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ABSTRACT

Hall ef'tect which gives very useful informa.t.lonabout semi-conductors

has been investigated £01' different semi-conducting ores available in

Pakistan in the presmt work. The other properties such as Hall c0-

efficient, resistivity, type of semi-conductors, majority and minori~

carrier concentratioo, intrinsic carrler concentrat1oo, mobility, energy

gap, magneto-resistance, diffusion co-efficient, nlmiberof atomsper cubic

meter etc. have also been investigated for SOIllC promising semi-conducting

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

samples of Pyrite and Leadsulphide have been carried out on t.he assumption

of their extrinsic 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 comparedwith those obtained by other workers.

A SUlllIlIW:Y of the results obtlained has bem tabulated at the end of the

text. The values of GermaniUlIl show in the table have not been determined

and supplied only for the convenience of COlllP!U'is~
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NcmNCULTlJRE

The following llIanenculture defines the symbols used ganerally

throoghout. the text •

. a ••Lattice Constant in AO

A

n
c

C
D

••AmpereJcross sectional area

••Batter,n Magnetic field intensity in Web/m2

- Axial lattice constant in AO • J ratio of mobilities (

•• Coulanb
- Diffusion cxmstant. in m2/Sec.

fA- ),
fAh

e •• Electronic charge in coulomb

ev ••Electron volt

~ •• electric field in VIm in the direction x, y

Fy ••Lorenta force in the direction y

£cc •• Face centred cubic

Fe 52" Pyrite ( Iron Sulphide )

H ••Magnetic field intensit¥

I- Current in ampere

lee •• Electron current in tne emitter circuit

Iec •• Electron current in the collector circuit

Ieb •• Hole current in the er.litter circuit

J ••Current density in ampere/ m2

R ••Boltzman's constant.

• ( Ix )



••Density of electrons in a conduction band

1- Length

L ••Diffusion length in meter

m ••Massof an electron; meter

me,mh'"Effective mass of electrons and holes

mA - Milliamp

mV ••Millivolt

fie ••Electron mobility in meter/ V-sec.

fth •• Holemobility in meter/ V.sec.

r~..Relative permeability

n •• IntegersJ carrier concentration in general

ni •• Intrinsic carrier concentration in cubic meter

ne
ne,nh" Concentration of electrons and holes respectively

n '" Density of electrons in valence bandv

N ••NUIJlberof atoms/ unit vol.

ell" Hall angle

PbS ••Leadstllphide

R ••Resistance in ohm

fit ••Hall co-efficient in m3Ie
I ..Resistivity in ohm-411l!terin presence of magnetic field

J; •. Resistivity in the absence of magnetic field

4t = Changeof resistivity
!... .. l!agn.zto-resistance in percent

SbaS3'"Stibnite ( Antimonysulphide)

r( •• Relaxation time

T ••Temperature in degree kelvin

( x )

•

\
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Vx ••VelocIty of electron In the direction x

V •• Volt

VH ••Hall voltage In millivolt

W os Energy in gaaeral In electron volt

We •• Energy corrcspoadlng to the bot.tomof the conductIon bal¥1

"9 • Energy corresponding to the forbidden band.

"F •• Energy corresponding to the Fermi••level

'tIeb./JtJ1.. Weberper square meter

Z ••Hueberof at=/ ~

cr • Conductivity in nho/ III

..n. •• ohm

+,0 1M Holes

.,. ••Electrons

( xi )
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1.1 :INTroDUCTION

The study of the properties of indigenous semi<onducting ores

available in Pakistan were undel:'tal~enat the I!lectronics Laboratory of

the Engineering University and the present work is a continuation o£

the previous wrlt.

The diode and triode action of Pakistani semi-conductors had been
1

carried out in an earlier wrk by the author. Anencouraaing diode action

of somematerials was obtained while lltt,le or no triode action was obtain-

ed. Controlled a.tmosphericcondition, which is an essential factor for

obtaining good triode action, was not a'railable. However,the possibi1i~

of using the ores as detectors of radio signals was carried out and

hopeful results were obtained.

The present worlt covers H:dl effect which gives very useful infor-

mation about semi.conductors. 'DIe other ,propel:'ti.essuch as carrier

concentration, type of SEmi-eonductorsfromHall co-efticient, Hall

angle, mobility, intrinsic CGlTierCQPcentration, energy gap, magneto.

resistance etc. have also been investigated for somepromising materials

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

been discussed end ccmparedwith those obtained by other wrlters •

•
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Holl effect wasdiscovered as early as in 1879. Since then !llUch

workhas been done on the subject by a large n1.llllberof scienti sts IlIld

it is needless to sr5¥that the study is not yet exhaustive, specially

for semi~conduetingores available in Pakistan.

Agreat interest was seen in this direction only very recently

in 1948, whenSem!-COllductorsentered the field of practical science.

With the ever growingimportanceof sem1-eonductorsin the practical

field, great efforts are being madeto find out the sem1-eond.ucting

properties of different materials for utilising them in never branches

of technology.

1.2 UTERATIJRE SURVEY AND TIlE PRESENT POSITICti

As the present workis concernedwith the properties of semi-

conducting ores, the author desires to recall the most important voms'
2,3

done in the field. so far. In 1879, E.H. Hall discovered the action
. LOTl?nt3

of lllaQret.icfield on a permanentelectric current. Wi<,haS proved that

the force F emrted on an electron b,y a COllIbinedelectric field E and

magnetic field B is given by

F--e [E+VX~

The free electrons are driyen towards the faces of a semf.~ond.uct1ng

sample, resulting in eJll:essof charge carriers on the £aces. This in

turn creates Hall voltage.

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

•
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on iron, silver, and tin. Before him; two other scientists Feitzsch in 1858

andMachin 1870and Rowlandcarried out similar investigation but obtained

no result,

A.H.Wilson4 (1931) explained this effect fromthe viewpoint of
5electron, theory, In 1933, Fowler studied the Hall effect theoretically to

account for the observedpositive, zero and negative Hall co-efficients .•

In 1935, I.H. Hall observed the Ettingshausen effect, the Nernst

effect and the Leduceffect in excess to Hall effect in copper at various

temperatures ranging from200Cto 900C.

E. ConwellandV.E. Weisskopfmeasuredthe Hall co-efficients and

resistivity of Germaniumsemi-conductorsin 1946and found that simple theory

of lattice scattering alone could not explain the temperature dependenceof

mobilities. Another source of resistance was scattering by impurity centre

such as Rutherford scattering of electrons or holes by a randomdistribution

of impurity ions.

In 1949, G.L. pearson and J. Bardeen6madea theoretical and

experimental stud;yof the electrical resistivity and of Hall co-efficients

of pure silicon and silicon alloys containing Boron( p - type impurity)

andphosphorous( n _ type impurity) over a range of temperature from

87°Kto 900oK.The temperature variations of the concentration of carriers

and their mobilities were ~eterminedfrom the resistivity and.the Hall data

for different samples.

Hall co-efficient and conductivity of lee.d sulphide weremadeat

roomtemperature by Dr. E.H. Pute1y andHr. J.B. Arthe/ in 1951. Their work

indicated that the samplemight be a p - type or n - type semi-conductorwith

•
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carrier concentration ranging frOlll10
21

to 10
26
/ m3of either sign. It was

also .foundthat by sui table heat treatments p.type specimenmight be coover-

ted to n-type and vice-versa. The sa'lleeJPeriment was done by Dunaevand.

Kaslakovitz8 in 1947. Theymeasuredthe conductivity am Hall co-efficient

upto a temperature of 9OO<>r. but did not find any evidence for intrinsic

conductivity. Their sampleswere rather impure. They found out the energy

gap of the order of 0.37 eVaBut Putely and Arther perforned eJq>erilrBntswith

comparatively pure samples~which showedintrinsic conductivity. Thus they

inferred that lead sulphide exhibited. intrinsic conductivity, and behaved.

quantitatively according to the accepted. semi-eonductor IIlOdelwith an energy

gap of about 0.3 to 1.2 eVe

Measurementon the electrical properties of PbS and other semi-

conductors was also carried out by Sisenmann9,HintenbergeiO.Kortonll ~
12 13 14 15 16 17 18

Chasmer , Miche1ssen , Gentav , Scanlon ~ Putely, Banbury ,Koss ,

Scan1on19andmanyother workers.

country

There does not seemto be muchwork done on this subject in our
• 20.
m the past. Somestudents of DaccaUniversity in the recent past

concentrated IIlOstlytheir workon a:ubK sintered samples of Pakistani origin

and the only one natural ore on whichworkwas carried out, happenedto ba

Stibnite ( Sb25.3 ). Values of Hall co-efficient5, nature of carriers, carrier

concentration~ mobilities and magneto-resistance for the specimenwere obtainec1•

•
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•

PAKISTANI SEMI..ooIDucrmG ORES

There are m.::my seni-conducting ores available in Pakistan. Of the$e~

pyrite ~ Gallena~ stibnite, Graphite, Su1phur~Bauxite, Magnetite, Limcnite,

Hl!I1a.tite,Halite, Arsenie~ Potash salt andManganeseore most important.

