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ABSTRACT

Hall effect which gives very useful information about semi=-conductors
has been investignted for different semi-conducting ores available in
Pakistan in the present work, The other properties such as Hall co=
efficient, resistivity, type of semi-conductors, majority and minority
carrier concentration, intrir.xsic carrier concentration, mobility, energy
gap, magnete-resistance, diffusion co-efficient, number of atoms per cubic
meter etc, have alsc been investigated for some promising semi-conducting

ores such as Pyrite, Leadsulphide, Stinbite, etc. The experiments on the

samples of Pyrite and Leadsulphide have been carried out on the assumption
of their extringic and intrinsic nature while that on the sample of

Stibnite on the assumption of its extrinsic nature only. The results obtained
have been discussed and compared with those obtained by other workers.

A summary of the results obtained has been tabulated at the end of the

text. The values of Germanium shown in the table hawe not been determined
and supplied only for the convenience of comparison,
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NOMENCULTURE

The following momenculture defines the symbols used generally

throughout the text.

= > p

= Lattice Constant in A°
» Amperes cross sectional area
= Battery} Magnetlie field intensity in Web/ i
¢ = Axial lattice constant in A® . 3 ratio of mobilities (L /¢ )

c = Coulomb F
D = Diffusion constant in m2/Sec,

e = Electronic charge in coulomb

ev & Electron volt

Exfy = Electric field in V/m in the direction x, ¥y

Fy = Lorentz force in the direction y

fce = Face centred cubic

Fe Sy= Pyrite ( Iron Sulphide )

H = Magnetic field intensity

I ® Current in ampere

Ige * Electron current ln‘ the emitter circuit

I = Electron current in the collector circuit

ec

Ig, © Hole current in the enitter circuit

J = Current density in ampere/ m®
R = Boltzman!s constant.

. o { ix )



1 = Length

L a Diffusion length in meter

m = Mass of an electronj; meter
m,,mp= Effective mass of electrons and holes
mA = Milliamp
my = Hillivolt.l
Me = Electron mobility in meter/ Vesec.
M, = Hole mobility in meter/ Vesec.

Mro= Relative permeability

n = Integersy carrier concentration in general

n; = Intrinsic carrier concentration in cubic meter

n = Density of electrons in a conduction band

D snp= Concentration of electrons and holes respectively

n. = Density of clectrons in wvalence band
N = Number of atoms/ unit vol,
9,4 = Hall angle
PbS = Leadsulphide
= Resistance in olm

= Hall comefficient in m3/C

R
f. = Resistivity in ohm-meter in presence of magnetic field
4

= Resistivity in the absence of magnetic field

4df = Change of resistivity
}?-, =w Magn:ztoeresistance in percent

SbgS3™ Stibnite ( Antimony sulphide )

7 = Relaxation time

T = Temperature in degree kelvin

(x)



Ve = Velocity of electron in the direction x

v = Volt
VH = Hall voltage In nmillivolt

[ f = Energy in gemeral in electren wolt

W, = Energy corrcsponding to the bottom of the conducticn band
W, = Energy corresponding to the forbidden band

W, = Energy corresponding to the Fermi-level-

Web./m?= Weber per square meter

Z = Number of atoms/ =

o~ = Conductivity in nho/ m

. wohm

+,0 = Holes

~ye = Electrons

Lyt ol d E g B

(xi)
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CHAPTER ~ 1

INTRCODUCTICN




1.1 INTRODUCTION

The study of the properties of indigenous semi=conducting ores
available in Pakisten were undertaken at the Blectronics Laboratory of
the Engineering Uniirersity and, the present work is s continuation of
the previous work,

The diode and triode action of Pakistani semi-conductors had been
carried out in un earller work by the authorl. An encouraging diode action
of some materials was dbtained while 1little or no triode action was obtain-
ed. Controlled atmospheric condition, which is'an esgential factor for
obtaining good tricde acticn, was not available. However, the possibility
of using the ores as detectors of radio signals was carried out and

hopeful results were obtained.

The present workt covers Hill effect which gives very useful inforw

mation sbout semiw~conductors. The other properties such as carrier
concentration, type of semi=conductors from Hall co=efficient, Hall
angle, mobility, intrinsic cazrier concentration, energy gap, magnetow-
resistance etcs have also been investigated for sone promising materials

such as Leadsulphide, Stibnite, Pyrite etc. The results obtained have

been discussed and compared with those obtained by other workers.



Hnll effect was discovered as carly as in 1879. Since then much
work has been done on the subject by a large number of scientists and
it is needless to sagy that the study is not yet exhaustive, specially

for seni-~conducting ores available in r_’zikistan.-

A great Interest was seen in this direction only very recently
in 1948, when semi<conductors entered the field of practical science,
With thg ever growing importance of semi-condﬁctors in the practical
field, great efforts are being made to find oﬁt the semieconducting
properties of different materials‘ for utilising them in newer branches
of tectmniogy.

1.2 LITERATURE SURVEY AND THE PRESENT POSITICN

As the present work 1s concerned with the properties of semie
conducting ores, the muthor desires to recall the most important works
done in the field so far. In 1879, E.H. Half,B discovered the action
of magnctic field on a permanent electric current. Li'?f;(e Irg.g proved that

the force F exerted on an electron by a combined electric field E and
magnetic field B is given by

Fae-g [Edl-va]

The free e¢lectrons are driven towards the faces of a semi-conducting
sample, resulting in excess of charge carriers on the faces, This in

turn ereates Hall voltage.

Hall observed this action first in gold. He latter studied this effect



on iron, silver, and tin. Before him, two other scientists Feitzsch in 1858
and Mach in 1870 and Rowland carried out similar investigation but obtained

no result,

A.H, Uilsonh (1931) explained this effect from the view point of
electron . theory, In 1933, leers studied the Hall effect theoretically to

account for the observed positive, gero and negative Hall co-efficients,

In 1935, I,H. Hall cbserved the Ettingshausen effect, the Nernst
effect and the Leduc effect in excess to Hall effect in copper at various

temperatures ranging from 20°C to 90°C.

E. Conwell and V.E. Weisshopf measured the Hall co-efficients and
resistivity of Germaniunm semi~conductors in 196 and found that simple theory

of lattice scattering alone could not explain the temperature dependence of

mobilities. Another source of resistance was scattering by impurity centre
such as Rutherford scattering of electrons or holes by a random distribution

of impurity ions.

In 1549, G.L. Fearson and J. Bardeen6 made a theorctical and
experimental study of the electrical resistivity and of Hzll co=efficients
of pure silicon and silicon alloys containing Boron ( p = type impurity )}
and phosphorous ( n - type impurity ) over a range of temperature from
87°K to 90001{. The‘temperature variations of the concentration of tarriers
and their mobilities were determined from the resistivity and the Hall dgt.a

for different samples,

Hall comefficlent and conductivity of lead sulphide were made at

7

room temperature by Dr. E.H, Putely and Mr. J,B, Arther in 1951, Their work

indicated that the sample might be a p = type or n - type semi~conductor with
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ca.frier concentration ranging from ].021 to 1026/ m3 of either sign. It was
also found that by suitable heat treatments petype specimen might be conver—
ted to n=type and vicewversa., The same experiment. was done by Dunaev and
Maslakovitz in 1947. They measured the conductivity and Hall co-efficient
upto a temperature of 900°K but did not find any evidence for intrinsic
concluctilvity. Their samples wére rather impure, They found out the energy
gap of the order of 0.37 ev. But Putely; and Arther performed experimnts with
comparatively pure samples, which showed intrinsic conductivity. Thus they
inferred that lead sulphide exhibited intrinsic conductivity, and behaved
quantitatively according to the accepted semi-conductor model with an energy

gap of about 0.3 to 1.2 ev.

Measurement on the electrical properties of PbS and other semi~

-conductors was also carried out by Sisenmaxm9, Hintenbergerm,nortonll »

12 1 1 18
Chasmer , Michelssen 3, Gmtavlh, Scanlonls, I:‘ut'.(aly,]'6 Banbury 7,.!{055 .
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Scanlon”” and many other workers.

