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1 Introduction

If aconductorcarryinga currentis immersedn a magneticfield, the chage car
riersin the conductormay experiencean additionalforce dueto this field. The
chage carriersaredeflectedo the sideof the conductorasa resultof this force,
creatinga potentialdifferenceacrossthe conductorat right anglesto the current
flow. This processs known asthe Hall Effect.

To understandhow the Hall effect works, considerthe situationshown in the
diagrambelow. In this situation,the electronsareforceddownward by the action
of themagnetidield. Thiscauseshetop of theconductorto becomepositive with
respecto thebottom. This causes downwarddirectedelectricfield to developin
the conductor This field producesanupwardforce on the electrons Equilibrium
is reachedvhentheelectricforceis equalto themagnetidorce. This conditionis
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Theinducedelectricfield produces potentialdifferenceacrossheconductor
ataright angleto thedirectionof currentflow. Its magnitudds

Vg = Fw = vBw

wherew is thewidth of the conductor Thisimpliesthatthe Hall voltageis
proportionalto boththe electrondrift velocity andthe appliedfield. Notealso
thatin thisinstancethatthe Hall-inducedpotentialdecreaseom top to bottom.
Supposensteadthatthe chagescarryingthe currenthadbeenpositive. In this
casethechagesaveragedrift velocity would bein the samedirectionasthe
current;the magnetidorce on themwould againforcethemin the downward
direction.In this casethe Hall potentialthenincrease$rom top to bottom. The
signof the Hall voltagecanthereforebe usedto determinghesignof thechage
carriersin aconductor

2 Theory

2.1 Relation Between Current and Drift Velocity

Considerthe situationshowvn in the diagrambelow. The currentpassinghrough
across-sectionf the conductoris found by dividing the amountof chage by the
time it takesto passthrough. The electronswhich passthroughin time 7" are
thosecontainedwithin a volume boundedby the cross-sectiorof thicknessvT'.
The total numberof electronsin this volumeis nvTwt, wheren is the number
densityof electrongn the conductorandt is its thickness.

It follows that
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TheHall voltagecanthenbe expresseds
IB IB

Vg=—=Ry— (1)
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ThequantityRy = % is calledtheHall coeficient.
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Figure2: Hall effectonacurrent
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2.2 Electric Current in Semiconductors
2.2.1 BasicPrinciples

In crystallinesolids,theatomsaresocloselyspacedhattheir electronwave func-
tionsoverlap;it thenbecomeslifficult to associatelectronsvith particularatoms.
As aresultPauli exclusion, the discreteenegy levels associatedvith individual
atomsbecomebandsof very closely spacedevels; electronenepgieswithin the
bandcanthenbe approximatedisa continuousvariable.In metals the outer(or
valence) enegy bandis only partially filled by electronsithesecanthen easily
acquireadditionalkinetic enegy from the applicationof an electricfield. As a
result,metalsareconductorsthatis, they caneasilycarryanelectriccurrent.In
nonmetalsthe valenceenegy bandis filled. The next higherbandis calledthe
conductionband.In insulatorsthereis alarge enegy gapbetweerthis bandand
thevalenceband. In semiconductorghis gapis small. Thermaleffectscanthen
pusha significantnumberof electrongnto the conductionband,leaving a "hole"
or unoccupieceneqgy statein the valenceband. Both conductionbandelectrons
andholescaneasilychangetheir kinetic enegiesin responséo anelectricfield
andcanthensene ascarriersfor the electriccurrent. The holesbehae like pos-
itive chagesin responséo the appliedfield. Both carriersareknown asintrinsic
carriers. Their numbersincreaseastemperatures increasedthis resultsin the
resistancef semiconductodecreasingvith increasingemperatureNote, how-
ever, thattheintrinsic carrierscannotproducea Hall voltage,sinceeachis acting
in oppositeways.