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

are the IIIOstpromIsing semi-conductors and therefore chosen ;for investigation.

pyrite, an ore of Iron & Sulphur, occurs in ChandranathHill of

Chittagmg district and.~at.?1".l.lhud RelWrveForest Area ot Chittagong Hill

Tracts.

Gallena , an ere of lead and Sulphur, is available in West Paltlstan •
•
Sti1lnite, an ore of Autlr.lonyand Sulphur, occurs also in West

Pakistan.

•
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SIlMI- CONDUCTORS

21
Semi-conductors are electronic conductors with values of electrical

.•2 9
resistivity at 1'0011 temperature generally in the range of 10 - 10 ohm-em•.•,
inte1'lllooiate between good conductors ( 10 ohm-em) and insulators

14 22
(10 - 10 ohm-Clll) •

At absolute zero, a pure and,perfect crystal of most semi-conductors

wouldbehave as an insulator. The characteristics of semi-conducting proj:£rties

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

3.2 DI5ITI{CTICIl BETWEE1l KETAL. SEMI-eoNDUCTOR AND IlJSlJ'I.ATOR

METAL SEMI-GO!lDUCTOR I INSULATOR

1. A large numberof
free electrons at
oClK.

2. Large numberof
free electrons at
roOlltemperature
(3000Jt.)

3. No energy gap.

4.'Positive tempera-
ture co-efficient.

,. nt •• constant.

•

No free electrons at
oOK.

Fewfree electrons at
300 OK.

Small energy gap.

Negative tempera-
ture co-efficient.

5 1021T 3/2 -Wg , 'I
nt'" x ,e2kT/1/Y

No free electrons at
oOX.

Very small numberof
free electrons at
300 OX.

Large energy gap.

Negative temperature
co-efficient.
ni ••,xl021 rJ/2 e-Wll/2kT1m3
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3.3 MEnIlD OF CRYSTAL ANALYSIS

Crystals ~ usually analysed by JG-ra.vdiffraction. The edge of tIli t

cube is detetmined by Bragg's diffraction fomu1ll" a" n A •••••• (1)
:; sin e

where J.," wavelength of YJ-ray

e .. angle between the 'Kt-raybeammid the atomic planes.

n •• integers, 1,,2,3, etc.

The aboVemethod a1so provides us with the kno.ledge of arrangement of

atoms in the crystal.

CRYSTAL SmJCTURES OF SELECTED ORES•

Crystal I Structure Lattice constants IAt<X:lS/unit Individual

I at roomtempel'a- cell t Structure

I I tun a(in AO'(~alt I
I I I

PbS Iree S.92 A (4+4 •• ~22 Ph-fcc" 4
(Sameas lIacl) S-rce - 4

Fe~ 5.407 A
23 2Fe-beC •• 4

C:lI'!l?lexcubic 4",4" a-
S-fec-4

Cubic (sallie as 6.0 24 Sb -fcc - 4Sb2S, A 4+4 •• 8-
Zns ) (Assul:ling). (assumed.)

S -fcc" 4
22 Na "fcc" 4

Nacl fec 5.63 4.4" a-
cl "fcc" 4

Graphite Hexagonal 2.h611
25 Graphite ••6.707 2+2 •• 4-

( C+ Ph) hcp
hcp-2

(epe closed
packed)

•
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JfII1l .u.et 91". ••• verybIportant lntol'atl •••••. -eaclductol'll.

.. , Baent.la14" It 1. tba potcntlal drop tIat. appeal'lI IICnMIS WD ;ppoaU.. tacea
of a ~ alU, J)aoovld8cl •• trong -onetlc tlc14 ..s a CUl"Nlt

t10v thraugh the alU, pajMl41cu1ar to the 41rectl. of eppearance of

26
A. ~lcl8r. alU of pootypeMterla1 in whlch tben la a c:urnnt

"--ltv J nau1tlng traa aRlIpp1le4 e1ectrlc tleJ4 Ix • Since the carrl ••

an u •••• to blI poIIlt;l"., thIy vlU drlA vlth ••..••.• valooltq Lvx>
in tM x 41n1Ct.l••

'fbi torce .J8L"te4•• hole of chal'ge • 1:t' a cc.blned e1ect1'lc ..s...-uc £le14 1. give 1:t'•••••• toza4a

., • ~. La + y x 11 •••••.• ( 2 )

~ oondltlca of -.u111lbri., ,,- 0

:". -,.Vx.lBII-O

ott Jtf. -vx x... Vlc 911 ••••••• (l)

Gl tM otha' hIIId, the currentanalt,v in the -.pl. I. give 1:t'

Jx • I'll.!. Yx'> ••••••• (ll)

....•.......•. (')...L.
I'll.

"".

B1lalnatlng 'Ix ma tba •• uatlaN! (I),(ll) •••• lktlllll t.bI Hall GO-

attlclmt "Hu .

J\i.

'fbi cun •• d8naltV Jx can be ca1cN1atell .rrc. tbe total curi_ WId.the cnu

aectl. of tba S8IlPle. The £1c14By .., blI .t'aua4 1:t'attaeblng 'UIDltageprobu

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

Hall voltage by the width of the sample in they direction. Thus RJ.!can be

obtained from measurementsand rlh can be calculated. It should be noted here

that Jmll!l: proper averaging over the velocity distribution of the carriers

gives %. (JAn' where A is a constant of the order of unity. For a
h

simple semi-eonductor model.

,.

1

,.. 2.. where /\ •
v

••••••••••••

me:anfree path

( 4 )

••

v • velocity of electrons.

If meanfree path is dependent on velocity ,fl, then the expression
28

3 7\2 r(p +3/2 )

4 { Pp/2 + 2 ) } 2

1) For lattice scattering, '::\ is independent of velocity

. i.e. P" 0 the expression" 3"Kt f3/2 • 37\
4 ( f2;)2 8

Hence l\i •• 1 • •••••••••••• ( 5 )

2) For impurity scattering, p -;;: 4. the expression ~ 1.93

when HH •• 1.93 1-~e
••••••••••••••••• (6)

An intennediate value is used.whenboth lattice and.L-npurity scattering

are present. For. simple lattice scattering. the factor 3 '](/8 has been used

throughout the present work•

•
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B. If the carriers were electrons instead of holes, the polarit,y

( 7 ).......... '...... -~ =Hence

of VH wouldbe reversed.
By

where ne = density of conduction electrons.

Wethus conclu1e that a measurementof Hall co..efficient of a semi-

conductorwith one }~indof charge carriers provides us with:

a) the sign of charge carriers

b) the density of charge carriers.

HALL MIGLE : It is defined by eM as

eH = tan eH =
Ey = !1t Hz c:r; ••••••• (8)
Ex

Since Ra =

3.6 CARRIERCOlJCEUTRATIOll! J Since It! for lattice scattering is given by
,-
I

+ 1
ne where + sign stands for holes and

- sign stands for electrons.

Hencen = +
37\

"1re
1
RH ••••••••••••••••

So froma measurementof Hall co..ef£icient carrier concentration can be

calculated.

