatus

The Hall sample holder consisted of two parts. The outer container
(Fig. 4) was a nickel silver double walled can with provisions made for
evacuating the space between the cans. The joints were silver soldered
because of the temperature we wished to attain, The fillers indicated in
Fig. 4 were made of insulating fire brick. These were used to insulate
the inner and outer cans from each other. There was a problem involved in
the use of the fire brick since it was porous in nature. There was a pro-
blem involved in evacuating the space between the inner and outer container,
This was surmounted by sealing the insulating brick fillers with applica-
tions- of Bauereisen cement, a cement of good insulating qualities. This

enabled us to obtain a fairly good vacuum between the cans., However, this
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evacuaticn was subsequently found to be unnecessary in our temperature range,

The gas inlet,exhaust, and the evacuation tubes were made of copper which
was Bllver soldered to the inner containéf and entered the outer can through
plugs of the insulating fire brick.

Figure 5 shows the Hall mount itself, The main body of the mount
is nickel silver with the top being insulating fire brick. The cross
members were insulated from the rest of the apparatus by mieca washers, and
the brass screws at the top and bottom insulated from the top and bottom
member by glass inserts. The contacts themselves were made of constantan
wire, and the thermocouples were of copper and constantan.

The following circuit was used to measure the Hall Effect.

| K=2

Potentiometer _fj

¢ L

._.>

M S J

The galvanometer used in the potentiometer circuit was a Leeds and
Northrup current sensitive gal%éﬁometerrmserial number 624261. A current
sensitive galvanometer was used because of the high contact resistance
encountered in the Hall probes. The magnet was a Varian Associates

magnet, Model 4004. The current for the magnet was furnished by a bank
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of wet cell batteries. The magnetic field was calibrated for a fixed air
gap of 1.4 inches by means of a search coil of 91 turns and a ballistic
galvanometer, Leeds and Northrup serial number 405720, Figure 6 shows the
relationship between the current in the magnet coil and the field intensity.
Most of the Hall data were taken with a magnet current of 5.5 amps and a
magnetic field intensity of 6950 oersted. Room temperature measurements
of the Hall coefficient for fields varying from 1150 to 8020 oersteds
indicated that the Hall coefficent over this range of magnetic field
strength was essentially constant.

The diamond was heated during the Hall measursments by means of
a flow of hot nitrogen. The nitrogen was heated by passing it through
a copper tube which was wound with nichrome wire., A constant current of
approximately 11 amperes flowed through the nichrome heating element.
The temperature was varied by controlling the nitrogen flow., It was
found that in the temperature range from room temperature to 527° C
the temperature in the diamond's surroundings after reaching an
eéuilibrium condition remained constant throughout the course of the
-measurement process., Lvacuation of the outer chamber was found to be
unnecessary in fhis temperature range.
B. Results
1. Resistivity

Resistivity measurements revealed that the sample was far from
being homogeneous. Measurements were made with current flowing along
the 6,5 mm dimension or lengthwise and the 3.51 mm dimension or
crosswise, All attempts to measure the resistivity with current
flowing across the 2,25 mm dimensions were unsuccessful because the

contact resistance was so high that no measurable current flowed through
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the galvanometer circuit,
The following table summarizes the results of these measurements,

Table of Resistivities

,____;.L%&thwiﬁe; . Crosswise

section of section of

diamond Resistivity diemond Resistivity

blus end 62,6 ohm.cm blue end 287 ohm.cm

white end 3.5 x 105 ohm-cm white end 1.77 x 105 ohm<am
Table 1

Although there were considerable differences in the resistivities
for various directions,the values for the several sections were found
to be self consistent within 5%, Thus the assumption that the white end
is homogeneous at least in the lengthwise dimension seems to have some
basis in fact., However, there is some question as to whether the measured
resistivity is truly a bulk property or a surface phenonmena, Johnson( 6 >-
in his work on photoconductivity on the same sample has had some indication
that the photoconductivity induced by visible irradiation may be due to
surface effects, This may apply equally well to the resistivity measure-
ments.
2, Hall Effect Measurements

Hall effect measurements were carried out in the temperature range
from room temperature to 527° Centigrade, Throughout the entire tempera-
ture range, there was never a measurable difference between the readings
of the three thermocouples, Thus there was no measureable Ettingshausen

Effect and the voltage measured was essentially the Hall voltage only.



Figure 7 is a plot of the natural log of the product of the Hall
coefficient and the absolute temperature to the three-halves power

versus the inverse of the absolute temperature,
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CHAPTER IV

A, Discussion of Results

One of the most important parameters connected with impurity semi-
conductors is their activation energy. As was shown in Chapter II,this
can be determined from the low temperature portion of the plot of the
logarithm of the product of the Hall constant and the absolute temperature
to the 3/2's power versus the inverse absolute temperature. Analysis of
the straight line portion of Figure % shows an activation energy of

0.35 electron volts, This agrees with values reported by B:r'oph;y'(18 )9

Austin and Wolfe(21 ), and Wedepohl(23 )from Hall Effect data and Leivo

and Smoluchowski(l7 2 Cu,sters(l9 ), and Austin and Wolfe(21 )9 from
resistivity measuremsntd. Stein(394) obtained an absorption peak in the
infrared at 0.35 electron volts using the same specimen, Concurrent