There does not seem to be much work done on this subject in our
country in the past. Some studentszo of Dacca University in the recent past
concentrated mostly their work on sziz=m sintered $arqales of Pakistani origin
and the only one natural ore on which work was carried out, happened to be
Stibnite ( SbySy ). Values of Hall co-efficients, nature of carriers,carrier

concentration, mobilities and magnetowresistance for the specimen were obtained,



CHAPTER - 2

PAKISTANL SEM1 - CONDUCTING ORES




2.1 PARISTANT SEMICONDUCTING ORES

There are many senieconducting ores available in Pskiatan. Of these,
Pyrite , Gallena, Stibnite, Graphite, Sulphur, Bauxite, Magnetite, Limcnite,
Hematite, Halite, Arsenic, Potash salt and Manganese ore most important,

Of the above, the first three i.e. Pyrite, Gallena and Stibnite

are the most promising semi-conductors and therefore chosen for investigation,

Pyrite, an ore of Iren & Sulphur, occurs in Chandranath Hill of

Chittagong district and Matzmuhur! Reserve Forest Area of Chittagong Hill

Tracts. - '
Gallena , an ore of Lead and Sulphur, is available in West Pakistan.
L]
Stibnite, an ore of Autimony snd Sulphur, occurs also in West
Pakistan.
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THECRETICAL CONSIDERATIONS




3.1 SEMI~ CONDUCTORS

21
Semi~conductors are electronic conductors with values of electrical
-2 g
resistivity at room temperature generally in the range of 10 - 10 ohm-cm.
-5
intermediate between good conductors { 10 ~ohm-cm ) and insulators
i 22
(10 « 2 ohn=cm ).
At absolute zero, a pure and perfect crystal of most semi-conductors

would behave as an insulator. The characteristics of semieconducting properties

are brought about by thermal agitation, impurities or lattice defect.

3.»  DISTINCTION BETWEEN METAL, SEMI-CONDUCTOR AMD INSULATOR

METAL j  smz-coupucrer | INSULATOR

1, A large number of No free electrons at No free electrons at
free electrons at o%K. o°K.
0°K.

2. Large number of Few free electrons at Very small nurber of
free electrons at 300 °K. free electrons at
room temperature 300 oﬂ.

(300%K.)

3. No energy gap. Smzll energy gap. Large energy gap.

L. Positive tempera= Negative tempera- Negative temperature
ture co-efficient. ture co-effzcimt. co-efficient,

2 =W,/2k
5. n; = constant, ng= 5x 10 3/ 2;%/m3 ni=5x10211‘3/ 2 e WS/ T/m3




3.3 METHOD OF CRYSTAL ANALYSIS

Crystals are usually analysed by Xeray diffraction. The edge of wnit

cwbe is deternined by Bragg's diffraction formula, &= - n 7\6 ceeseef(l)
sin

where O\ = wavelength of x~ray
@ = angle between the xeray bean end the atomic planes.

n = intagers, 1,2,3, etc.

The above method also provides us with the knowledge of arrangement of

atoms in the crystals

3.4 CHYSTAL STRUCTURES OF SELECTED ORES
il ¥ "
Crystal l Structure Lattice constants Atoms/mit I Individual
1 at roo;z: tempera- { Structure
i i ture a(in A°) C
| i }‘m‘i“’-i i
£ 22
PbS - Ifee 5.92 A hel » 8 Pbe=fcc = i
(Same as Nacl) Sefcc = L
23
FeSy Complex cubic 5.107 A hrly = 8 2Fgmbec = b
. S wfcc = )y
SbySy Cubic (same as 6.0 A Lely = = Sb =fcc =}
ZnS ) (Assuning ) (assumed )
, : S wicc = ly
22
Naecl fee . 5.63 Lol = 87 Ha =fcc = l4
¢l afec = b
Graphite Hexagonal 2,611 6,707 242 = h?é Graphite =
( cs Pp) h cp hcp = 2

(cp= closed
packed )
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3.5 HALL, EFFECT
Hall affect gives soms very important informmtion on semi-conductors.

Essentially it is the potential drop that appears across two epposite faces
of a semieconductor slab, provided a strong magnstic field end a current

nwmrmhmm,pmwmuundimtlmorwmof
voltags is allowed,

2
A Consider a slab of petyps msterial in which thers is a current
density J resulting from an spplied slectric fleld B, . Since the carriers

are sssumd to be positive, thay will drift with an average velocity /W)
in the x direction,

The force exrted on & hole of charge & hy a combined slsctric and
sagnetic fleld is given by Larents formida

Fs -g [_l +Vx B] saspeey ( 2 )
Under condition of equillibrium, Fy = 0

s roeVxRiBa=0
or BywaVXxXBs » VB3 asesceell)
mu-ou-rund,u-mmtmmmunmuuglmw
Jx = oy e VD cersneelll)

Eliminating V, from the equations (1),(11) we may defing the Hall co-
efficient Ry as °

ﬁ.!- ‘y “= v‘ - _.‘_ ..Q..o.oo.o-.l(’)
Bx ooV ™

The current density J, can be calculated from the total current and the cross
mﬂmotthmh.ﬂnflcﬂlywhmwauuhwmmwwu



v ‘10(a)

POSITIVE HALL EFFEcT

n-Type

/ * CURRENT

NEGATIVE HALL EFFECT

Fig 1.




1l

at the front and back faces of the sample and by dividing the measured

Hall woltage by the width oi; the sample in the y direction. Thus Ry can be
ocbtained from measurements and np can be calculated. It should be noted here
that kere proper averaging over the velocity distribution of the carriers
gives Ry = ?"-ﬁh, where A Is a constant of the order of wnity. For a

gimple semi-conductor model, -

2
R g (L)

nhe ( vz’r )2 Qe unnwiby

&{H

T= .3.‘._. where A =  mean free path

Ve velocity of electrons,

1f meen free path is dependent on velocity vp, then the expression
28

Brtd P 3 ot (@)
(BT )2 4 *fcp/z-fz)}a

1} For lattice scattering, ), is independent of velocity

E [ p=0 'the expression = 3 T(t B/a = LTS.__.
b 2 8

Hence RH - _.3,57:___ ..,3,'._, .ooc---qvu---( 5 )

ﬂha
2) For impurity scattering, p® L , the expression ~ 1.93

Uhm RH = 1.93 —l-- ‘...ll.';.l.l.‘i (6)
nhe
An intermediate value is used when both lattice and impurity scattering
are present, For simple lattice scattering, the factor 3 /8 has been used

throughout. the present work.
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B. 1f the carriers were electrons instead of holes, the polarity

of VH would be .reversed.

. E}’ o y
Hence = = —— bW sEVAVORRS ( 7 )
RH B,J e np
- 4
where 1n, = density of conduction electrons.

We thus concluie that a measurement of Hall co~efficient of a semi-

conductor with one kind of charge carriers provides us with:
a) the sign of charge carriers

b} the density of charge carriers.

HALL ANGLE = It is defined by GH as

Oy =t B, = L= RgBor .enn(®

EX

3,6 CARRIER CONCENTRATION 3 Since Ry for lattice scattering is given by

_ R +* -
By= - .g.l."_ —-}-é- where + sign stands for holes and

- sign stands for electrons.

Hence n = z -g—-’: __ll_i_
HH

IERENELE NN LR R (9)

So from a measurement of Hall co—efficienﬁ earrier concentration can be

calculated,

NUBILITY 3 It is the drift velocity attained by an electron per unit

electric field and is given by

2 ne I ( for one type of charge carriers )}

o =
wheﬂ- = -I: <. ‘m : i : = : (843“) a RH --:.(10)
_ /“ ne _ 37
' TRy

The above theory is applicable in case of one type of charge carriers.
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3.7. INTRINSIC _SEMI-CONDUCTORS

When two types of carriers are present,

a) the conductivity of semi-conductors may be expressed by29
. 2 )
n e e
e © Te . nh Th
e B

Lor a1

= Dg €t nhe/.,h eveerussuaa (11)

where n, = conduction clectrons/ a
n, = conducticn holes / m
/“’e,/"h = . drift mobilities for electrons and holes
respectively.