MOBILITY • It is the d.ri.t't velocity attained by an electron per \mit

electric field and is given by

t net (for one type of charge carriers )

when t= + er-
n e ••

+- _<::r__ , =_ 1; (8,{3n) CT RH •••• (10)

Theabove theory is applicable in case of one type of charge carriers •

•
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:DlTlUNSIC SEHI...ooNDOCTORS

Whent.wotypes of carriers are present,

a) t.he conductivity of semi-conductors IIUo/ be expressed by29

ne e
2 'fe . ~ e2 "T"-----+ .

t1c'~

I •

..........••. ( 11 )

where •• conduction Illectrons/ ,;J
d conduct.ionholes / m3

. drift mobilities .for elect.rons and holes

respccti ve1¥.

e •• electr~fiic charge

•

b) Hall co-e.fficient, ~ be expressczdby
2 2

Iln. "'h - ne f'1e

(fih /1" + ne t'e)2

The result maybe obtaiMd in the .following way 1

Whenboth types of charge carriers are present.,

••••.• (12 )

.
The force eJected on a hole of charge e by a ccmbinedelectric and

magnetic field is given by F" e ( E + v X B )

Under condition of equil1ihriutn, Fy = 0

therefore ~ + VxXBz •• 0

or Ey - Vx Bz •• 0

Ey- •• vx Bxor •
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Now ( Vg) , <trit't. w1oc1ty of holes •• e 1h E w flhE
l!Itl

(vx ) , c1rlt't. wlocitQ of electrons" •• e 7'e B .-I'f E
lIle I e

or Vx tor both e1ect:.rons and holes • ( fI,'" /1e. ) E.
!>I'''''' l

or By. ( fA - /'e) E Bz • [ £y:=. "V:c: 13i!J'

••

•

Jg

e (nefe + nihj"1I,>

By flh - f'4e___ w ••

Be Jx e ( nef1e + fItt /'I", )

1 rlh!,,~" Os j\f~ + f1~ fth en. - fItt)

; ( "e fie • fln/"f

since lle ••fln" nl

••

1Ihere 0 ••

•••.•••• ~•••• _ (126)

••••••••••••••• ( 12 )

oX' Os - Ilh" 0
'l- I). rl.

"ht'h'" e Ie

• ( n. ~e +nJ1J'fh )2

.(Ilh •••0e c2)

('i1 + ne c)?

('1e-
flh

0- •• e ( nlil fe •

c • 1 ) •••••••••( 11& )

•
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i) mEAL INTRINSIC CASE

\
\
II, ,

! \
, "

,
",

••••••••••••••••( 14 )1+0-••

37'(.. ---8e

c:r •• Ole (/'Ie. flh ) •• nl e f1.,( c + 1 ) ••••••••• (13 )

nl(1 ••c2)

ni2 ( 1 + c )2

" \:\ \

Henceconcentration is gIven by

1••e
I.e ••••••••••••••( IS )

Apparant Illobllit,y is given by

8
•• - Rtia-

3TC
8 37' 1••c ) f4.,(c+l)•• -< X nl e
31\ 8 e n1

1. c ,,,
I,

orf'. (l-C)fl •.• •••...••• ,.* ( 16 )

30 •The IllObllit,y relating W1thmeaniree path and e:£fectiw IIlaSS• is also

given by

f. 4.-3
..i

e A (2K"e kT ),,'. ••••••••••( 17 )

•
• • the llIaSS of an electron in iree space.

2.43 X 10
15

~ T -l •..••...•.••
I

(18)
•
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•

A • -16 T*4.1 x 10 f'l •••••••••••• ( 19 )

The equatlons(17). ( 18 >. (19) I1ll\Y be applied to either electron or hole

moblllty, prov:1declthat the proper e£fective IlIBSS is used.

ii)

Let ns" the saturation concentration

E1s. ne - ~ ( n - type )

n •
S

Hence conduct! ty maybe expressed In the tom

0- • e rh (CDe + Dh ) •••••••.•••.•.••••••••• ( 20 )

or
e fh (c nh - c n. + flJl )

( 0-/ e t-'t:t + ens) /(c + 1) ••••••••••• ( 21 )

For a n -type sample , tle.. tItl+ na

nh • (0-/e rh - ens) I (C + 1) •••••••••• ( 22 )

3.8 INTRIrISIC CARRIERDEUSITIES AND!'.NEIDY GAP mal MOOEL

1 A simplified 1IIOde131of a seml..conductor or Insulator t

At absolute zero temperature, all semi-eond.uctors aN insulators as

all the energy levels are COlIIpletely.filled, and the conduction band at flO 0

is cOIlIplete1yempty•

•
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At te::lperatures higher than zero, the d.ensitQof electrons in a conduc-

tion bend. Is g1wn 1l'f.

•

Z
(Woe. ..J.jp) A.'t '• .,,, + 1

were Z. nUllberof possible states/mit wlU1:1e.

•• ••• ( 1)

Similarly, the density o! electrons in the valence b:1ndis,

1Iy-
z

• ..all • 1
W'"

••••• (U)

Again, neglecting spin, . De • rv - z

Fran (1 ),(U) and. (111)wehaw ,

We • "g
ifF - 2 -r

••••••••••••• (Ill )

•••••••••••••( 23 )

Hence Fermi Energy lies Inlf WI\Yootween the top of valence band an4 bottall

of conduction bm'Id.

Pc •

Since \Yg i8 large greater than aT •

2B •••Ug / 1J(t
• 10. per meter ctile •••••• (24)

•

Again

ne

Z
(We ..vF') / k Te + 1

Z
Vol 21a'•• Z " •••"g/2kT

• z
Ug 7 2kT

c .1

Z is asStaed to be 10
26

•

•
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•
n Improved.IlIOd.el for intrinsic sml-conductor.

Whenthe width of the allowed. energy bands becanes <:aaparable with the

width of the torbldd.en region. the density of conduction electrons is

glwn by ,

~Of
" ne •• f Z (W) F (V) di.

W~
Nowthe nUllber of" states per tni t vol\11iS

Z(W)dlt •• (47'\) (2 me*M-)3/2 ( W•• li
9
)t dII 32

lawt(W).. 1 •• e (VF <oW )/14T
e (W..v,)/14t. 1

Since {W - Wp)18large greater than kT at low temperature •

•

••

••

••

orn ••e 2 (
3/2
) :Ji:x

•• w/14T
e dii

~*
2 (1/1a)3/2

e(WF.JIg )/kT •••••••••• '(2S>

1
(VF - it )fitr

1+8
Since (Wp •• 14 ) is large greater
than kr•

Similarly. density of holes in the valence band ma.v be written as

nh •• f ~(V) F(W) dW
-~ 3/2 t

Now, Z(V) dW •• 4 7' ( 2 ~ */ h2) ( ..w) dii

and FeV) •• l.. {li1. li,»)kT 1 =
e +

= e ( 11•• lip) / kT

•
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4 T{ C 2 t1tI* /h2 )
3/2 Ji, /l<r v i W/kT~. • fc..v) e d.W.
3/2

-0<.

4 T( ( 21llfl.*/ h
2
)

- ifF /1<t
'[(1/2 (kTl/2•• e

3/2 -if,/I<tor Ab • 2(2 7'\"b * liT / h2 ) 8 •••••••••••••• ( 26 )

Therefore, lraa Equations ( 2S ) and ( 26 ) we have,

•

••
213/2 ••i'lg/2kT. .

S x 10 T e ••••••••••••••••• ( 27 )

• 1,1 me'" •• f1lh* ..m is asSUllllid.

RESISTIVItY

The resisU'l1i~ ,. f is measui'ed.In ohm- mby

f ..

where

VA
lL
v •• voltage drop in volts

• ••••••••••••.•••• ( 28 )

I" C\ll'1'elltin JlI:lperes

A" cross section of the slllllPlein fI12

L" d.istance between probes in meter.

At high temperatures instrinsic conduction occurs ~ rte •• 'il ..n! as

the dectrons leaving the valence band makingthe samentnber of holes •

•
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At lower temperatures~ resistivity depends on the impurity content.

The resistivity of semi-conductors decreases with the increase of

temperature as the electron and hole concentration arise from the filled to

the conduction baM. The theory indicatell that

.•••••••• ( 29 )

where A ,'" a constant

k '"

T '"

1,
I

3.10

bolts manls constant

temperature in "it
energy gap between the top of the filled band.and the
bottOlll of the conduction band.

FrOIIla resistivity versus temperature Ct1rlTeA & Jig can be calculated.

MAGNETO - RESISTAWCE

Variation of resistivity of a specimenof seml-eonductor in a magnetic

field is an important phenomenonand is denoted simply by ,f- f. X100
..4f " X 100 where Af. change in resistivity ~d without

Po f.the magnetic field, D" resistivity at zero magnetic feild.

Fromthe workof Kapitza it is knownthat the magnitudeof the change

of resistance depends uponthe value of e H 7' , where .." is the
m

relaxation time, Fromthis we find that if the electrons have the sarne

relaxation time 7' and massm, they will suffer the sameeffective Lorentz

Force F, which ,.i11 be balanced exactly by the electrostatic force e 1lI.