2.2.2 Doped Semiconductors

In a dopedsemiconductqrthe crystalis contaminatedy dopingwith animpu-
rity. If thedopingmaterialhasonemorevalenceelectronthanthe basematerial,
an n-type semiconductors produced.As an example,considerthe casewhere
germaniums dopedwith arsenic.The enegy levelsof the outerelectronsn ar
senicis slightly differentfrom thosein germaniumand light just slightly below
the conductingband.As aresult,arsenicelectronscanbedisplacednto the con-
ducting bandwithout leaving holesin the valenceband. As a result, electrons
predominatesthe chage carrierin thesesubstancedn a p-typesemiconductqr
thedopingmaterialhasonelessvalenceelectronthatthe basematerial. An exam-
ple of this occurswhengermaniumis dopedwith galium. Theenepy levelsof the
galium’svalenceshellarejustabove thevalencebandof thegermaniumandleave
holes(unoccupied)statesin this enegy region. As a result,thermaleffectscan
move somegermaniumelectrons into theseholes,creatingholesin the valence
bandwithout offsettingelectronsin the conductingband. In this instance holes
arethemajority chage carriers.Chage carriersresultingfrom dopingareknown
asextrinsic carriers. Over the temperaturgangein which extrinsic conduction
predominatesthe resistancef the semiconductoriseswith temperaturejust as
it doesin a metal. Onceintrinsic conductionbecomesmportant,the resistvity
falls with rising temperaturedueto the increasen the numberof chage carri-
ers. The Hall Voltageis essentiallyindependentdf temperaturever the extrinsic
conductionrange(providedthatthe currentis held constant). Onceintrinsic con-
ductionbecomesmportant;the Hall Voltagefalls asthe temperatureises. This
is dueto thefactthatbothtypesof chage carriersarecreatedn equalnumbers.

2.3 TheHall Effect Apparatus

Thediagrambelov shavsthelayoutof theHall effectapparatusTheHall voltage
canbereadby connectingacrosgheterminals(3). Drive voltageis appliedto the

terminals2.1 andeither2.2 or 2.3. If 2.3is used,a currentlimiter is engaged
which maintainghecurrentthroughthecrystalatabout30 mA. If 2.2is usedthis

functionis bypassedtheuserthenmusttake carethatthe currentdoesnotgreatly
exceedthis value. The knob (5) is usedto adjustfor the offset voltageacross
the Hall voltageterminals(3). Unlessthe tapsfor theseare directly opposite
one another(a manugcturingimpossibility) therewill be a potentialdifference
inducedbetweenthesewhen currentis flowing even with no appliedmagnetic
field asaresultof theresistancef the crystal. The plugs(4) attachthe boardto



Figure3: TheHall Effect Apparatus
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its support;they canalsobe usedto apply currentto a heaterat the baseof the
crystal. The jacks(4) connectto a thermocouplavhich canbe usedto measure
thetemperaturef thecrystal.

Caution #1:. Germanium crystals are brittle and are therefore
fragile. You must take great care not to bend or twist theplate
support during are assembly and disassembly.

To affix the plateto the supportrod, thetwo plugs(4) arepushednto the soclets
by pressingon the front of the platesbetweenthe nutsthat securethem. To re-
move the plate,the backof the plateneartheseplugsis pressedvith two fingers
andpulled away from the rod. Whenmakingconnectiongo individual soclets,
supportthe plateby pressingyour handagainsthe backof the plate.

Caution #2: The maximum allowable current in the crystal is 50
mA. Thecurrent limiter isset to 30 mA, which yields a gener-
oussafety margin. However, some measurementswill bemade
with the limiter bypassed. When operating in this mode, you
must take care not to exceed thislimit.

3 Experimental Procedure

Eq. (1) predictsthatthe Hall voltageis directly proportionalto eitherthe applied
field or the crystal current(provided that the other parameteis held constant).
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We will usea variablevoltagesupply and permanenmagnetdo testtheseno-
tions. The permanenmagnetsare attachedo oppositesidesof a C-clamp(see
the picture below). The magneticfield strengthis varied by adjustingthe gap
betweerthe magnets.
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Variation of the Magnetic Field Strength with Gap Width.