-] =1 electrenic charge

b} Hall comefficient, may be expressed by
2

2
E
- f
RH = Bz§ = "‘“gT: :.h.,‘h +neHe Stannpe (12)
® Ch p, e Me)?
The result n.ay be cbtained In the following way @

When both types of charge carriers are present,

[~ G(neﬁet ni‘f)’h)
The force em}ted on 8 hole of charge € by a cambined electric and
magnetic field is givenly F= e ( E +vXB)

Under condition of equillibrium, Fy = J

Therefore By + vwXB, = 0
or Ey - Vx Bz = 0

or . Ey"’xax



Now (), drift velocity of holes = e Th E = B

B
(wx ) , drift velocity of electrong = = ....9..5.5:9..5. --f'eE
or Vx for both electrons and holes = (/"h" Me ) E.
Since
or By= (py =p) BBy, [Ev“"" *]

Jig

e (nepe+ my )

« ﬁh = /"'e.) Bz

Ey . Mh = Me
Therdhre , Ry B, J, TCEITR

. ﬂh/«;ﬁungl"e*ﬂfﬂh(nf-%
o (n, pre “h/‘f,,)E
since n, n, « 0By
. or ﬂe-nh- 0
1. . 2
or RH - nhﬁh - 9 [“e 2 ISR A ( 12 )
e (B le *thpm)
- (nh -ng cz) eBssspaERARAES (128)
(i + e )2
Where ¢ w  —late
¢ Mh

ad o = e(na/"e"' " My )

N - ﬂh f-lh(-:-;e; el ) eevavcens (115 )



1) IDEAL THTRINSIC CASE

If nea n, * it , we have ,

< = nie ( ﬂeq ﬁh ) = ng [ 4 ﬂh( c+] ) SsRpenss (13 )

37c Mlred)

" ———
b ® m2(140)
“I
3T lac i
mpy— An— ) P
8 e ng 1+ .o-qnon:uun.n.no( i, ) l'\

Hence concentration is 'glven. by

3 e l=wc
n; = "'"é""‘;"'m 1ec svsvscrennansel( 15 )

Apparant nobility is given by |

8
- i RHO_
3

- 8 ( 2T .?-..:_E)xnie/«.qh{ca-l)

or /‘4- ( luc )Hh SIS NRBENGNE ( 16 )

0
The mobility 3 relating with mean free path and effective mass m is also

given by
L 3

/v( - -.3—. e 7\ ( 2K‘e kT )’;" ouooooc!il{ 17 )

1f m, " R, the mass of an electron in free space,

= 2'h3 31016 9 T‘* stosdanspond (18)
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>\ il Lol x 10'16/‘4 T * Ssconapuno ¥ ( 19 )

The equations(17), ( 18 ), (19) may be applied to either electron or hole
mobility, provided that the proper effective mzss is used,

i1) . NOUJDEAL INTRINSIC CASE

Let nhg a  the saturation concentration

Mg = Ny =y (0= type)
ng = 0y =ny ( petype )

Hence conductity may be expressed {n the form
g- e e f‘h ( a‘e * nh ) LA R R NS RIS BN Y ( 20 )

For a p = type sample, 0, = Np = na,  we have
T - e/uh (enp=cny+ny)

or ny = (T/eph ¢ en,) flc+1)  suvenvenss (28)

For an «type sample , ng = ny + ng4
nh - {C’—/erh- Cns)/(c*l) Iuocs-ag-o(zz)

3,8 INTRINSIC CARRIER DENSITIES AND ENERGY GAP FRGH HODEL

1 A gimplified md.el.31 of a semieconductor or insulator @

At ebsolute zero temperature, all semiwconductors are insulators as
all the energy levels are completely filled, and the conduction band at T= O

is completely empty.
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At temperatures higher than zero, the density of electrons in a conduce
tion band is given by,

— FA - .qo..( l)
cm" ~HE) AF .

where 2 = number of possible states/unit volume.

nc-

$imilarly, the density of electrons in the valence bangd is,

2 aesea(ll)

nva

Aga,in, negle&ing Bph'l’ ] nc + nv =Z esmsansevnwd (tll )

From ( { ),(11) ond (11f) we have ,

- Hc - Hg esvssasnsensnl 23 )
¥g = - (

Hence Fermi Energy lies half wny between the top of valence band end bottom
of conduction bardd,

Z
Again ne - Z -
¥ U, / 2T
o Fe¥F) /RT ¢ 9 .1
z Since W, is 1 ter than ZkT
Y/ 2 © Wg l8 ;’9;9":& .
. - - 2
nc - 2 c"“g/m - I,gal! g per meter Clb@.o-ooo(z&)

where 2 is assuwied to be 1028.
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’
Iz Improved model for Intrinsic senmi-conductor.

When the width of the allowed energy bands becomes comparable with the
width of the forbfdden region, the density of cenduction electrons is

given by ,

n

iop
. ™ [z(n)r(u)dw.

| Wg
Now the number of states per unit volume

2008 = (1) (2 3422w o v F 2
Now F(N) = 1 o o (p ¥ )T

o R/,

Since ( W - Wp)is large greater than kT at low temperature,

.
n, 2 [Z(H)F(W)dh‘/
W 3/2 o -
. hn(eadmR) T /G Ls(w-wg)*e e

- hn(ﬂme'/hz)yzé“"""s)/“-. - nt
% 2 (1/”)3/2
x®y kT 3/2 (UF 4 )T o
or ne = 2 ( 2 h_é_“ 7 ) :5‘!* e a "asssvssse

Similarly, density of holes in the valence band mxy be written as

me [ 20) P

e 3/2 3
Now, Z(W) a¥ = U4 < (2m®/bt?) (%) ¥
' 1
m F(H) = 1 - 1 — = gy —
e(w - Wp) /KT .1 Lo (Wp 1 /T
e e (W «Wp) /Kt Since (Wp - W ) is large greater

than Kl
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32w Y /AT
npe LrlzatM) e F /(--1:«)i

3/2 Ly L
I T DAL L P L

2 -
or mp ™ 2(27“’11‘}“?/“2)3/ e ¥ /it

.Qtoptto-cnhoo( 26 )

Therefore, from Equations ( 25 ) and ( 26 ) we have,

o . .
npng = 032 _h(:zrm'r/na)B" (m,*nh"’)yz e o/¥T

- 2 32 =w /217
from vhich ny @ 20 27k /0" ) e 9

1 .32 Vg am

= s X 102 T e ."’Qisocpo..'.nc. ( 27 )

B ¥ me*s # apm s assumed.

3.9 RESISTIVLTY

The re¢sistivity , f 1s measured in oha - m by
VA

f B cmesm— o.oitcoaaon-t-gbn( 28 )

IL

where V= vyoltage drop in volts
I= current in Amperes

A = cross section of the sample in m2

L = distsnce between probes in neter.

- At high temperatures instrinsie conduction occurs where n, = n, = ni as

the clectrons leaving the valence band making the same nunber of holes.



L)

At lower temperatures, resistivity depends on the impurity content.

The resistivity of semieconductors decreases with the increase of
temperature as the electron and hole gmcentrat.iun arise from the filled to

the conduction band, The theory indicates that

Wg/2xr - '
f:'- A e g '.iaci.tp( 29 )

where a constant

s bolts man's constant

temperature in OK.

= enerqgy gap between the top of the filled band and the
bottom of the conduction band,

mﬂ";!ﬂ'b

From a resistivity versus temperature curve A & By can be calculated.

3.10 MAGNETO - RESISTANCE

Variation of resistivity of a specimen of semiwconductor in a magnetic

field is an important phencmenon and is denoted simply by _ - x 100
4P X 100 where  Af = change in resistivity with’ and without

fo
the magfmetlc field, £, = resistivity at zero magnetic feild.

From the work of Kapitza it is known that the magnitude of the change

of resistance depends upon the value of eH T , where T is the
: n

relaxation time., From this we find that if the electrons have the szme
relaxation time 7T and mass m, they will suffer the same effective Lorentz
Force F , which will be balanced exactly by the electrostatic force e Fy,
Consequently the electron paths will be essentially unchanged in thé new
dynamic equilibrium, and therefore the current and conductivity will be

wnaltered., That is to say that there will be no magnetow=resistance.
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Lol THE _ELECTROMAGNET

An electrumagnet constructed by D.J. Symn33 was used. The deslgn was
re~-checked and results obtained differred a bit from the theory. Thé electro-
magnet consists of 2

1) Air gap.

2) Poles pieces of nild steel,
3) Yoke of cast iron.

It is desired to produce a magnetic flux density of 1 weber/ m? in the alr gap.

1) Magnetic field intensity in the air gap ,

- 1 7 = 7%0 AT/m.

- B .
/“o/‘v hﬂx 10

By

Since the diam of pole pleces { 10 em.)
is much greater than the length of the air gap
( 2 cn.)