Consequentlythe electron paths will be essentially unchangedin thElnew

dynamicequilibrilllU, aM therefore the current and conductivity vill be

unaltered. That is to slJ3'that there will be no magneto-resistance •

•
- -- ._--~--------



It

•

•

CHAPTER - 4

DESCRlPTICIJ OF 'mE EQUIPMENT





4.1

•

Anelectromagnet constructed by D.J. Syam33was used. The design was

re-checked ond results obtained di.fferred a bit frart the theory. Th4 electro-

magnet consists of :

1} Air gap.
2) Poles pieces of mild steel.
3) Yokeof cast iron.

It is desired to produce a magnetic .1'lwcdensit.)' of 1 weber/ 1Il2 in the air gap.

1) ttagnetic field intensity in the air gap ,

B- •• 1 -7
4]fX 10

•• 196oX2"

to 7960 AT/em.

15,920 AT.

2) Neglecting fringing?

We have ,

••

Since the diam of pole pieces ( 10 em.)
is muchgreater than the length 0.1'the air gap
{ 2 CIlI.}

2B2~ •• Bl Aa" 1 'Weber/m XAa

lcf lines / C!!I2 X 78.3 em2•• 78.3000 lines

18 ,I 8 4 l' I 2Bz ( in pole pieces)" 3,00, 7.3 •• 10 1nes em

34
~ (fl'OlJlB - H curve for mild steel ) •• 13AT/ CllI.

'2 •• H2 L2 •• 13 X ( 2 X 27) •• 702 AT

783,000 lines ( neglecting fringing ))

183,000
104

•• 7,520 lines / 032
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~ (f't'OIl1 B • H curve for east iron34) • 49 AT/em

Hence total mpere-turns •• 15,920 + 702 + 5,600 • 22222AT

But the actual mlllber of tums provided

•• T1 + T2" 3990 + 3990 •• 7960 tU1'l'Ul.

The coils were connected in serie..

Hence, current required theoreti9al1y to produce a flux densIty of 1 weber/ m2

'" 22,222/ 7•.980 •• 2.77 amperes. But it was seen that in eJq>eriemt only

0.75 weber/ m2 was obtained at a current flow of 2.77 Amperes.

The sea1amp tlwaaet.er made by selentUic PYE Inst1'Ulllllnt.Co. vas

energised from a 4 volt battery. There were two coils for the measurement

of the flux density in the air gap of the electromagnet. After the connec-

tion the coil was IlIOved into the air gap and. the reading vas taken on the

scale. Before taking such measurement. zero adjustment was mad.e.

The specification of the .fluxmeter used is given below I

CAT No. 8834

Search Coils I

1
110.1
I
11

2
CIIl ••Turns.

em •• }lean. Dimn.

1100 em2•Turns
2 I

11 em" Mean Diam.

Galvanometer Constants I Free period •• 19 sees.

Critical damping resistance" 17 Kilo ohm

Current sensitivi~.. 1,590 rei r A

•
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4.3 THE SAMPLE IDlDER

The sampleholder consists of (a) a woodenframe provided with (b)

.3Hall probes attached with 3 screws and the 4th probe is a brass plate upon

which the sample is placed vertically as show in the fiqure 4. The specimen

of the semi"conductorwith the sampleholder was placed in the air gap of the

electromagnet. Nopart of the sample holder was ho;rever, madeof magnetic

material. Brass nails were used in the woodenframe. The probes were made

up of platinum material procured frOlil6hemical Engineering Departmentand was

attached with adjustable screws.

Theprobes were bought in and out of the holder by rotating the screws

inside tb: nuts attached to the woodenframe. The contacts madewith the

sampleswere of course, pressure contacts.

4.4 THE POTENTIOOTER

The pptentianeter madeby Leads & Northrup Company,was used for

Hall wltage measurement.There were two ranges (a) High range 0- 1.6 V.

and (b) Lowrange 0- 16 mV.Both the ranges were tl.,>edfor different measurements.

Theproper range was selected by connecting the negative supply of Ii.M.F. to

terminal 1 for 0- 1.6 V range or to terminal.O! for 0 - 16 millivolts range.

4.5 3 DIAL RESISTANCE BOX

The 3 step resistance box was not enoughfor an accurate balance.

4 - step resistance box was needed to obtain an accurate balance but unfor-

tunately it was not available in our laboratory.

.....
•
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GALV ANC!'lETER

This was an important equipmentfor Hall voltage measurement.Non-

availability of a galvanOllleterwith sufficient sensitivity was a great

obstucle in the wa,yof the measurementof Hall voltage accurately. Nohighly

sensitive D.C. galvanOllleterwas available. Howevera scalamp galvanolleter

of sensitivity .008 /'" A/1I1!1lwas used.. Jt:i:B;m

4.7 MICROAMMETER

Amicroammeter (0 - 150. 300 - 500 ) was cormectedbetween the

Hall probeS and used for checking the polarity of the voltage drop across

the probes•

•
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EXPElUMENTAL SET - UP



CALIBRATI<W oF ELECTRaWiNET

The coils of the elect%'Olllagnetewere connected. in series as shotm

in figure,. Magnitud.eof the current through the coils was changed frOll
'5 Amp.

zero to ma:xJ.mum.fandthe flux density of the air gap\RSmeasured.by flux

meter. With no current a flux density of about 0.02 web/ ,,,2 was observed.

This is accounted for residual magnetism.A B-1 curve was drawn in fig.8.

Saturation was observed.at a current flow of :; amperes.

PnEPARATIOO OF THE SAMPLES

Am.1llberof natural Pakistani ores were collected fr01llthe Head,

MiningEngineering Department, WestPakistan 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

emerypaper. The thickness of the sampleswas reduced.to the minimum.in

order obtain a measurable value of Ha1l voltage. The length to width ratio

of the samples was madearound three, as it gave maximum.Hall effect according

to Isenberg Theory~5

}tE.ASUREl-!ENT OF HALL VOLTAGE

Anelectr01llagnet of high field intensity shownin the figure 5 was
used. Themagem\:.wasa large air cooled electromagnet having a capacity of

:; amperes. It had a field strength as high as 10 kilogauss ••• ( 1 web/ m2)

•

•
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The electromagenet was energised from a 220 volt D.C. supply.

A D.C. 8IIllIIeterwas used to Ileasure the current flowing through the coils.

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 W'a(I 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 movedhorizontally and the other vertically with the help of screws. The

crystal was placed on the round brass plate and fixed by the electrodes

properly for good surface contact. The horizontal probes were aligned in the

same horizontal line. The circuit for the measurement of Hall voltage is

shown in the figure 6.

POTENTICfiETER: The students I potentiOllleter was used for the measurement

of Hall voltage. 1.6 mY. range was used. Careful attention was given to the

polarity markings and to the use of 10,000 ohmprotecting resistor for the

standard cell as well as the galvanometer.

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 pressed

and released, and at the same time the galvanometer diffectlon was noted.

The current drawn frOO!the battery was fmmd to be about 10 rnA under balanced

condition. Before taking any measurement, a few minutes were allowed in order

to stabilise the current in the potentiometer •

•
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If the R •• 1 or K •• 2 is 1lBd.eon without turning A &. B to the position

of the voltage of the standard cell, heavy current. will be drawnfrom the cell,

thereqy damagingit. If such thing 'happens, b,ychance, sut,ricient time must 'be

allowed until the voltage of the standard cell regains. After the standari-,
,

sation, the D.P.D.T. switch was thrownon to the Eo!-l.F. position and the Hall

voltage wasmeasured.

MEASUREMEIITOF RESISTIVI1Y

Resistivity wasmeasuredb,ymeasuring the potential drop across two

probes separated b,ya distance. The potential drop wasmeasuredwith the help

of a potentiometer. Circuit diagram for the measurementof resistivity is

shownin figure 7.

5.5 MAGNETORESISTANCE

The samecrystal holder was used for the measurementof magneto

resistance of the samples. The changeof current through the crystal was

observed for samplesplaced in magnetic field. The changeof resistance was

, calculated in each case b,yusing the formula

f-~
f.

X 100 •• af
to

X 100

where f,., •• magnetoresistance expressed in percentage.

jP @ resistance of the sample in magnetic field.

I. .• resistance of the sample in the absence of magnetic field.

A compassneedle was used to measure the direction of magnetic field •

•
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WORKnIG FORMULAE

NUlIberof at.oals / tnit cell
VolUllleof unit eell

r,nge
b) Intrinsic ( ideal )i.e. III •• ~ )

37T 1 M(J1. I\r" __ - C where cos -' .
8enL l+e h,
31"\ 1 - c

2. ni" -- --
8eRa l+e

3.0-" e nt fill ( c + 1 )

4. f''' (l --e )1''' where,.. •• apparent mob.