First, you will determinethe rangefor which the magneticfield varieslinearly
with gapwidth. Thisis doneby thefollowing procedure.

1.
2.

Connecthecrystalboardto the supportrod usingthe plugs(4).

Adjustthe C-clampsothatthemagnetsareabout4 cmapart.Determinghe
pitch of the adjustingscrav by measuringhe linear advanceof the scrav
for somenumberof turns.

. Connecta voltmeteracrosgheterminals(3). Connecthe power supplyto

theterminals(2.1) and(2.3). Turn on the power supplyandsetthe voltage
to around12 V. Any voltagethatappearsacross(3) is dueto offset of the
connectiongo the crystalandshouldbe eliminatedby adjusting(5).

. Placethe magnetassemblyon the jack so that the germaniumcrystal is

centereetweerthe magnetoles.

. Make a seriesof measurementsf the Hall Voltagevs. magnetposition.

Rotatethescrav by onerevolutionbetweereachmeasuremeniThemagnet
gap can be determinedwithout remaoving the magnetshy subtractingthe

total numberof turnstimesthe pitch from the initial gapwidth. Make as

mary measurementasyou can,however, be carefulnotto let the magnets
touchthefaceof thecrystal.If thisoccurstheforceof thejaws maydamage
thecrystal.

. Plot a graphof Hall Voltagevs. magnetgap. Accordingto Eq. (1), this

voltageis directly proportionalto the magnetidield strength(with constant
inputcurrent).This graphcanthereforebe usedto determingherangeover
which magnetidield varieslinearly with gapwidth.



3.2

1.

Hall Voltage vs. Current M easurements

Connectanammeterandthe 175W rheostain serieswith the crystal,and
connecthe combinationto a variablepower supply Oneleadof the power
supplyshouldbe pluggedinto (2.1); the ammetershouldconnectat (2.2)
(thisbypassesthe currentlimiter). Slowly increaseéhevoltageuntil you get
acurrentof about10 mA. Usetheknob (5) to cancelary offsetvoltage.

. Setthe magnetgapto a settingabout1/3 of the way in from the maximum

gapin thelinearrange.Repositionthe magnetwith the crystalbetweerthe
poles.MeasuregheHall Voltageandadjustthe scrav sothatthegapis atits
minimumsafesetting.Measurethe Hall voltagein this position.

. Increasehe power supplyvoltageuntil the currentreachesl5 mA andre-

peatthe measurementm step2. Continuethis procesdor currentsup to
35mA. Remembethateachtime thecurrentis increasedtheoffsetvoltage
mustberechecled.

Temper ature M easurements

1. Remaove the ammeterand the rheostatfrom the circuit andreconnecthe

power supplyacrosg?2.1) and(2.3). Connecthe otherrheostatacrossone
of the 5 V tapson the power supply; thenconnectits variableoutputand
groundto the plugs(4). Settherheostato the zerovoltageposition.

. Connectthe CBL thermocoupleamplifierto the jacks(7). Plugthe ampli-

fier outputinto Channell. Switchthe CBL into voltagemode. Move the
rheostato aboutthe 1/5 of the maximumsetting. Wait a minuteto seeif
thetemperaturehangeslf it does,wait until it stabilizesthenrecordthe
Hall andthermocouplevoltages.

. Increasethe rheostatsettingand repeatthe measuremenprocedure. Try

to take a total of tenmeasurementasyou procedureio the maximumset-
ting. Onceyou have identifiedthe point at which the Hall voltagebeginsto

change take additionalreadingsaroundthis point. Usethe smalleststeps
thatproducea detectablehangen thetemperaturef the crystal.



4 Data Analysis

1. For eachmagnetidield strengthin part(2), plot agraphof Hall Voltagevs.
Current(you may plot themon the samegraph). Is your resultconsistent
with Eqg. (1)?

2. Plotagraphof Hall Voltagevs. Temperature Determinefrom your graph
thetemperaturatwhichthetransitionfrom extrinsicto intrinsic conduction
occurs.