2) HNeglécting fringing,

We have , (P.‘= Bgﬂz,-BlA-anlweber/mEXAe
o _1_0h lines / cm2 X 78,3 cu® 70.3000 lines
ho . 2
By ( in pole pleces) = 783,00/ 78,3 = 10 lines/ em
3L
H, (from B ~ H curve for mild steel” ) = 13 AT/ en.
Fp = Hylp = 13X (2X27) = 7702 AT
3) ¢3 in the yoke 763,000 lines ( neglecting fringing )

By = ...EE w 783,000 = 7,520 lines / e
A 10k
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H3 (rmB-chmforcastirmah) o 19 AT/en

F3 = Hyly= L9X (5 +58.5) = 5600 AT,
Hence total ampere-turns = 15,920 + 702 + 5,600 = 22222 AT
But the actual number of turns provided

w Ty +To= 3990+ 3990 = 7980 turns.

The coils were connected in series.

Hence, current required theoretically to produce a flux density of 1 weber/ n?

a 22,222/ 7,980 = 2,77 fmperes. But it was seen that in experiemnt only

0.75 weber/ n® was cbtained at a current flow of 2,77 Ampereé.

L.2 THE FLUXMETER

The Scalamp fluxmeter made by Scientific PYE Instrument Co. was
energised from a lj volt battery, There were two coils for the measurement
of the flux density in the alr gap of the electromagnet, After the connecs
tion the coil was moved into the air gap and the reading was taken on the

gcale, Before taking such measurement; zero adjustment was made,

The specification of the fluxmeter used is given below 3

CAT Ko. 8834

FuS.Ds 0,007 WEB-TURN

Search Coils 3 §20,1 em® «Turns. {100 cm2~ Turns
1%1 cm = Mean Dism, 2]1 cn = Mean Diane

Galvanomster Constants ¢ Free period = 19 secs.
Critical damping resistance = 17 Kilo ohm
Current sensitivity = 1,590 om/ pA
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.3 ‘ THE SAMPLE HOLDER

| The sample holder consists of {a) a wooden frame provided with (b}
3 Hall probes attached with 3 screws and the Lth probe is a brass plate upon
which the sample is placed vertically as shown in the fiqure L. The specimen
of the semisconductor with the sample holder was placed in the air gap of the
electromagnet. No part of the sample holder was however, made of magnetic
material. Brass nails were used in the wooden frame. The probes were made
up of platinum material procured from €hemical Engineering Departmeént and was

attached with adjustable screws.

The probes were bought in and out of the holder by rotating the screws
inside the nuts attached to the wooden frame, The contacts made with the

samples were of course, pressure contacts,

bol THE POTENTIOMETER

The pptentiometer made by Leads & Northrup Company, was used for
Hall wiltage measurement. There were two ranges (a) High range O= 1.6 V,
and (b) Low range 0= 16 mV. Both the ranges were used for different measurements.
The proper range was selected by connecting the negative supply of E.M.F, to

terminal 1 for Oe 1.6 V range or to terminal.0l for O « 16 millivolts range.

b5 3 DIAL RESISTANCE BOX

The 3 step resistance box was not enough for an accurate balance,
} -~ step resistance box was needed to obtain an accurate balance but unfor=-

tunately it was not available in our laboratory.

a.‘\ o !
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L.6 ~ GALVANCMETER

This was an important equipment for Hall voltage measurement. Non-
availability of a galvanome;er with sufficient sensitivity was a great
obstucle in the way of the measurement of Hall voltage accurately. No highly
sensitive D.C, gazlvanometer was available. However a sczlamp galvanometer

of sensitivity ,008 M Afmm was used. Wimwa

e

4,7 MICROAMMETER

A microammeter ( 0 « 150 « 300 = 500 ) was connected between the
Hall probes and used for checking the polarity of the voltage drop across

the probes.

FHRRREENRRE



CHAPTER - 5

EXPERIMENTAL SET - UP



5.1 CALIBRATION OF ELECTRCOMAGNET

The coils of the electromagnete were connected in series as shoun

in figure 5. Magnitude of the current through the coils was changed from
zero to ma:dmm%gg'the flux density of the air gapwas measured by flux
meter, With no current a flux density of about 0,02 web/ o’ was observed.
This is accounted for residual magnetism. A B - I curve was drawn in fig.8.

Saturation was observed at a current flow of 5 amperes.

5.2 PREPARATION OF THE SAMPLES

A namber of natural Pakistani ores were collected from the Head,
Mining Engineering Department, West Pakistan University of Engineering and
Technology. The ores were cut into rectangular pieces with a saw and its
surfaces were polished highly by grinding machine, stone and lastly by
emery paper. The thickness of the samples was reduced to the minimum in
order obtain a measurable value of Hall voltage. The length to width ratio
of the samples was made around three, as it gave maximum Hall effect according

to Isenberg Theory 25

53 MEASUREMENT OF HALL VOLTAGE

An electromagnet of high field intensity shown in the figure 5 was
used, The magenetwas a large air cooled electromagnet having a capacity of

S amperes. It had a field strength as h'igh as 10 kilogauss wel { 1 web/ ma) .
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The electromagenet was energised from a 220 volt D.C. supply.
A D.C, ammeter was used to measure the current flowing through the colls.
A D,P.D,T, switch was used for reversing the direction of the current flow

through the coils.

The sample holder was constructed in such a wagy that it could be
used for different samples to be studied., The details of the construction
of the sample holder is shown in figure (4). The electrodes were made up of
platinum wire, Hall probes were fitted in such a way that two of them could
be moved horizm;tally and the other vertically with the help of screws. The
crystal was placed on the round brass plate and fixed hy the electrodes
properly for good surface contact. The horizontal probes were aligned In the
same horlzontal line, The circuit for the measurement of Hall voltage is‘

‘shown in the figure 6.

POTENTICMETER ¢ The students! potentiometer was used for the measurement

of Hall voltage. 1.6 mV, range wes used. Careful attention was given to the
polarity markings and to the use of 10,000 ohm protecting resistor for the

standard cell as well as the galvancmeter.

To standarise the potentiometer, D.,P.D.T. switch was thrown over to
the standard cell position and then the dial switch A and knob B were turned
to the position of the voltage of the standard cell, The key= 1 was preéssed
and released, and at the same time the galvanometer diffection was noted.

The current drawn from the battery was found to be azbout 10 mA under balanced
cmditi;m. Before taking any measurement, a few minutes were allowed in order

to stabilise the current in the potentiometer,
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If the K » 1 or K «» 2 i{s made on without turning A & B to the position

of the voltage of the standard cell, heavy current will be drawn from the cell,

thereby damaging it. If such thing happens, by chance, sufficient time must be
allowed until the voltage of the standard cell regains, After the standarie-
sation, the D,P,D.T. switch was thiown on to the‘ E,M.F. position and the Hall

voltage was measured.

S MEASUREMENT OF RESISTIVITY

Resistivity was measured by measuring the potential drop across two
probes separated by a distance. The potential drop was measured with the help
of a potentiometer. Circuit diagram for the measurement of resistivity is

shown in figure 7.

5.5 : MAGNETORESISTANCE

The same crystal holder was used for the measurement of magneto
resistance of the aamples. The change of current through the crystal was
observed for samples placed in magnetic field., The change of resistance was

: calculatéd in each case by using the formula

3 P-f X100 . _ 4 %100
A 7
vhere = magneto resistance expressed in percentage.

resistance of the sample in magnetic field.,

NN P
]

= resistance of the sample in the absence of magnetic field.

A compass needle was used to measure the direction of magnetic field.

FHEEEE N
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k) )

WORKING FORMULAE

). Number of atoms/ unit volume =» MNumber of atoms / wnit cell

Volume of unit cell

: 14nge
2. Hall effect = a) Impurity range b) Intrinsid?( ideal )i,e. ng = )
, ¥
11‘5_1“ Bsz I.RHQ 37( lac whmg:&
Ben, 1s¢ Mn
2en = 2 2T 37 1=c
8 &‘I e 2| ni = .
BeRy 1+c
3o o = ne p :
WOy = RyBo. % empmlerl)
8 h./k = (& ~¢ ), where m= apparent mob,
. 1 2 -
Ar 5.n1“5x102 1‘3/ H g/ 2T
~ tange -
c¢) Instrinsic/{ non-ideal n, # ny )
2 2
1., Ry= 3T "nfMh= Do He
Be  ( mppyt Tgpe)
Tleppt & Ng
2. = >
"h c+l
3. o= e leng s m)
2 =Hy /2K
h‘n‘,nh-=5x1.02‘I '1‘3/ e g/

3. Resistivity ¢

Le Magneto resistance & 1, =

o

£ = % X100
A
e L X100
fi

L atacy g tnty
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6.1 VARIATION OF MAGNETIC FIELD WITH CURRENT

Now Of cbser~ ] Magnetlsing l Magnetle fluxx
vation current in i density in web/m
i Arpere., i
1 040 0402
2 0.7 04219
'3 1,0 0.315
4 1.5 0w50
5 2,0 0.65
6 245 0.7h
7 3.0 0.80
8 3.5 0,83
9 k.0 086
10 5,0 0,90

The B =« I curve is drawn in figure 8™,
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6.2(1) - SHPLE - 1 STIRIITE ( Sbp S3 )
TABLE ~ 1 (a)

VARIATICN OF HALL VOLTAGE WITH CURRENT THROUGH CRYSTAL

Battery of potentiometer circuit = L Volt, R = 240 - 24} ohm.
standard cell = 1,01943 volt, current through battery = 9.4 ma

Dimension of the sample : L = 1.70 ¢m, W = 0.4 em, t = 0.25 cn.