1\1. 21 3/2 _j- Wg/ 2 kTS. nt ••5 x 10 T

3. 0-" ne t'
4.e11" l\t Bz0- .

+ 8s. rk m _ _ 0-

3"

2. Hall effect - a) Impurity range

1Ru:l: £y-
• -ll •• Bz Jx
2.n •• :_37T

8 l\ie

1. NtIlIberof atoms/ unit volUlle ••

3. Resistivit,y •

4. Hagneto resistance • f", ••

••

r - f. X 100
f.

.-sf X 100
r.
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6.1 VARIAT~ OF KAONETIC FIElD WITHCURRENT

No. of obser- I Kagnetising I Magnetic flux
vatim current. in densil<Y in web/m2

Ampere. I
I I.

1 0.0 0.02

2 0.7 0.219

3 1.0 0.315
4 1.5 0.50

5 2.0 0••65
6 2.5 0.74

7 3.0 0••60
6 3••5 0.83
9 4.0 0.86

10 ';.0 0.90

The B-1 curve Is draw in .figure &'",
.'
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6.2 (i) SAMPLE • 1 STIBNITE ( SIl2 ~ )

TABLE - 1 (a)

VARIATIW OF HALL VOLTAGE WITH CURRENT THROUGH CRYSTAL

,

Battery of potentiometer circuit.. 4 Volt. R" 240 - 244 ohm.

standard cell" 1.01943 volt. current through battery" 9.4 znA

Dimension of the sample I L" 1.70 em. W•• 0.4 cm, t •• 0.25 ClIl.

No. Ofl MagneticI Current IVoltage between Hall I Hall tHall I Mean
Obs. field in I through I probes in mV. I Voltage rco-e£f. I %I web/ m2 I crystal Iwithout I with I in mV 11\1 in ~C I

I I in znA magnetic I magnetic I I I
I I field I field Q I I

I A I I
1 .835 5.0 .070 .084 +.014 +.84x10-5

" +.744x10-52 .835 lOS .124 .l5q +.026

3 .835 16.0 .182 .229 +.047 +.88 xlO.••5

4 .835 20.0 .240 .284 +.044 +.66x 10-5 +.759Xl0.••5

5 .835 32.0 .310 .400 +.070 +.656xlO.••5

6 .835 40.0 .415 .512 +.097 +.725xlO.5

7 .835 55.0 .505 .650 +.145 +.792x10.•.5

The VH- I curve ill. sho;m in figure 9•

•
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TABLE -I (b)

VARIATIal OF THE HALL VOLTAGE WITH MAGNETIC FIELD

No.of Magnetic ~Current IVoltage between Halt Hall IHall Mean
obs. field in Ithrough Iprobes in mV Voltage Ico-eft. ~%I web/ m2 Icrystal J "th .t I ith I VH in 1% in IlinmA IW1 00 W I mV Im3/C II . Imagnetic I Magnetic

field field I
t I

1 .31 45 .500 .524 ,,024 .430x1.0.5
2 .37 45 .400 .445 .045 .677x10.5

3 .60 45 .425 .485 .060 .556x10-5 .598 x10-5

4 .79 45 .450 .542 .092 .65Ox10••5

5 .86 45 .465 .570 .105 .68 x10.5

The graph is Sholilllin figure 10.

•
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TABLE.1 (e)

D1mensionof the sample I L" 1.7 ern ) W•• 0.4 em, t. • 0.25 em

1) The sat1ple was wrgin i.e. sample was newr placed. in a magnetic fie14.
Distance bet.ween probes •• 1.7 CIIl

NtIllIber of I Current through l101tage drcp across IResistivity
observation the crystal in l'3A 0 the probes in volt. lin oM m

•
1 '. 0.4 0.427 0.632

2 0.7 0.525 0.4ll2
3 .i/..' 0.597 0~352
4 105 0.683 0.268
.5 2.0 0.748 0.2205
6 3.0 0.850 0.167
7 4.1 0.938 0.13>
8 6.1 1.058 0.1023
9 8~ 1.140 0.084

10 10.5 1.235 0.0694

2) The resistivity was changed after the application of a magnetic field for a

few minutes.

•

1
2

J

4
.5

20.
35
65
90

170

1.9x10.2

1. 77x10-2
1.6>xtO••2

1.55xlO.1l

1.25x10••2

The graphs are shown in figures 11 and 12.
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TABLE-I (d)

MAGNETO- RESISTANCE

VARIATION 01"RESISTANCE WITH MAGNETIC FlELD

The samplewas first treated with a strong magnetic field.

•

Distance betweenprobes

No.of Magnetic i Voltage drop )current throughI Resistivity ragnetoresistanceobs. I fiel~in across the the crystal in I in ohm- m ~.. e - fo XlOO
Iweb/! I

probes in I mA If'" A V I'" .f.volt I I L I
~n percent iI D H

.uS 4.90 -21 .00 ••1.380 x 10 0.00

.115 4.88 8 -2 0.582 .30 = 1.3 8 x 10
.60 .115 4.85 -2 1.383 = 1.399 x 10

4 .115 4.82 -2 2.17.79 ••1.410 xlO
-25 .86 .115 4.80 ••1.415 x 10 2.54

The graph is shownin figure 13.

•

-



6.2(U)

f

SAMPl.S - 2

LEADSULPHIDE (PbS)

TABLE - 2 (a)

\1AR1ATlOO OF HALL VOLTAGE "I'm CRYST8L CURRERT

•

,

Dimension of the sample. L. 1.3 011, W-= 0.8 em, t • 0.43 ,em

110. of IMagnetic ICurrent IVoltage between Hall IHall IHall co-eft. IIMean
obs. I field in Ithrough probes in mV Ivoltage II\{ in R3/c 1111I web/.2 Icrystal in r:N Itlitrout I With II 11nmA I magnetic Imagnetic I I

I I I
I I field Ifield. I I. L-

.6 6.265 6.1145 .180 -4
1 1.1 11.7 x 10

2 .6 11.765 12.15> .390 -4
2.1 13.3 x 10

.6 18.000 16.350 .350 7.6~ 10
••4, 3.2 -4,
-4 10.47 X 10'

4 .6 4.0 22.750 23.265 .515 9.2 It 10

5 .•6 5.1 27.625 ' 28.325 .700 9.8 x 10- 4

6 .6 6.2 33.710 34.660 .950 -411.0 x 10

The groph is sroJm in figure 14.

-
•
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TABl.L - 2 (b)

VARIATIOlI OF HALL VCl.TAGE WITH MAGrlETIC P1EU)

,

•

No. of
cbs.

1

IHagnetic
field. in

I web/"?'
I
I

ICurrent IVoltage between Hall IHall IHall co-ett. I
Ithrough Iprobes in rrN voltage I~ in tiJIe I
I~1.',Y~ta1WitlXlut I With IVH in I II n IllIagnet! c I llIagnetic I raY I I
I Ii'ie1d.. I field. I I I

16.2 x 10-4

Hean

2

.3

4

6

.50

.60

.80

.86

2.1

2.1

11.82

12.00

12.38

12.415

12.37

11.91

.45

.415

10.6 x 10-4

15.3 x 10-4

12.3 x 10-4

11.0 x 10-4

11.2 x 10-4

The graph is shownin figure 15•

•

•
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TABLE.2 (c)

MAGNETO RESISTANC/$

VWAT;pl OF %'iJSTANCE III MAGYEnCF1FUI In PbS

The s8lll~le was slreaqy treated in a strong magnetic £i e1d.
Distance between probes • 1.3 an•

,< ,

110.0£IMagnetic Ivoltage {Current through IResisti~ity in f.... f ...f.X1oocbs I1'idod.in { drop across lcrystal in mA. J. om .•.m I.Iweb/ m2 I ~ probes I without I With I With no Inth
Po

I ~ 1%1 volt Imagnetic I magnetic IlIagnetic magnetic I in percent

I I Ifield. I field. I field Po Ifield. f I
1 .28 5•.38 9.50 9.45 1.49$ 1.502 0.h68
2 .31 5.38 9.50 9.44 1.495 1.503 0.545
.3 .45 5.38 9.45 9•.38 1.502 1.515 0.900

4 .64 5.38 9.35 9.22 1.519 1.540 1.385

5 .n 5.38 9.36 9~20 1.513 1.542 1.915
6 .83 5•.36 9.32 9.075 1.525 1.565 2.600
7 .89 5.38 9.30 9.05 1.521 1.570 2.89

The graph is slrownin figure 1.3.

•

•
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TABLE" 2 (d)

VARIATICWoF RESISTIVITY WITH ctJRRmfT ill PbS

Distancebetvecnpt'OlJes" 1.3 CllI.

