
Solid State Physics
Electronic, .nd relcconm.„nicatl„ns

Volume 2



Volume 1 : SEMicoPfot/croRs. Part 1

Volume 2 : SEMiconoucTORs. Part 2

Volume 3 ; Magnetic and Optical Properties.

Volume 4 j Magnetic and Optical Properties.

Fart 1

Part 2



International Union of Pure and Applied Physies

Solid State Physics
in Electronics and Telecommunications

Proceedings of an International Conference

held in Brussels, June 2—7, 1958

CHECKED

M. DESmANT

Edited by

J. L. raCHIELS

Society Beige de Physique

Loverval

Belgium

Laboratoire de Recherches
Physiques, Charleroi

Belgium

Volume 2

SEMICONDUCTORS. PART 2

I960

ACADEMIC PRESS • LONDON • NEW YORK



ACADEMIC PRESS ISC (LOSDOS) LTD

17 OLD QUEES STREET

LONDON, S\\ 1

S Edifton, PuiltsAed dij

ACADEMIC PRESS INC

in FIFTH AVENUE

NEW YORK y, NEW YORK

Copjnght I960 bj Academic Press Jne (London) Ltd

y 87

Library of CongreasCatafogCardliumher 59 13032

Printed m Great Britain bj The \\'hitefriar8 Press Ltd
London and Tonbridge



Foreword

One of the major themes envisaged from the outset for the 1958 Brussels
International Exhibition was to review scientific progress and its contribution
to the welfare of Mankind. Accordingly, Group 38, the Postal and Tele-

communications Group of the Exhibition, which included eminent repre-

sentatives of the Universities, Government Departments and Industry under
the able and energetic chairmanship of Jlr. L. Bos, Inspector-General of the
“ Regie des Telegraphes et Telephones ”, decided that one of the best ways
of furthering this object was to bring together scientific workers from many
countries by holding an International Conference on a subject vithin the

field of interest of the Group.

The choice of subject, “ Solid State Physics in Electronics and Tele-

communications ”, was felt to be particularly appropriate in view of the

extraordinarily rapid progress which has occurred in recent years in this

field, and of the wealth of new practical devices which have been developed

as a result. In addition, 1958 was the tenth anniversary of the discovery of

transistor action by Drs. Shockley, Bardeen and Brattain, a discovery which
can, in a certain sense, be said to have marked the beginning of this period of

rapid evolution and for which a Nobel Prize was awarded to the discoverers.

The importance of the Conference was recognized by the decision of His
Majesty King Baudouin to accord it His Patronage, and by the consent of

His Majesty King Leopold to accept the Presidency of the “ Comit6

d’Honneur ”. Furthermore, the International Union of Pure and Applied

Physics agreed to sponsor the Conference.

The suitability of the choice of subject was rendered immediately evident

by the response of scientists and engineers working in the field to the invita-

tion to participate. Not only did Drs. Shockley, Bardeen and Brattain, as

well as a number of other outstanding personalities, honour the Conference

with their presence, but there were also some 800 active participants coming

from twenty-three countries and, in all, 250 papers were presented.

With regard to the contents of the papers, we feel that they can be left

to speak for themselves. Dr. Shockley, in the opening address, reviews the

more important points raised by the authors which renders superfluous any

further comment here.

The Conference was held on the premises of the University of Brussels,

to whom thanks are due for according the necessary facilities. It is also a

pleasure to recognize our indebtedness to the Minister of Economic Affairs

for a grant which covered a major part of the-cost'of the Conference, and to

the Belgian Physical Society for secretarial and other assistance in its

organization.

We must also extend our special thanks to the Academic Press for

imdertaking the extremely arduous task of publishing the Proceedings of

the Conference. Since a major object in this publication was speed, no

attempt has been made to standardize notations and so on, the papers having

been prepared according to the customs prevailing in the country of origin.

J. L. Michiels.

M. D^sieant.
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Preparation et Proprietes des Couches Minces

d'Antimoniure dlndium

C. PAPARODinS

Lnhornlohe du Magnethme et de Physique du Corps Solide. Bellevue

(Seine-et-Oise)

1. I>rrHODTjCTIOX

Les couches minces sont le plus souvent un assemblage de cristallites de
faible dimension. A I'oppose du monocristal massif dont on sait le role

dans le developpement recent des semi-conducteurs, les couches minces
constituent en general un cas extreme d’etat polycristallin. D’autre part le

controle de la purete. lorsqu’il s’agit de composes en couche mince, est

rendu difficile par la faible quantite de matiere raise en jeu ; le grand rapport

de la surface au volume de la couche favorise enfin T'occlusion de gaz.