No. of! Ha.gnet.ici Current i Voltage between Ha.lli Hall *Hall l Hean
Obs. field in{ through | probes in mV. § Voltage j co-eff,  §
f web/ m? J crystal } without J  with {f inmV JRyin e i Ry
; % inmd ¥ o cnetic] magneticg % | g
j field
i § g field i iel ; i i
1 +835 5.0 070 084 +,01} +.8hx10“5
b -
2 835 10,5 a2k 50 4,026 +.qllsad™
3 .835 16.0 .182 +229 +,047 +.88 x1075
N .835 20,0 #2040 +28h +,0lLls #,66% 107° +.759x10"5
5 n835 32-0 ) 0310 .hOO "“0070 *".6565:10-5
6 .835 4o.0 .15 .512 +.097 #.725::10'5
7 835 55,0 505 650 edhS +.7920107°

The Vy - I curve id shown in figure 9.
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TABLE -I (b)

VARTATION OF THE HALL VOLTAGE WITH MAGNETIC FIELD

No.of | Magnetic § Current E Voltage between Hallf, Hall % Hall Mean
obs. ﬁi field %n § through ﬁ. probes in nV Voltage ¥ co~eff. } Ry
web/ m gg?;ﬁal%withait I with Vg in g“ﬂ in
{ . magnetic § Magneticj =V m/C
i j field 5 field g
1 31 4 o0 L5l 02 Lh30x0”
. .37 B 00 WLkS oM 6T
3 .60 B A28 BE L0860  J5S6x10™0 .598 w100
b 79 LS W50 J5h2 092 .650x10">
s .86 LS 165 .570 205 L68 x10™>

The graph is shoun in figure 10.
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TABLE -1 (¢)

VARIATION OF RESISTIVITY WITH CURRENT

Dimension of the sample ¢ L = 1,7 cm , W= Okt cm, ¢ = 0.25 cm

1) The sample was vergin l.e, sample was never placed in a magnetic field.
Distance between ptobes = 1,7 cn

Nunber of ‘ Current through _r oltage drop across j Resistivity
observation the crystal in oA } the pmbes_}n wvolt. jinomm
1 T 0.4 0427 0,632
2 007 0.525 0.’41‘2
3 L 0,597 0.352
4 Lo . 0,683 0.268
5 2.0 0,748 0,2205
6 3.0 0.850 0.167
7 Lol 0,938 0.135
8 6.1 1.058 0.1023
9 820 1.140 0,084
20 10.5 14235 0.0594

2) The resistivity was changed after the spplication of a magnetic fleld for a

few ninutes. .
1 20, 04645 1.9x10™2
2 35 1,05 1.77x10"2
3 65 1,82 166102
L 90 2.35 1.—55::10"’
5 170 - 3460 1,25x1072

The graphs are showm in figures 11 and 12,



N OHMMETER
&

VARIATIONOF, RESISTIVITY  WITH

36(a)

CURRENT IN $b,53

|

\

BE F’.ORE

APPLICATION| OF

MAGNETIC FIELD

). .
'.'.M
> k\\
-
m ]
[ 4% \‘e\\\\
o z F 6 g
—_—= 1 INMA
' Fié. 1
¢ A,
20 al
Z :
o -
Fi
[V'4
RPN &
w o \ o
=
X . T
O ‘ G - 2 g
zl 6 ' ,
. \\ AFTER APPLICAT|ON OFf 7
F N MAGL_ ELELD >
E \\\\ FOR |FEW |MINUTES E
v N Frd
3 |4 &
Q-’- ) . \
N\ "
\ Q
T \ 3
1.2 5
‘ &
<
-
10 100

50

Ftel 12

150 200

- — L IN mA

-

At
NV N



317

TABLE -I (d)

MAGNETO- RESISTANCE
VARIATION OF RESISTANCE WITH MAGNETIC FIELD

The sample was first treated with a strong magnetic field.

- Distance between probes = 1,7 cm

e R e B e
! web/m2 :roges in ; ;.yAS ' % }: A v lfm“ —&-ﬂ—moo

g volt g g ( LI in percmt

1 .00 W15 la90 = 1.380 x 1072 0.00

2 30 .115 | 4.88 = 1,388 x 10"2 0,58

3 .60 .113 ~ L.8S =1,399 x 1672 1.38

4 .79 .115 h.82 = 1,410 x10 "% 2,17

5 86 15 480 =145 x 107 2.8

The graph is shown in figure 13,
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6.2(11) SAMPLE =

LEAD SULPHIDE (PbS)

TABLE =

2

2 {a)

CARTIATICN OF HALL VOLTAGE WITH CRYSTAL CURRENT

Dimension of the sample ¢ L =

1.3@1, He 058@.1’.‘00’-‘3,@

Ylo. of % Hagnetic Current Voltage between Hall ! Hail gHa.ll cowctf, }Hem
obs, § field in ythrough § probes in oV voltage j Ry In m/C |}
web/ m? crystal in oV Ry
i PEVEES b ienoue | witn ! i
i (" : magnetic | magnetic {
% g field | field. !L ¢
<4
1 oH 1.1 6.265 6,445 JA180 11,7 x 10
2 06 2s1 11.765 12.155 0390 13‘3 x 10 ° h
, -l
3 o 3.2 18,000 18,350 350 T+8lx 10 b
«ly 10.47 x 10
L b k.0 22,750 23.265 »515 9.2 x 10
g 6 5.1 27625 28.325 00 9.8 x 107 B
6 «6 642 33.710  3L.660 #9550 11,0 x 10° 4

The graph is shoun in figure 1.
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TABLE = 2 (b)

VARIATICH OF HALL VOLTAGE WITH MAGNETIC FIELD

Ho. of ! g:;.g;‘:etic lghu:"r;l;g l Voltage between Hall { Hall iHall coweff, i
eld In ¥ thro prebes in Vv voltage § RH in m3/c Hean
{
§ web/u? crvetal ittrowt 1 with I I i By
i !magnet.lc | magnetic mV i I "
d § .
1 29 241 11,69 11.92 =43 16,2 x lo.h
2 .50 2.1 11.82 12,09 :.é? 10.6 x .'I.O"h
3 »60 2.1 11.93 12,38 45 15.3 x 10"'* &
_ 12,26 x0
L 69 2.1 112,00 12.415 o115 12.3 x 10'1‘
5 80 2.1 11,94 12,37 o3 11.0 x J.O"ll
6 .86 20 115 11.97 A7 11,2 x 107U

The graph is shown in figure 185,
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TABLE < 2 (c)

MAGNETO RESISTANCE

The samfple was already treated in a strong magnetic field.

Distance between probes = 1,3 e,

| ]
loe.of } Magnetic gvoltage {Current through ! Resistivity in i P ? = X100
™ L] —

field In y drop acrossjerystal in mt ohm = m
- i"""’ = §'~°£%§§z”” i witod TWG i T e Tt o} in porcemt
| | Jfield friela jfleld R }fieldp

1 28 538 9.50  9.b5 - 1495 1,502 10,1468

2 31 5e38 9.50 9.4k 1.h95 1,503 0,545

3 k5 538 95 9438 1,502 1.515  0,%0

i «6h 5438 9435 9422 1,519 14540 1.385

5 .71 5438 9436 9,20 1.513 1.5h2 1.915

6 83 5.38 9.32 9,075 1.525 1.565 2,600

7 «89 S«38 9.30 9.05 1,527 1.570 2,89

The graph fs shown in figure 13.
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TABLE = 2 (d)'

VARIATICH OF RESISTIVITY WITH CURRENT IN PbS

Distance between probes 1.3 em,

Number of | Voltage drop l Current through | Reststivity P
obgservation. {§ =cross the j the crystal in § inom «m
i probes in volt. |} A i
i i ' i
1 0.3k 7 0.30 2w
2 0.Li5 _ 0445 264
3 1.20 1.ko 2,265
b 1.80 230 2407
5 2,40 3420 1.98
6 3.10 els0 1.86
7 3.80 5.40 1.86
8 430 6480 1.67
9 5460 9,10 1.63

The graph is shown in figure 16.