- INumberof I Voltage drop Current through IResistivity P
observation. Q across the I the crystal in 0 inoln-a

l probes in volt. I IlIA I
I I I

,1 0.34 0.30 2.99
2 0.45 0.45 2.64
3 1.20 1.40 2.26$
4 1.80 2.30 2.07
> 2.40 3.20 1.98
6 3.10 4.40 1.86
7 3.80 5.40 1.86
8 4.30 6.80 1.61
9 5.60 9.10 1.63

The graph is shownin figure 16.

•

•

• •
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VARIATION OF RESIST\VIT\, WITH CURRENT IN PbS
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SAMPLE - 3

PYRITE (F. ~ )

TABLE - 3 ( a )

•

,

VARIATIW OF llAU. VOLTAGEWI1H CURRENT . IN PY'RITE

Dimension ot the sample I L. 1.4 Clll, If • .6 Clll , t. • .6 Clll.

No. at IMagnetic CUrrent Voltage between Hall Hall Hall co-ett.
cbs. fJbjd,Jn I t.hrough I probes in mil voltage IRu in m3/e I MeanctYllta1

\:lith no I With
Iltiin

in IlIA I I mV I l~! I magnetic j magnetic I I
I tielel Itielel I J I

1 .62 0.8 S.070 4.989 -.081 -0.98 x 10-3

2 .62 2.0 11.693 11.483 •••210 S -3-1.01 x 10

3 .62 2.4 14.215 13.765 •• 4>0 -1.82 x 10-3

4 .62 3.0 17.7SO 17.350 •••400 -3 -1.36-1.29 x 10

-3
x 10""3

S .62 4.0 20.600 24.000 -.600 -1.4> x 10

6 .62 5.0 31.230 30.4>0 •• 780 S -3-1. 2 x 10

7 .62 S.6 36.520 35.682 •••838 -1.4> x 10 •• 3

The graph is sholIn in .figure 17.

• •

•
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VARIATION OF HALL VOLTAGE WITH C lJRRENi IN FQS2.
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TABLE- 3 (b)

VARIATIetl OF HALL VOLTAGEWITH MAGNETIC FlEJJ) II PYRITE

lIo.of IMagnetic 1""".-1 Vo''''' •••••••••••1.... IHall eo-eff. IMean
obs. Ifield in } through Iprobes in mV voltage} 1\f in ,.3/e 11\fweb/m2 I:':ia11With no I With VHin II IImagnetic I magnetic .V I

I I Ifield I field I I
8••.344 8.154

-3
1 .31 2 .190 1.84 x 10

.50 8.,532 8.282 .250 5 .32 2 1. 0 x 10

8.012 .280 -3
1.62x10.33 .62 2 7.,732 1.36 x 10

4 .78 8.410 8.0l0 .460
-3

2 1.71 x 10

5 .86 2 8.625 8.155 .410 1.64 x 10 -3

The graph is shownin figure 18.

•

• •
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TABLE - 3 ( c)

MAGNETO RESISTANCE

VARIATIal OF RESISTANCE 'WITHMAGNETIC FULD III PYRITE

Distance between probes • 1.3 CII.

No.ofIMagneticIVoltage Current through the IResistivity in ohm Magneto
obs. fie1~in drop Crystal in mI\ IlIIeter resistance

web/! Iacross 'With no I With With noJ With I f-J:,
I I the ProbeSlllIagnetic I magnetic I ~gneti magnetic 1-'".. ~XlOO

in volt. Ifield field. fIeld f'. field f in percent

1 .28 5.6 2.450 2.410 5.875 5.970 1.62
2 .31 5.6 2.450 2.400 5.875 6.000 2.13
3 .41 5.6 2.450 2.395 5.875 6.030 2.64
4 .635 5,6 2.450 2.360 5.875 6.100 3.83
5 .72 5.6 2.450 2.350 5.875 6.140 4.52
6 .775 5.6 2.470 2.350 5.830 6.140 5.32
7 .83. 5.6 2.480 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 shownin figure 13.

•

• •
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TABLE - 3 (d. )

V'ARIATIOlf OF RESISTIVI'lY WITH CURRENT DI PYRITE

Distan between probes = 1.4 <:m.

Nlr.lberof I Voltage drop I Current through IResistivitqr
observation across the I

1 ~..r.obes in volt I
the crystal in 0 in ohm- m

I .~ .. t mA I

1 0.34 0.07S 11.6S

2 1.20 0.4 7.72
3 1.60 0.6 6.88

4 2.25 0.9 6.44
S 3.00 1.2 6.33
6 3.6S 1.6 S.7
7 4.00 1.8S 5.55
8 5.20 2.45 5.45

The graph is show in figure 19.

•

•
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7.1 CALCULA.TIal OF NtMBER ATOMS PER WIT OOLUItE

a) Sb253 • II • 8 at(JllS X (100)3_ 3.7 X 10. 28 at.«As/ ~
(6 X 10:0)3

b) 8 atoms XJjoo).3 • 28
atoms / m3PbS t II • 3.8 X 10

($.92 X 1 )3

.3 28 atalts / ,;Je) FeS2 I II •• 8 atans X {lOO) -5.0XIO
(5.401 X 1?)3

8 atoms X (100).3 28 ~do) }lac1 • U - •• 4.!l6 X 10 atoms/!
(Halite) (5.63 x 10 -8)3

e) Grllphite : 11 = '* atoms X (1001
3 • 10.1 X 1028 atoms;m3

(2.461l)2X 6.701 X(10-8)3

•

•

• These values are approximate as the exact cOl!lPosiUon and

purity of th. ores were not known. By wa,y at illustration, the values for Ge
and 51 are given below I

t) Ge t 11 D 8 atans X~100)3 - 4.52 x 10~aataas / .,;J
(5.62xl )3

g) SI • N. 8 atolls X(1002 • 5.0 x 1028 atollls / ,;3
(5.43 x 10::tf)T

•

• •
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•

STIBNITE (As ExtrillsiC; Semi-conductor) .

1) ntl •• 1.18x 1 •5.96 x 10;6 x 1.6 x 10-19
1.23x 1024~les/~

•

2)
-6 -4 '5.98 x 10 • ~5 x 10 ~I v-sec.

. -21.7.3 X 10

1) ni •• ••
f et,,(C+l)

1
1.73 x 10-2 x 1.6x1o-19x 2.93 x10-trx 2.5

•• 4.94 x 10-23 carriers/ ri3
2) 'I•• 2.02 x 10 electrons/ ~

472.45 x 10
241.23 x 10

5) 4.94 x 1023•• 2.5 x 1025 • -Wg /.05 frail which

Wg •• 0.05 x 3.94 ••0.197 eVe

7.2 (ii) LEADSULPHIDE( As Extrinsic Semi-ecnductor )

1)
1

nh •• 1.18 X ---------.. •• 6.01 x 1021Ko1es/';
1.6 x 10-19 x 1.226 x 10-3

2) r•....85 x 126x10-~~ 4~ -4
• ...7V X 10

2.1
2 .

II! / v-sec.

••21 3•• 3.34 x 10 carriers / m

•• 1
2.1 x 1.6 x 10••19 x 4.96 x 10=4 x 1.8

where e" ;\'e
/"~

(assll!Iling)
• •

..43 6 21 "l•• _1_.1_2_x_10__ •• 1.8 x 10 electrons/ Dr
6.01 x 10+21

•
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3.34 x 10'1'2' •• S¥ lcf'2' x 5 x l~ x e - "g /.05 £rom which

LEADSULPHIDE (As Intrln:;ic Semi-eonductor )

•

•

•• 1.18

2) rh ••

••

••) -4 ?4) t ..(1 - c )t" •• (1 ••• 8) x 2.97 x 10 •• 5.94 x 10 r:r/v-sec.

which is apparent Ilobility.
Si"ce "RH is l'os,tLve, 1"'11 7 f'<e '

7.2(iii) PYRITE (As Extrinsic Semi-eonducl:.or )

1) n •• 1.18 x
e

3)

••

4)

1 •• 2.72 x 1021 carrier! ~
5.1 x 1.6 x 10••19 x 2.1 x 10-4" 1.661

't, n.... ni 2 / fle •• 1.4 xlo42/4S6 x 10
21

•• 1.62x 102'holes/~
tJr •• •

• •
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•

21 21 3 ooWg / 05
~) 2.72 x 10 • 5 x 10 x 5 x 10 x e • fromwhich

W •• G.456 e.vg

'~

'\.,
\

PYRITE(As Intrinsic SejlliooCon~ctor)

1 / 5 21 , "l1) ni" 1.18 x ---_..;;...----... X0.5 2. =0.91 xlO .carriers/ •...
1.6 x 10-19 x 1.62 x 10-3

12) f'Ae= ----------- ••f e n{ ( 1 + l/c)

-4 2• 8.1 x 10 m / v-s~c.