(6)

studies of photoconductivity conducted by C. C,, Johnson also on the
same sample show a slight peak at 3.6y at temperatures in the neighborhood
of ¢114OC which corresponds to o345 electron volts, GCalculation for a
hydrogen-like atom in a dielectric of diamond gives an ionization potential
of 0.4 electron volts, Thus it would ssem that diamond is & chemicelly
activated semiconductor, |

There are several other parameters which can be determined by measure-
ment of the Hall Effect as a function of the temperature. These values are
dependent, however, on the model which is assumed. The first model which
was investigated was the simplest possible one with one acceptor level
and no donor levels,

Calculations of the effective mass were carried out using the

relationship

A : - s
p = N,° <,2mn*'rk'r/h'2>3/4 e 24T

32



33

and led to a value of approximately 500 times the rest mass of the electron,
Since this seemed rather improbable in the light of investigations in order
semiconductors, another model was deemed necessary,

In the next model considered, there were two acceptor levels, one at
0,35 ev and the other at 2.2 ev. The latter energy level corresponds approx-
imately to the photoconductivity peak in the visible range obtained by

Bellﬂ 2) and Johnson( 6 ). Analysis of this equation led to an effective

mass for the holes of approximately 10"36 grams which seemed much toce small,
Thus it seemed necessary to resort to a model containing both donor and

acceptor levels. The simplest model of this sort contains one acceptor and

one donor level with the acceptor level located at .35 ev. Unfortunately,

some difficulty arose when attempting to solve this equation in closed form,

Substituting values for temperature and the corresponding density of holes

in the equation Ny~ N3~ P /27 m¥kT 3/2 - _&
P = a e kT

Eq, 3
gave three equations in three unknowns, N_, Ny, and m*¥. However, when the
equations were solved algebraically, one of the unknowns always had a
minus value, This minus sign is inadmissiable physically. It probably
arose from the experimental deviation of the points from the theoretical
curve., Thus a slight error in a point determined experimentally would
cause the curve to fall on a theoretical curve which did not correspond
to the physical situation.

Finally, the problem was solved by graphical means, Values for Ng,
Ng, and m* were substituted in Eq. 3. . and the density of the carriers
plotted as a function of the absolute temperature., A series of these

theoretical curves were compared with the curve obtained experimentally

until a good degree of agreement was reached, In Figure 8 , the two
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curves are shown, The values for the parameters for this experimental curve

are B
N = 3.25 A0 / end
Ng = 9.5 x10%° /en3
m¥ = L6 mg

The mobility of the majority carriers can be calculated from Hall
Effect data by use of the expression
MNe=0
Where 4 is the mobility
N is the density of carriers
e is .their charge
and O is the conductivity.

As shown in Chapter II, the Hall constant

1
R, = ==
H ™ Ne

Since the conductivity is the reciprocal of the resistivity,

B
N

Since our Hall constant was measured on the white end, we first used
in the above calculations the value of resistivity for the white end, This
yielded a value for the mobility of 0.75 cm2 / volt-sec, The accepted value
for mobility of holes in diamond is approximately 1500 cm2 / volt-sec. If,
however, a value of resistivity of 200 ohm~cm, intermediate between that of
the blue end and that of the white end, is used, then the value of mobility
of 1375 e / volt-sec is obtained.

This seeming discrepency ecould possibly be explained as follows. If
the static charge which produces the Hall voltage tends to diffuse over the

surface until a uniform surface charge distribution is reached, then the
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measured Hall voltage would be an average value between the true Hall
voltages associated with each end. If thisbwere the case, a value for the
resistivity somewhere between the values of the two portions of the
diamond should be used to calculate the mobility.

If the above explanation were the correct one, then it would be possible
to experimentally verify it since the Hall constant would be independent of
position on the crystal. Therefore, measurements of the Hall constant were
taken at the blue end and were found to agree with those taken on the white
end, the agreement being within 6.4%.

B. Suggestions for Future Studies

There are several further studies which are direct measurements of
quantities present in the Hall effect equations which would prove profit-
able., Two of these are direct measurement of the mobility and the
effective mass of the majority carriers.

There is still much work to be done on the percentage of conductivity
which is due to surface conditions. A plot of the Hall constant versus
length along the crystal would yield interesting data as to the approximate
distribution of surface charge between the distinct regions,. This would
afford an insight into the possible reasons for this difference in conduct=
ivity. Measurements of optical absorption by Stein( 4) on the blue end of
our sample indicated the possibility that the white end has less impurities
than the blue end, This could be confirmed by the above menticned Hall
measurements.

Type IIb diamonds exhibit an interesting electroluminescence. A
gimilar electroluminescence can be induced in Type I diamonds by suitable
electrode painting., This investigation would also be of great interest.

Studies of the decay time in phosphorescence would yield some information
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concerning lifetimes inclusive of trapping. Finally, from a more theoretical
standpbint, there is much work to be done on transition probabilities in

diamond.
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Appendix A - Discussion of Magnitude of Hall voltages.

At a magnetic field strength of approximately 6000 oerstedé and a
temperature ot 310°K, the measured Hall voltages were equal to 2354
volts with a current of 10 Mamperes. Since there was always some
transverse IR drops present across the crystal, the actual potentiometer
readings were higher, For example, with the above conditions, the Hall
voltages measured were the differences divided by two of readings of

69.74 mv and 69,27 nv.
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