Malgre ces difficult^, les couches minces semi-conductriees ont re9U

deja des applications ; par exemple, les cellules photoconductrices au PbS.
On sait d’ailleurs que I’etat polycristallin affecte pen certaines propriety,

comme Teffet Hall et le pouvoir thermoelectrique. Dans bien des cas

la couche mince pent se presenter comme une forme commode d’4tude d’un

semi-conducteur.

Le present travail sur I’antiraoniure d’indium a pour but de montrer

qu’on peut preparer des couches minces semi-conductrices intermetalliques

presentant les caracteristiques essentielles du compose massif et se pretant

a des applications pratiques interessantes.

Des etudes sur ces couches minces ont deja ete effeotu4es par Lark-

Horovitz et Dietrich,^ Presnov et Sironov,^ Kurov,^ Kmov et Pinsker,'* J.

Launay et A. Colombani,® C. Paparoditis.®

2. Pkepaeatiox des Couches IVIinces de InSb

(a) e'ex'apoeatiox

Les couches sont preparees par evaporation thermique dans le vide

d’une pompe a diffusion. Le materiau de depart e.st de I’antimonime

d'indium de type n contenant electrons par cm^.

On evapore toute la substance du creuset (en tantale), sans interposer

d’ecran a aucun moment. Le support, en mica ou en verre, est pourvu des

electrodes necessaires pour faire les mesures de la tension de HaU et de la

resistivite par une methode independante des contacts (Fig. 1). La tempera-

ture du support est 20” C.

L’epaisseur de la couche est mesuree par pesee ou par la methode inter-

ferentielle de Tolansky. L’epaisseur des couches etudiees varie entre 200

et 5600 A.

(B) TEAITEjrE>T THEEJHQUE

La couche ainsi obtenue est metallique. Son coefficient de Hall est

P.SA.—n 6S9 ®
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pratiquement nul ,
sa resistance est faible et presente un coefficient de

temperature positif
,

elle e\olue dans le temps comme I’lndique la Fig 2,

tj pique d’uiie couche ractalJiqiie g^nulaire

SUPPORTS

Argent Platine coltoidol

F I de Molybdene

M/CA VERRC ou MOLVeOENE

Fic 1

Les propnetes semi conductnces n’apparaissent qu’avec le reouit Ce

traitement thermique est opere i des temperatures comprises entre 0 et

400” C pour certains echantillons dans une atmosphere d'argon, pour

d’autrcs dans le vide

T.mp»Cm«x<««) Temp^roture (*0

Fio 2 Fio 3

3 Propri£t£s dps CkivcHEs Minces de InSb

(a) £\0LUT10N de la resistance ad CODRS DU REcurr

Au cours du recuit la resistance de la couche 6vo1up comme le montre
la Fig 3 A partir de 100® C elle augmente fortement, d’autant plus que
le traitement est plus lent (1* courbe (a) est obtenue pour un chauffage
rapide, la courbe (b) pour un chauflage lent) Elle atteint un maximum
Acrs 200® C (point A) La branche OA de cette courbe est irreversible une
couche ajant atteint le point A, deent au refroidissement la branche AC qui



COUCHES MINCES D'ANTTMONIUKE D’iNDIUM 641

represente le diagramme resistance-temperature d’un semi-conducteur.
Entre 200 et 250° C, la courbe n’evolue plus (la branche BAG est reversible).

Au dessus de 280° C la couche evolue a nouveau, le coelScient de temperature
de la resistance, quoique toujours negatif, devient plus faible (courbe DE).

Fig. 4.

Le meme processus apparait sur le diagramme de la Eig. 4 qui est celui

d’un chauffage par bonds : a chaque bond on observe successivement une

branche reversible (r) caracterisant le coefficient de temperature de la

couche au stade d’evolution atteint et une branche irreversible (i) represen-

tant revolution de la courbe causee par le traitement thermique.