1 6
5.1 x 1~6x10-19 x .91 x 10~21x1.667

21 25 - Wg / .053) .91 x 10 •• 2.5 x 10 x e fromwhich

4) Apparant mobility r. (l-c)t'e • 0.5 x 8.1 x 10-4 '" 4.05 x 10004m2/ v-sec.

Since ~ is negative.

• •

•
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8.1(i) LEAD SULPHIDE
•

•

It has been observed troll the resu1ts that in the case of PhS.

fih ~ fie (since ~.. 6.01 x 1021 holes/ r? and fie •• 1.66 xlo2' electronsf:;J)

signifYing that the speei:lc:n is intrinsic. Intrinsic specimens have the exact

stoich!'llIIlet.riccomposition. As a result of which the resistivity of those
•• :+

samples is muchgreater than the excess Ph or excess S specimens. Measure-

ment of resistivity showsthat the PbS saI:ple lhas a resistivity of the order
3~i,"l"

of 2.1 ohm-mwhich is about 10 ;{larger than those obtained by Scanlon,

Brebr1ck and petrltzlS• This higher resistivity is another proof of intrm.

sic specimen. Moreover, SCanlonand others used a. single crystal of PhS

while the a'lthor had to use natural PbS ores.

Thematerial has been treated as an intrinsic as wall as an extrinsic

specimen. The result obtained in the two treatment has not differed mooh.

Scanlon and others shoved.the Hall co-efficient and resistivity of natural

single cr,ystal PbSat the order ot Rn •• 4 x 10••5 rAJIe and 8 x 10-4 ohm-m,

which are manytimes less than those found by too author trom polycr,ystalHne

ores. The increased wl,U'l ot Hall voltage as well as the Hall co-efficient

l!EJY be explnined by the higher resistivity of the sample, which itself is

responsible for exact stoichiometric composition and _ iIIlperfectlon in the
1 •

cr,ystal growth. Fromthe sign of Hall co-efficlent It is prestlJll1edthat

the specimen is p.type and the majority carriers are the holes. Whentwo

types of carriers are present, l\r is given by
'2. 1

I\i •• 3 ~ nh 1'4.,- lie ""e
6 e ( nhl"" + lIe,..e)2 •

•

••
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• •

,
•

$3

If the material is treated as intrinsic , nh • lie • ni so that
'1 2.

3 7't" ,. ••• •• fle
RJi. -seni (/'411 + 1"e)2' Since % has been fOtnd to be positive

f< ••• ill greater than,t''e:', which is quite consistent with the value

of f< h and!"e obtained by ~. pute1y36. But in gneral ft e7 /-th .

The reason for the result maybe ascribed to the imper£ectim in the crystal

growth. Thevalues of f It and f'€ found out by Pute1y were 0.0800 anl1

0.0640 rl-I V-sclC. respectively. He also sugg~sted that,.. of single cr,ystal

is greater than that of po1ycrystalline specimenby 2 - :3 times. The ratio
~l.ft be~

~ • .UV/.lU obtained by ?ute1y tlas/used by the author in someof' the
fl" .0600
derivation of the results. Measurementot ,. obtained. by othez0s37shoved
the ValUllof the omr of 0.> x 10--4 to 50 x 10-4 ,;./ VooSec.The llIobl1it,y

31
value obtained by the author is Vf,thin the Val~ obtained by H.Berger & Lothrop

and is muchlower than thbse obtained by'Putely • The low lIIobilities ~

be connected with the higher resistivity of the :IlIateria1, higher Value of

effective !It(l&S of holes and reduction of l' by naanetlc field( since /"'It. ..!..1'k)
%

The intrinsic energy gap obtained by ScaIl10n£rID single crystal was

about 0.37 eVeand by Pute1y from sintered specilllenvas about 1.2 ev. The

vallJ£ obtained uJ the author is closer to the value obtained by Scanlm.

It hns been seen during the IDqJerimentthat the Hall voltage sometimeschanged

from positive value to negative value at higher crystal current. TIlis happened

because of the fact that at higher temperature, due to hi ghar current, the

stoichiometric composition of PbS has changed by progressive evaporation
••• •••frca the original stoichiometric excess of S to the excess ot Pb; •

The specieent !IIight have been thus changed fJ:'Olll pootyPeto n..type .' Excess S'"

gives rise to holes as Illajorlty carriers and excess Ph- gives rise to excess

electrons as majorit,y oarriers. •
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•

8.1(ii)

•

The results on Pyrite have not. been found. in any llterature and

therefore, Cotllpare4vJ.th those of PbS. Similar results have been obtained.

f1'<lClPyrite vith the only excepUon that Pyrite shows negative Hall co-oeffi••

cient indicating that. electrons abethe llIajorlty carriers and the IlIObUityof

electrons is greater than that of holes. Pyrite is therefore n neotypesemi-

condUctor.

8.1(iii) STID!llTE

n-

O£ all the SlCIples~S3 shm:s!>t.he miniut3Hatl co-oefficient and

ninim1.lll1resistivity .• Since t.he resistivity is min1mullthe nunber of free

carriers is 1llaX1J:1um.This is consistent vith the £act that the numberof

free carriers is aaxi.l:ll.oif the Hall co-e£ficient is tlinim'Jlll(a.inee

~-L)8 ~ e

Stillnite showspositive Hall co-efficlent indicating that the holes
are the IllaJorlty carriers. Stillnite is • therefore, a pootypesemleoeonductor.

The energy gap of Stillnite found 0.19 eVe is 1Il1nl:ll\llll0:£ all the SlItlples.

This is also quite consistent with the fact bhat lover the resistivity,lower

the energy gap until It vanishes in the case of IIIIlta1s~

8.2 1OO1:I£Tl0 RESISTNICE

The electron paths are deflected by the application of tlagneUc field

thereby reducing the coon free path , and hence ,.. Is reduced (sin~e ~ ••V1)' •
"'1. .).

aM hence cr decreases (since cr - ,1'\e 'T ), f increases.
III

tlo writ on the IIIngnetoresistance 0:£ any of th0 sem1..conductingores
.<If .)8

has been found in any literature. The wlue fa given ,however,by Dunlop

•



vas in the range of. 0.1 % to 8.5 % for a magnetic field of 0.1 to 1 web/m2

in the case of n.-type Germanium. The increased magneto resistance has been

observed with the increase of magnetic 1'ield.

Magneto-resistance in all the samples has been observed. Amongst them •

Stibnite shows the smallest change in magneto resistance frw 0.58 % to 2.54 %

while Pyrite shov:; 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" r
i,he chwge of magneto resistance dependS upon the direction of magnetic field.

,
•

8.3 DISCUSSIOO IN GENERAL

During the experiment it has been observed that pemanent change of

resistivity occurs 1£ the specimen is placed in a strong magnetic 1'ie1d for

a long peiM,. Hall voltage !lase; been found to increase by changing the

direction of magnetic field suddenly. This has not happelie~n a fresh &1'

virgin specimen.

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

Hall voltage alone. There are other galvenomagnitic and thermo-magnetic

effects39 (Nernst ef1'ect. Rhighi - Leduc e.ffect and Ethinghausen e££ect)

which can produce wltage between Hall probes. In aidition , IR drop due to

probet mis-alignment is present. All these et1'ects are alliminated by

balancing this voltages with the potentiometer before magnetic &ld is

applied. Lead Sulphide and Pyrite 01' lower resistivity of the order of
-2 -3

10 to 10 ohm - m have been available but because 01' their small size
•

(big size was not available) , their Hall co-efficient has not been found.

The £ol1oving precautions were ,however, necessary for making the measurements.

1) To large current vas not allowed except in the case of SUbnite which could

give rise to Joule heat and carrier injection might cause erroneous result •

•

• •



2) Pressure contacts were used and rectiifying contacts ware reduced to the

Illini_.

3) Them drop betweenthe Hall probes could not be reduced to zero by

changing the alignlllent of Hall probes and found tha-\a spurious floating

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

due to the rectification action of the pressure contacts.