41(a)

VARIATION OF RESISTIVITY WI(TH CURRENT IN PbS. .
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6.2(iii)

VARIATION OF HALL VOLTAGE WITH CURRENT IN PYRITE

SAMPLE - 3
PYRITE ( Fy S, )

TABLE-3(B)

Dimension of the sample ¢+ L =1l.hicm, U= bcm, t».bem,

>

!;g; ot‘i uagngtic Cm'r:;l Voltage between Hall voﬂau (Hall c:;etf. g
. fie thro robes in mV
web} ﬂ&n crystal prove HH in }RH in /e { Hean
in mA withno | With v i i
g } magnetic § magnetic | i §
{ { ficlda [field i § {
1 b2 0,8 5,070 4,989 w081  =0,98 x 1073
2 62 2,0  11.693 11483 210  «1,015 x 1070
3 62 2.5 .25 13.765 =80 s1.82 x 10 ™3
b .62 3.0 17750 17350 ei00 <129 x10 0 =136
3 x 1073
g 62 ) 20,600 2},000 600 145 x 10
6 62 5,0 R,B0 30450 B0  -1.52x10 "
7 .62 506 -1.h5 x 10 = 3

36,4520 35.682 ~e838

The graph 1s shoun in figure 17.
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VARIATION

OF HALL VOLTAGE WITH CURRENT |N FeS$,
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TABLE - 3 (b")

13

VARIATION OF HALL VOLTAGE WITH NAGNETIC FIELD IN PYRITE

No.of § Magnetic ] Current ! Voltage between Hall§ Hatl  Hall comeff. lHean
obs. § field mén thz‘ough % probes in mV voltage Ry in 3 e i
web/ Sryetal {Withno | witn | 'R |
j Ragnetic } magnetic § &V
i field ; fleld L _
1 3 2 Bkl 8.5k .9  18ux20"
2 «50 2 8,532 | 8.282 «250 1,50 x 10 -3
3 .62 2 8.012  T.132 4280 1.6 x10 0 3620~
L .8 2 8470  B.010 W60 1.77x10
5 .86 2 8.625 855 A0 1.6hx10™

The graph is shown in figure 18,
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=

bl
TAHLE - 3 ( ¢)

MAGNETO RESISTANCE

VARIATION OF RESISTANCE WITH MAGNETIC FIELD IN PYRITE

Distance between probes = 1.3 cm.

S el i ik =

I %:’29‘,2;:?68{::;2;& imagtilz:ic J ?’i;g?gt’i‘} mag}lglgic - f};—f?-noo
i jficld  ffleld. § % lﬂel‘i 4 R in percent

1 .28 5.6 2,450 200 5,875 5.970 1.62

2 31 5.6 2,150 2,100 5.875  6.000 2.13

3 .l1 5.6 2,150 2.395 5.875 6,030 2,64

L 635 5,6 2,450 2,360 5.875  6.100 3.83

5 .72 5.6 - 2150 24350 5.875  6.140 L.52

6 775 546 2.L70 2,350 5.620  6.1L0 5.32

7 .83. 5.6 2480  2.340 5.810  6.160 6.03

8

875 5.6 2.480 2.330 5.810  6.180 6 375

The graph is shown in figure 13.
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TABLE = 3 (d )

VARIATION OF RESISTIVITY WITH CURRENT IN PYRITE

Distan between probes = 1.4 cm.

e | LT | ommie iy
i zggggggi in volt i__ oA %
S 03h 0,075 11.65
2 1.20 | 0.4 7.72
3 1.60 0,6 6.88
L 2,25 0.9 o 6.4
5 3.00 1.2 6.33
6 3.65 1.6 5.7
7 k.00 1.85 5.55
8 5.20 2.45 5.5

The graph is shown in figure 19,
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Tel CGALCULATICG] OF HWMBER ATCMS PER (RIIT VOLUME

3
@) Sbysy 1 n o= Batens X (0O, 575300 gy 3
(6 X 109)3

b) PbS : B o= 8atmsX(100)_3.3.8x10283m5/m3
(8,92 X 1063

8 atoms X (100)_3 - 50X 1028 atoms / o
(5.007 X 10™)3

=
a

c) F s

d) Nacl t N = 8 atoms X (10’.))3 » L b X 1028 atms/m3
(Halite) (5.63 x 10 )3

e) Graphite : ¥ = L atons X (100)3 = 10.1 X 1028 atons/m>

(2.&611)21( 6.707 x(1o"8)3

CAUTION s These values are approximate as the exact composition and
purity of the ores were not known. By way of illustration, the vatues for G,

and S; are given below
. 3 ,
£) G, $ H o= € atoms 100)" w 1,52 x Iﬂa.aat.ms /
(5.62 x 10™°)

g) 5 ' N = M.’L%@ﬁ-io:cmzaam/é

(Soh3 x 1070 3
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7.2(i) ~ SUBNITE ( As Extrinsic Semimconductor)
1) oy - 1,18 x 1 - 1.23 x IOZh ﬁoles/g

5098 X 10.6 ® 1.6 X 10-19

2) M 85 x _ 5.8 x 10;6 - 2.935x% 10-h uz/:v—sec.

1,73 x 10
1 1

3y 7 e , Where c= 1
Pepfosl) 1.3 x 107 x 1,6x10719x 2,93 x10™ 'x 2.5 [ ssomed

= L9 x 102 carriers/ u?

n: 2 L7 2 '
i = .2.45 x 10 - 2,02 x 10 3 electrons/ o

n 24
h 1.23 x 10

-W 05
5 c g /

5) k.9 x 10°3 = 2.5 x 10° from which

wg - 0005 X 3'9’4 o (0.197 ev.

7.2(ii)  LEAD SULPHIDE ( As Extrinsic Semi-conductor )

‘ | 1
1) n, = 1l.18 = =y % 6.01 x 10%! ¥oles/ o
1.6 x 20729 % 1,226 x 10

85 x le26 % 10"?‘_’ < L.96 x 2071 at / v-sec.

2) b=
f‘ 2.1
3) ny = - . vhere ¢ = L€ 2840, 8
2.1 % 1.6 x 10719 x 1,96 x 1074 x 1.B Fn 0800703
(assuming)
2
- 3.3% x 10" ! carriers / o
L) n, = dedEX 10 o 1.86 x 10°' clectrons/ o’ .

6.01 x 10+



L) tx T P

Lo

5) 3-3&::10""'11-531(_!‘21 X S x10° X e~ Y/ +05 gron which

Hg - 54.‘;, Oow-l-l &V,

LEAD SULPHIDE ( As Intrinsic Semiwconductor )

1) n; = 148 1 — X 0,2/ 1.8 = 5,67 x 10°0car. /a3
1,6 x 10717 x 1,226 x 103 |
1 ' - 2,52 x 107 52/ v-sec.
2)  phm 2,1 x 1.6 x 20709 x 5.67 x 1070 x 1,8 -
, g/ <05

3) 567 x10V 0 = 5% 107 % 5 x 1013 from which

Hg - #5935 ev.

L) pme(lee)m = (1a-.8)x297x 167 o 5.k x 2107 & presec,

which {s apparant moblility.
Ru is Ppositive, Mh 7 Me .