(B) PROPBIETES ]6lECTBIQUES DBS COUCHES EN FONCTION DE LA TEMPERA-

TURE DU RECUIT

La Fig. 5 montre la resistivite p et le coefficient de Hall mesures la a

temperature ambiante, pour diverses couches d’epaisseur 700 a 780 A
traitees a differentes temperatures. Les couches traitees entre 200 et

250° C ont la resistivite et le coefficient de Hall les plus eleves ;

p 7-10~^ cm Eh — 80 cm®/clb

On pent comparer ces valeurs a celles du materiau massif intrinseque qui

a servi k I’evaporation :

p = 7-10“® D cm Eh = — 400 cm^/clb

Trois couches evaporees sur sel gemme et traitees a 100, 250 et 360° C
ont ete examinees aux rayons X ; la premiere et la troisieme montraient

simultanement les raies de InSb, In et Sb ; la deuxieme ne presentait que

les raies de InSb.

n resulte de ces mesures que :

(1) Au cours de I’^vaporation, il y a dissociation pai'tielle du compose

en ses elements, avec condensation d’une couche a caractere metallique.
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(2) Le recmt favon e la diffu ion done la recombmaison chiraique des

elements dissocies
,
pour une tempprat™* de recmt de 150 a 350^ C on

obtient une eouche semi eondoctnee pour 250° C la couche obtenue a la

resistinte et le cocSicient de Hall les plus eleres

CO
Fic o

L evaporation jusqu a cpuibemciit du niatenau du creuset est necessaire

pour obtemr ce resultat

(3) he chauffage au dessus de 3o0’ C dissocie a nouveau une partie des

molecules InSb et d^truit partiellement la couche

L effet Hall des couches minces de InSb traitees a 250° C est appbcable a

H mesiire des champs magnetiques tres faibles Atnsi une couche d epaisseur

200 \ de resistance 500 AP parcounie pat un courant de 0 5 mA permet

d obtemr une tension de Hall de 200 {tV/gauss

(c) SlOBILtTE ET STBCCTURE GBANtIT.AIBE

Les meilleures valeurs de sont de 400 cnj*/V S On pent tn

deduire le Iibre parcours moaen I ~ (3pK/4e) (A = constante de
Boltzmann e = charge de 1 electron T — temperature absolue rn, =
mas e efRcace = 0 013 m,) On obtient I = 32A

Ces a aleurs de fi„ et de I sent tres infeneures a celles du compose massif

Cela est en rapport avec la structure cnstallme ertremement fine Des
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couches evaporees sur du sel gemme et reeuites a 280^ C ont 6te examinees
an microscope electronique, toutes les precautions ayant ete prises pour
reduire au minimum Taction du faisceau electronique. jSTous avons obsen-e
une structure microcri.stalline. la taille moyenne des cristallites etant de
400 A environ.

(D) VARIATION DE p ET EX FOXCTIOX DE LA TEHPEBATtTRE

La Fig. 6 indique la variation de p et en fonction de IJT pour trois

echantillons recuits a 2.50" C. d’epai-sseur 1200. 2,500 et 5600 A respective-

ment.

Ct)
60 O 73 100 130 14S

Pour la couche de 2500 A, le coefficient de Hall n’a ete mesure qu’a la

temperature de 20’ C ; de meme p n'a pas ete mesure aux temperatures

inferieures a 20’ C.

Ces courbes rappellent celles obtenues sur le compose massif.

Toutes le.s couches sont de type n a la temperature ambiante. Aux
ba.sses temperatures, certainas couchas restent nettement de tjqie n, d’autres

voient leur constante de Hall tomber a zero, mais ce r&ultat estdouteux a

cause de la grande r&istance des couches : aucune couche n’a ete trouvee

de type p aux basses temperatures.

Aux temperatures relativement basses, le regime de conduction est

extrinseque ; aux temperatures superieures a la temperature ambiante, le

regime devient intrinseque et la valeur des pentes des differentes courbes

log p{l/T) se rapproche de tres pres de la valeur corre.spondant a la loi

/ AE\
p ~ exp I —

)
ou AE = 0-17 eY.
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(e) L-V PHOTOCONDITCTI^^TE

Les couches dc InSb amsi preparecs (Ians Ics meilleures conditions ont

une grande sensibihtc a Ja Jumiere

he brujt de fond est tres faible, inffneur a l^V, pour une bande passante

de 1 c/a et une frequence de recurrence de 900 c/s , le seuil de detection dans

ces conditions est de 10 ® n att par mm* de cellule, la lumifere etant celle d’un

corps noir a 600° C
Quoique la sensibilite des couches denieure mf^neure a celle du corps

massif, il est probable qu’elle pmsse etre am^lioree par un meilleur controle

de H purete et de la structure cnslahme

CONCLUS^O^

Nous avons pu preparer des couches minces d’antimoniure d’lndiuni

ayant les propri^t^s es«entieUes du materiau massif
,
leur efFet Hall et leur

photoconductii ite peuvent pi^senter un int^ret pratique

R^fergmces

1 Cite par Fan dans Photoconductnity Conference, Atlantic City, Novembre
1054, p 425
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Pliysik der III-V-Halbleiter

H. W-ELKEK

Stemens-ScJmckeiiicerke A. G., Erlangen

Die ni-V-Yerbindungen—das sind Verbindungen zwischen den Elementen
B,Al,Ga,In der dritten Gruppe und den Elementen N, P, As, Sb der fiinften

Gruppe des Periodischen Systems—konnen iibersichtlich in einem rauten-
fbrmigen Schema dargestellt werden. Zur Konstmktion desselben ist in

Fig. 1 ein Ausschnitt aus dem Periodischen System der Elemente dargestellt.