4) All parts of the experiment including the battery set must be well

insulated in oroer to avoid leakage current whichmaybe as higher as

15 to 30 tAo

As a check against leakage one terminal of a micro- ammeteris connected

to any point of the experimental set up and the other tel1llinal connected

to the ground. Current will flow if leakage is present.

5) Very sensitive galvanometermust be used in oroe,{r'to obtain, lresults

of acceptable accuracy.

6) Thestandard cell and the galvanometermust 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.

Themobilities and diffusion co-efficients of all the SIIIIIples

are found to possess a value considerably less than that of Gemanil.unor

silicon. Asmobility and di£usion co-ei'ficient play an important part in

transistor action, they are considered to be important properties of

•

,.

Semi-conductorS. ..---....- • • •

For goodtransistor 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, someof these electrons recombinewith
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holes present in the base. This rate of recombination dependsupon difusion

length. Diffusion length is a measure of length over which excess of

electrons are diffused 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( re~eT~\9.'20).

•

,.

If the dl.tfusion length is appreciable, most of the electrons penetrate

into the collector region be.fore recombination takes placem in theaulc

of Ge or Si signifying their good.transistor action~

Pakistani sanplt\s" having SlIlal1ervalues of diffusion co-efficients,

possess no appreciable diffusion length ( since Lo(..fb ) and therefore shoW'

no significant transistor action.

•

•

•

• •
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o:tlCLUSIalS
•

Pyrite showsthe mrodmumHall co-efficient while Stlbnite shows

the minilllUllHall eo-efficient. The samples of PbS and F'e~ are fo\J\d to

posses extrelllely high resistivity ( 2.1 ohm- III ) and ( 5.1 ohm- III )

,respectively. These tw-ospecimens are therefore. considered to be most likely

intrinsic type, Experi=t.s carried. out on the samples on the assumption

of t~ir extrinsic nature and gave the follating reau1ts :

Pyrl te I ne" 4.56 x 1021/ r:i3
1ltI" 1.62 x 1021 / J

,
•

Lead Sulphide t
21

~ •• 6,01 x 10

I'le •• 1.66 x 10a1

1,;3
1,;3

Hawver, this assulllption did not hold for Stibnite which gave the following

results I

Stibnite l 1.23 x 10 241r;3
23. ~

2.02 x 10 lilt"

The resistivity of Stibnite seellledto ppsses norma!value ( 1.73 x 10-2 ohm-111)

Lead Sulphite end Stibnite show'; positive Hall co-eff1ciant indicating

that the holes are the r.aJority carriers and Pyrite showsnegative Hall-

co-efficient indicating that electrons are the majority carriers. The

former two are, thl3refore, considered to be p-type SCllIi-conductorswhile
•

latter an n-type seml-eonductor. The sameresults had.been obtained. by
• •

, Thermoelectric Probe ~1ethodl

a.uthoz:40.

in an earlier work_ carried out. by the

•

•



carrier concent.ration. The value of nt is calculated !tttrA

•
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The mobilities ll%1ddiffusion co-e.t'ficients of all the samples hs1

been fotnd to possess a value considerab1¥ less than that of Germanil.lll_ or

Silicon. Pakistani samples ~ having smaller value of diffusion co-e£ficients,
. .

possess no appreciable di.t'£usion length (since L<><..r=D ) and therefore

shOllno signficant transistor action.

The energy gap at roomtemperature has been evaluated by employing
_, 3/2 ooWg 12k!

the fomula ni. 5 x 10-1 T e where ni. int.rinsic
c:r-

e fI"( l+c)
Since tM samples are not perfectly intrinsic and maxill1Ull1resistivity of

each salllPle is not knownprecisely, the values of ni ll1ldhence the energy

gap are of the order of those given in the Table below. The lowest resis-

tivity sampleStibbite is found to have an energy gap • 0.19 eve and the

highest resistivity sample Pyrite • 0.456 eVe

Hall angles at 8.6 Kilogaus8 for all the samples have been calculated.

Magneto-resistance in aU the samples has been observed. Lead SUlphide

showsthe minimllllchange of resisttlllce with the appllcatlm of magnetic

field ani jyrite, on the other hand, showsthe maxir.mm. Numberof atoms per

cubic meter of the samples has been calculated.

All the clJove results are tabUlated below for the ccnwnience of

comparison•

•

•

•

,
•

••
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9.2 SUMMARYOFTHEEXPERIMENTALRESULTS

n I -11"41• IStibnite I Lead Sulphide INameof samples. Pyrite when Germanila
I I when considered considered

EKtrinsic Intrinsic Extrinsic Intrinsic

V/!. Hall c~efficient
5.9BxlO-6 ..3 -3 -2 -2 4.000-3

111 in . Ie 1. 226xlO 1. 226xlO -1.6000 -1.6000
•

~. Resistivity in ohm-m 1.73xlO.2 2.1 2.1 5.1 5.1 10-2

3. Majority carriers Holes Holes Equal Electrons Equal Holes
holes, holes,
electrons electrons

4. Type of Semi-cond. p-type •. p-type ••••••• n_type •••• p-typ e

5. Maj.carrier~- 1.23XLO+24 6.0lxl021 •••• 4.56xl021 •••• 3.68xl021

centration/J
4. 96xl0-4 2.7xlO-4 8.lxlO-4 1.7xlO.l.; 6. Mobility of maj. 2. 935xl0-4 2.9000.3

. ,carriers in m27v.sec.

7. Intrinsic carr~r 4. 94xl023 3.3!lxl02' S.67xl02O 2.727:1021 0.91xl021 2.5xlo19

/ concentrati en/l
.,

8. Minority carriers 2.000023 1.86xl021 •••• 1.6000
21

• ••• 1.7xlO17
1-.3

9. Energy gap at 0.197 0.441 0.535 0.4565 0.51 0.75
room telllp.in ev.

j,iOoMag.resistance at 2S4 2S5 2S5 6.27 6.27 6.0
, 8.6 K.gauss at

room telllpt in _

Ill.Hall angle at 0.02870 0.02870 0.01570 0.01570
0

0.0164° 0.36
, 8.6 K.gauss!

I '
7.62xlO-6 1.285x!O-5 7.56xlO-6 -6

2.09xlO.5
J' ,.

4.4xlo.3,. 12.Di££USion co- 7.0xlO
!I efficient ot maj.

I' 'I

carriers. DJlor De
" rillsec.'j in
i!,

:",13.No. of atoms I';; 3.7x1028 3.8xl028 3.8xl028 5x1028 5x!028 4.5000"28
\

• • •

**"H:H( J()t tI 11)( .u U

•

•
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• APPENDIX - I

1. TO OBTAIN EqUATION (23)

From (i), (11) & (iii) on page 17, we have, •

= z

Let x = (Wc- WF)/kT & Y = -WF/kT

Hence, 1/(e'K + 1) + J,j(e'Y+1) = 1

or., 1/(eX +1) = eY/(eY +1) from

Which, eY +1 = eX*Y.• eY or, x+y = 0

or, (We - 21fF)/kT = 0, or, WF= Wcl2;= Wg/2 ••• (23)
2. TO OBTAIN EQUATION (25)

t,,t
"=47\

=4~

W = ~, x = ol. - Wg : -<. •••• (i)

If = Wg, x = Wg-Ifg= 0 •••• (ii)

ne = 4~ (2m:/h2)3/2eeWF/Id. 1;11 e-(X+lfg)/Id dx
o

e(1fF -Wg)/kT 101. xt e-x/kTdx
o

.!
~2.

2 (l/kT)s/2

When,

• 0<-

De = 4 ~ (~/h2) 3/2e WF/kT r (W_Wg)1/2e_W/1d dWlw,
Let, x= W••Wg or dx = dW;

When,

(WF "l'1fg)/kTe ••• ••,

•

•
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• 8. TO OBTAIN EQUATION (26)

lab = 4 7T: (2mt'b2)3/2 e-WF/ld f '(-W)'! eW/kT c1W
-""

Let x = -W or, dx = - dW;

•••

•

f: -x/kT xi dx
0{.

j;-x/kT xi dx
D

.1.
7r. z (kT )3/2/2

(26)

ff

f'

(i)
(ti)•••

•••

ff

"

x = 0

x=o(.

=47\

=47\

"ben W= 0,
When W= - '"

4. TO OBTAIN EQUATION (27)

Di = 2(271"kT m/h2 )3/2 e-Wg/2kT

= 2[2}{X 1.38xl0-23X9.1xl0-31l
l (6.62xlO.84)2 . oJ

21 3/2 -Wg/2kT= 4.8 x 10 Te ••• (27)

• ••

•

•
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PIfO'1'OORAPH - 8

•
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