Since

T.2(1i1) m { As Extrinsic Semi-conductor )

1) n 1,18 x 1 -3 * LeS6 % 1021 eleﬂ-msfﬂ
e 1.6 x 10727 x 1.82 x 10

2) f"e » 85 x l'gzlx 103 - 2¢7X]-U.h ﬂal Vee3EC,

[ 4
3) n, = 1 where ¢ = —= 1,5 { assuaed )

P opifl + 1/c) e
1

u - 2.72 x 1057 carrierf m
6t x 1.6 % 10717 % 2.7 x 1070 1,67

nt12 /0, w 7,4 xlo'"‘2 Jlie50 % l.(f)21 - 1,62 % 102‘ tn:::uas/m3



_ -,
5) 2.72 x 1.021 -5 x 10213: 5 x,103 x ¢ 9 / +05 fron which

1)

2}

3)

L)

Hg = 9-1156 ev

S5) F”ri Tiooniddve ﬁ‘.,‘. e T 1&1 v

PYRITE { As Intrinsic¢ Semieconductor )

n, =1.18 x 1 X 0.5/ 2.5 =0,91 %107 carriers/a’
1.6 x 1019 x 1.62 x 10~3

Me= L - o~ - .8
fen; {1+1/c) 5.1 x 136x 20-19 5 ,91 x 35%2V5 1 667

= 8,1 x 10'1‘ mz/ YmSECa

2 - Wg / .05
o9l x .‘I.O'?l = 2.5 x 10 5 X e g fron which
wg = 0051 eV,

Apparant mobility = (l-c),ke = 0,5 x 8.1 x 10"!‘ = },05 x‘m—h m2/ V=32c,

Since Ry is negative, f"his less than/.‘e

FHEERE S



CHAPTER « 8
DISCUSSION OF THE RESULTS




8.1(1) LEAD SULPHIDE

It has been observed from the results that in the cage of FbS,
np ¥ ng (since ny = 6,01 % 162! notes/ o° and n, “ 2.86 x10°1 electronsfm)
signifying that the specimen {s intrinsic. Intrinsic specimens have the exact
stolchiomelric composition. As a result of which the resistivity of those
samples is much greater than the excess Pb or excess S° specimens, Measure-
nent of resistivity shows that the PbS sample ‘has a resistivity of the order

‘wiimeg
of 2,1 ohm- m which {s about 10 (larger than those obtained by Scanlon,

Brebrick and Petritzls » This higher resistivity is another proof of intrin-
sic specimen, Mcreovery Scanlon and others used a single crystal of PbS

while the author had to use natural PbS ores.

The materlal has been trezted as an intrinsic es well as an extrinsic

specimen. The result obtéined in the two treatment has not 4iffered much,
Scanlon and others showed the Hall co-efficient and resistivity of natural
single crystal PbS of the order of Ry = U x 10“5 m3/c and B x 10'!‘ ohti=m,
- which are many times less then those found hy the author from polycrystalline
ores. The increased value of Hall woltage as well as the Hall co-efficient
my be explained by the higher resistivity of the sample, which itself is
responsible for exact stolchiometric composition and et imperfection in the
crystal growth. Frem the sign of Hall coefficlent it 1s presz?'med.that
the specimen ig p=type and the majority carriers are the holes, When two
types of carriers are present, Ry is given by

Rg= _3x i Mh= N Me

8e  (nppy* ngpe)?
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1f the material is treated ms intrinsic , np ® 0y % S0 that

7 2
s 31 Mh o= Me
Ry Benj (up+ Me )

Jn 18 greater than ime".  which is quite consistent with the value

of M and pe obtained by o S Put.ely36 « But in gneral Me/7 Mn -

Since Ry has been found to be positive

The reason for the result may be ascribed to the imperfection in the crystal
growth, The values of My and Me found out by Futely were 0,0800 and
0,0640 1/ v-scc. respectively. He also suggésted that m of single crystal
is greater than that of polycrystalline specimen by 2 = 3 times. The ratio
L2 o SBU hinined by Putely m%sea by the author in some of the

fh +0800 7
derivation of the results. Measurement of m obtained by others! showed

the value of the order of 0,5 x 1074 to 50 x 107t 1%/ vesec. The mobility
37
value obtained by the author is within the valuz obtained by H.Berger & Lothrop

and is nuch lower than those obtained by Putely . The low mobilities may
be connected with the higher resistivity of the material, higher value of

effective riqss of holes and reduction of 7T by magnetic ficld( since pfp= mhi"’")

The intrinsic encrgy gep obtained by Scafilon from single crystal was
about 0637 ev. and by Putely from sintered specimen was sbout 1.2 eve The
value cbtained Ly the author 15 closer to the value obtained by Scanlon,

It has been seen during the experiment that thc Hall voltage sometimes changed
from positive value to negative value at higher crystal current. This happened
because of the fact that at higher temperature, due to higher current, the
stoichicmetric composition of PbS has changed by progressive evaporation

from the original stoichiometric excess of S"' to the excess of Pb: .

The speciment might have been thus changed from petype 0 n=type ..Emess s *-

gives rise to holes as majority carriers and excess Pb” glves rise to excess

electrons as majority carriers. .



8.1(1i) PYRITE

The results an Pyrite have not been found in any llterature and
therefore, compared with those of PbS, Similar results have been obtained -

fron Pyrite with the only exception that Pyrite shows negative Hall co-effie
cient indicating that electrons atethe majority carriers and the mobility of
eiectronis is greater than that of holes. Pyrite is therefore a netype semi-
condtictor, '

8.1(iii) STIBHILIE

~ Of all the samples Sh,ySy showss the minium Hall co-efficient and
ninimm resistivity, Since the resistivity is ninimm the number of free
carriers 15 maximun, This i3 consistent with the fact that the number of

free carriers is maximm {f the Hall co-efficlent is ninitmm (since

n_1
e

Stibnite shows positive Hall cowefficient indicating that the holes
are the majority carriers. Stibnite is , therefore, a p-type semieconductor.
The encrgy gap of Stibnite found 0,19 ev, {5 minimum of all the samples,
This is also quite consigtent with the fact that lower the resistivity,lower

the energy gap until it vanishes in the case of metals,

8.2 JMAGNETIO RESISTANCE

The electron paths are deflected by the application of magnetic field
therehy reducing the meen free path , ond hence T is reduced (since ) mvT)" *

| R
and hence < decreases { since o~ = ﬂfi) s F increases.

Ho work on the magnetoresistance of any of the semiaconducting ores - °

has been found in any iiterature. The value fP—f given ,however,by bunlop3 8
2 .
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was in the range of - 0.1 % to 8.5 & for a magnetic field of 0.1 to 1 \hreb/m2
in the case of netype Germanium. The increased magneto resistance has been

observed with the increase of magnetic field.,

_ Hagnetoeresistance in all the samples has been observed. Amongst them °®
Stibnite éhcws the smallest change in magneto resistance from 0.58 § to 2.54 &
while Pyrite shows the highest change from 1,6 € to 6.4 € and the change in
‘PbS is intermediate between 0,47 & to 3 %. It has been also observed that

the change of magneto resistance depends upon the direction of magnetic field,

8.3 DISCUSSICN IN GENERAL

During the experiment it has been observed that permanent change of
resistivity occurs if the specimen is placed in a strong magnetic field for

a long peirod, Hall voltage hass been found to increase by changing the
direction of magnetic field suidenly, This has not happencin a fresh er

virgin specimen,

The voltage appearing between thz Hall probes is not in general the

Hall voltage alone, There are other galvenomagndtic and thermo-magnetic
gffects39 ( Wernst effect, Rhighl - Leduc effect and Ethinghausen effect)

which can produce voltage between Hall probes, Inaldition , IR drop due to
probef mis-alignment is present. All these effects are alliminated by
balancing this vcltages with the potentiometer beforé magnetic field is
applied. Llead Sulphide and Pyrite of lower resistivity of the order of

- -3
10 2 to 10 ~ ohm - m have been available but because of thelr small size
(big size was not available) , their Hall co-efficient has not been found,

The following precautions were ,however, necessary for making the measurements.,

1) To large current was not allowed except in the case of Stibnite which coukd
give rise to Joule heat and carrier injection might cause erroneous result.
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2) Pressure contacts were used and rectifying contacts were reduced to the

ninizum.

3) The IR drop between the Hall probes could not be reduced to zero by
changing the alignment of Hall probes and found thata spurious floating

potential pf the order of a few millivolts was observed. This might be

due to the rectification action of the pressure contacts.

L) All parts of the experiment including the battery set must be well
Insulated in order to awvoid leakage current which may be as higher as
15 te 30 MA.

As a check against leakage one terminal of a micro= ammeter is connected
to any point of the experimental set up and the other terminal connected
to the ground, Current will flow if leakage is present,

5) Very sensitive galvanometer must be used in orderr to chtain iresults

of acceptable accuracy';

. 6) The standard cell and the galvenometer must be protected by a high
resistance ( at least 10,000 ohm) in series with them.