In der vertikalen Llittellinie der Raute stehen die unmittelbaren Nach-
bildimgen der Elemente der IV. Gruppe des Periodischen Systems, niimlich

BE anstelle des Diamanten, AIP anstelle des Si, GaAs anstelle des Ge und
InSb anstelle des grauen Zinns. Die Erganzung zum rautenformigen Schema
erfolgt nun dadurch, daG zu den bisher genannten Verbindungen Nach-
bildnngen im vreiteren Sinne kommen. Wird z.B. anstelle von Ga das im
Periodischen System dariiberliegende A1 verwendet und anstelle von As
das darunterliegende Sb, so erhalt man das AlSb, welches links neben GaAs
in der Raute steht. Entsprechendes gilt fiir das rechts stehende InP, weiter

fiir BAs und GaN. Betrachtet man die Nachbildungen der z.T. hypo-

thetischen Zwischenlibrper SiC, GeSi und SnGe, so gelangt man nach

denselben Prinzipien zum voUstangdigen Rautenschema.

BOX BN

BP AIN

A1 Si P BAs AIP GaN

BSb AlAs GaP InN

Ga Ge As AlSb GaAs InP

GaSb InA.s

In Sn Sb InSb

Fig. 1. Rautenschema der III-V-Verbindungen

In der Raute stehen die Verbindungen mit geringem mittleren Atom-

gewicht oben, die mit hohem mittlerem Atomgeudcht unten. Beziiglich

der elektrischen Eigenschaften gelten dieselben GesetzmaGigkeiten tvie bei

den halbleitenden Elementen der IV. Gruppe. So nehmen Schmelzpunkte

und Breite der verbotenen Zone zu, wenn man von hohen zu niedrigen

Atomgevdchten libergeht. Dabei ist die Breite der verbotenen Zone der

nachbildenden III-V-Verbindungen groBer als die des nachgebildeten

Elementes,

Die Elektronenbewegliehkeit nimmt bei Elementen und Verbindungen

mit zunehmendem Atorngevdcht von oben nach unten zu, wobei wiederum

die Elektronenbeweglichlreit der nachbildenden Verbindungen im allgemeinen
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groBer ist als die dei nachgebildeten Elementes Im emzelnen ^^e^den dicse

Tllgemeinen GesetzmaBigkciten durch dje in Fig 2 zusammengestelJten

Zahlen^erte der Schmelzpunkte verbotenen Zonen und Elektronen

bew eghchkeiten bestatigt Eine eingehende Analyse der extrem hohen

Beweghchkeits^erte bei InSb und InAs ei^ab daB diese auf besonders

Ivleine effektive Slassen der Lettungselektronen zuruckzufuhren smd Die

Locherberveglichkeiten der Nachbildungen smd vergleichbar oder sogar

kleiner als die der zugehongen Elcmente Entsprechendes gilt fur die

Lochermassen So kommt es daB fur III V Verbmdungen ein mehr oder

weniger groBes Be\iegliehkeitsverhaltnis b = ft*//*? kennzeichnend ist Es

soil hicr auch orwahnt werden daO bei III Werbmdungen durchaus

bemerkens^^e^te groBe Diffusiomlangen fur Elektronen auftreten

Breile der ter Beueffhchketl Belatiie effek Diffusions Schmeh
botenen Zone [cm^IVsec] hie Massen lange punkt

dE [eV5 Mp w* mj,

(0^ K) (300^ K) (T = 300® K) *«. tn. M . rc]

Si 1 18 1 04 1900 425 033 0 49 >200 1420

Ge 0 73 0 03 3900 1700 0 22 0 28 > 1000 053

AlSb 1 6 149 40 230 1060

GaAa 1 53 1 38 COOO 240 004 8 1240

InP 141 1 27 5000 CO 160 1080

GaSb 08 0 68 4000 2000 02 04 702

InAs 0 43 0 33 27 000 280 0 064 0 33 936

InSb 0 24 0162 77 000 1000 0 037 0 18 523

Flo 2 Zahleawerte physikehseher Konstantin von III V Verbindungen

Aus dem bisher Gesagten ergibt sich daB zwar III V Verbindungen in

ihren Eigenschaften den halbleitenden Elemcnten der vierten Gruppe sclir

\era\andt smd daB aber andererseits auch bemerkenswerte Unterschiede
\orhanden smd Zur Erklaning diescr Unterscheide uoirde bisher der