7) After initial adjustment, the resistance must be shorted by a switch

and then final balance should be obtained,

The mobilities and diffusion co~efficients of all the smmples
are found to possess a value considerably less than that of Germanium or
silicon. As mobility and difusion co-efficient play an important part in
transistor action, they are considéred to be important properties of

Seml~conductors. - ————

For good trunsistor action, nearly all electrons emitted by the emitter
should travel through the base and be collected by the collector. But before,
being collected by the collector, some of these electrons recombine with
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holes present in the base. This rate of recombination depends upon difusion
length, Diffusion length is a measure of length over which excess of
electrong are diffuseri in the p=type material by the application of forward
bias, The density of excess electrons disappears gradually in the p-region
because of recombination of electrons with holes{tefer £39. 20),

If the diffusien length is appreciable, most of the electrons penetrate
into the collector region before recombination taltes placeas in thecase

of G, or 5§ signifying their good transistor action,

Pakistani samples, having smaller values of diffusion co=efficients,
possess no appreciable diffusion length { since LetVp } and therefore show

no significant transistor action.

M RRBHOHE
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9.1 CCUCLUSICHS

Pyrite shows the maximum Hall cowefficient while Stibnite shows
the minimum Hall cosefficlent. The samples of PbS and RS, are found to
posses extremely high resistivity ( 2,1 otm -~ m ) end ( 5.1 ohm = m )
respectively. These two specimens are therefore, considered to be most likely
intrinsic type. Experiments carried out on the semples on the assumption

of treir extrinsic nature and gave the follaring results

Pyrite t+ n, = h.56x1021/n3
oy, - 1.62:{1021/513

Lead Sulphide ¥ n, = 6.0l x ‘4’.021 / w
ne = 1.86 x 2081 /

However, this assumption did not hoid for Stibnite which gave the following
results

Stitnite : n, = 123 x10 2y o3

2 R
n, = 2.02x10 ’ w3
The resistivity of Stibnite seemed to ppsses normal value ( 1.73 x 10'2 ohm «m)

Lead Sulphite ond Stibnite showf positive Hall coefficient indicating
thet the holes are the majority carriers and Pyrite shows negative Halle
comefficient indicating that electrons are the majority carriers. The
former two are, therefore, considered to be p=type Semlwconductors while

1otter an a-type semieconductor. The same results had been obtained by

t Thermoelectric Probe Hethad.' in an earlier workww carried out by the

a.utlmtho . .



The mebilitfes and diffusion cowefficients of all the samples had
been found to possess a value considerably less than that of Germanium sk or
silicon. Pakistani samples , having smaller value of diffusion cowefficients,
possess no appreciable diffusion length ( since L« VP ) end therefore |
show no sfgnficant transistor action.

The energy gap at room temperature has been evaluated by employing

the formila ng = 5 x 1050 T e where ni ® intrinsic
carrier concentration. The value of n, is calculated from - "
e pin( 1vc)

§inge the samples are not perfectly iatrinsic and maximum resistivity of
each sample is not known precisely, the values of ng and hence the energy

gap are of the order of those given in the Table below. The lowest resis=
tivity samplec Stihhite is found to have an energy gap = 0.19 ev. and the

highest resistivity sample Pyrite = 0.L56 ev.

Hall angles at 8.6 Kilogauss for all the samples have been calculated,
Magnetoeresistance in all the sanples has becn chserved. Lead Sulphide
shows the minimum change of resistonce with the application of magnetic
field and Myrite, on the other hand, shows the maximuti, Number of atoms per

cubic meter of the samples has been calculated.

All the zbove results are tabulated below for the convenience of

comparison,
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9.2 SUMMARY OF THE EXPERIMENTAL RESULTS
NG i . UL
Name of samples. Stibnite Lead Sulphide Pyrite when Germanium
{ ! when considered considered
i j Extrinsic § Intrinsie § Extrinsic | Intrinsic
‘/ i ! i 2

3 -2 2 -3

1. Hall cosefficlent 5.9{!::10"6 1.226510™ 1.226X10° 1 .62¢10 > «1.62x10 - L.2x10

Ry in 1 /c

2. RBSiStiVity in ohm-m 1.73’:10-2 2.1 ) 2.1 5.1 5.1 10-2
3. Majority carriers Holes Holes Equal Electrons  Equal Holes
; holes, holes,
. electrons electrons
h. Type of Semi~cond, p"typeb p-t-ype errrine n-type .I.O. P-typ e
: 2 1
5. Haj.carrf;; i 1.23200"%  6.00x102" eees 4.56x107  eves 3.68x10°
centrati
| - «li = -1
v 64 Mobility of maj. 2.935x10"h h.96x10'h 2,92x10™3  2,7x10 8.1x20 1.7x10

 ‘carriers in m2/vesec.

, \ ,
7. Inteinsic carrier  betlx1023  3.3Mx10?" S.6mao?C 2.72x10°7 0091021 2,5a0t?
/  concentration/) .

- 21
’ 8. H;Blﬂrit,y carriers 2.0211023 1.86x1021 sean 1.62210 'TXX) 1-7x1017
-/

9. Energy gap at 0,197 o4l 0.535 0.4565 0,51 0.75
reom temp.in ev, ‘ .

jio.uag.resistance at 2454 2.55 2.55 6427 627 6.0
846 K.gauss at
I room tempt in ¢

i\'/;u.uau angle at 0.026L° 0,0287°  0,0287°  0.0157°  0.0157°  0.36
| 846 Kegauss '
! L -t
' 12,Diffusion com 7.62x10 1.285x10"
{4  efficlent of maj.
/}H carriers, Dy or D,

i in m2/seec.

u
¥

5 - W

Te56)10°  7.0x10 ©  2.09x10~°  halpao™>

2300, of atons /@ 3Wa0 3800 38102 5o 5x10 52316728

{
!

P — . _

B EAHRIREE
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APPENDIX - I

SOLUTION OF EQUATIONS
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APPENDIX - 1

1. TO OBTAIN EQUATION (23)

From (i), (ii) & (iii) on page 17, we have,

Z

Z

+* = Z
o Np7Er — * -k — z

+1 e +1

Let X = (No= Wp)/KT & y = <Wp/kT
Hence, 1/(eX + 1) + AeY #1) = 1

or, 1/(eX +1) = e¥/(e¥Y +1) fron
Which, o¥ +1 = X% + ¥ or, x¢y = 0

M-S T

or, (Ng « 2Wp)/kT = 0, or, Wp = We/2 = Wg/2 «s.(28)

2. TO OBTAIN EQUATION (25)

; ot
ne = 47‘(233/112) 3/23 WF/I{T jl;(w_wg)l/2 e_W/lCT aw
9
Let, X = WalWg or dx = dW;

\\\ When, W

When, W

—
-~

ol g X = o -Hg:"'( sase (1)

= Hg,, X = Wg-ng = 0 enae (i1)

1]

T«
47 (2m3/n2)3/2e NF/KT [o x5 o =(x*Wg)/kT ax

‘ ol
4T 4y o (VF ~Wg)/kT / xt o X/ kTy,
4 1) ”» ne
2(1/1:'1')3/2

2 (27‘!!1% kT/hz)a/z e(wF -"g)/k'r P (.25)

‘e
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8. TO OBTAIN EQUATION (26)

nn = 4 7 (2nf}/h2)8/2 o~WF/LT [ (=W)F /KT g

) - ol
let x = =N or, dx = = dW;
When W= 0, 220 e.. (1)
When W= = o X =. ol aen (11)

-}

= = 4 ook 202 o WA [ ity

)
ol
=4 < " | T _/(e'x/kT X% ax
T3
=4 K " 1) N (kT)3/2/2

2 (2 rnfikr/n?)%/2 AT (26)

4., TO OBTAIN EQUATION (27)
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= 4.8 x 10 ees  (27)
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AN
ARRANGEMENT
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THE CALIBRATION
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AN ARRANGEMENT
FOR

THE PRODUCTION
OF

THE HALL VOLTAGE
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AN EXPERIMENTAL SET-yp

FOR THE MEASUREMENT OF

THE HALL VOLTAGE.

POTENTIOMETER
STANDARD CELL

DPDT. PIN TYPE SWITCH

SINGLE CONTACT KEy (2 REQD)
10,000 OHM RESISTOR

Z-DiAL RESISTANCE 80X g (1+10+100)

GALVANODMETER
44V TRANSFORMER
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