Ladungsimterschied zwischen drei und funfwertigen Elementen und der

dadurch horeinkommende zusatzliche lonenanteil bei III V Verbindungen
herangezogen Nnch L Pauling sollte namJich bei einer Mischung des
homoopolaren Grundanteils mit einem heteropolaren Zusatzanteil m der
chcmischen Bmdung eine sc^enannte ResonanzTerfestigung auftreten
Diese auBert sich zunachst m emer erhohten Bmdungsfestigkeit und ist

•H ahrschemlich auch fur die relativ zu den halbleitenden Elementen erhohten
Schmelzpunkte aerantuortlich Der lonenanteil fuhrt im allgemeinen zu
groOcren Jsiveauunterschieden jm elektnschen Knstallpotential und damit
zu emer VergroBerung der aerbotenen Zone dieser Effekt des lonenanteils
auf die Tcrbotene Zone mrd durch Resonanzverfestigung noch ueiter
aerstarkt
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Damit ist das Verhalten der Ill-V-Verbindungen relativ zu den hal-
bleitenden Elementen, vras die verbotene Zone anlangt, befriedigend
erldart. Hingegen ist es nicht moglich, das Verhalten der einzelnen TTT.V.

Verbindungen zueinander auf dieser Basis restlos zu klaren. So nimmt nach
den Elektronegativitatszahlen von Pauling der lonenanteil in den beiden
Reihen AlSb, GaAs, InP und GaSb, InAs (Fig. 3) zu, trotzdem aber die

Breiten der verbotenen Zonen ab.

lonenanteil

AlSb GaAs InP
1-6 1-53 1-41

GaSb InAs
0-8 0-43

Aktivierungsenergie

Fig. 3. Aktivierungsenergieen von isoelektronischen Ill-V-Verbindungen.

Durch die Erhohung der Bindungsfestigkeit -werden zwar die AmpHtuden
der thermisehen Gitterschwingungen verkleinert, da aber gleichzeitig wegen
des loneneharakters das Dipolmoment der schwingenden Gitterbausteine

erhoht vrird, ist der Effekt auf die Beweglichkeit schlecht abzuschatzen,

Zudem sind die extrem hohen Elektronenbewegliclikeiten bei InSb und
InAs auf extrem kleine Massen zuriickzufuhren. Auch dieses Verhalten

laBt sich nicht allein aus der Annahme eines einfachen lonenanteUs erklaren.

Fig. 4. Ladungsdichte und elektrisches Potential mit und ohne Polarisation.

mit Polarisation ohne Polarisation

0. G. Folbert hatte den Gedanken, die durch den lonenanteil hervor-

gerufene Polarisation der Bindungselektronen, die bei den bisherigen

tlberleonnfien nie explizit betraehtet -wurde, ftir die Erldarung dieser

Unstirnmigkeiten heranzuziehen. Zur Erklarung des Begriffes Polarisation

sei in Fig.'4 die Elektronendichte auf der Verbindungslinie zwisehen benach-

barten Gitterbausteinen dargestellt. Die beid^ Pfeile an den Eckpunkten

sollen die unterseheidliche Punktladung der A'"- und B''-Kerne andeuten.

B*
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Ohne Pohnsation i t der der Dichtekurve sjTnmetnsch infolge

Polarisation findet jedoch eine Dichte\er<chiebung m Richtung auf den

starker geladnen B' Kern statt (gestnchelte Kura e) Betrachtet man die

den Dichteverteilungen entsprechenden Kurven des elektnschen Potentials

fur Elektronen so bat man ohne Polarisation der ungleiehen Kemladung

entsprechend ungleiche Potentialmulden Die Polarisation sucht die

Aluldenungleichheit zu nentralisieren Bei ubennegendem lonenanteil

konnen «ogar die unigekebrten\ erhaltnisse auftreten indem durch dieBildung

\ on negativen lonen die Potentialmnlde zum Potentialberg wird So avird

es verstandlich daB lonenanteil und Polarisation zusammen—im richtigen

\ erhaltni* gemtseht—zu der bereits von Slater und Koster diskutierten

neutralen Bindung fuhren konnen Das Potential der neutralen Bmdimg

ist hmsichtbch seiner irl ung auf die \ alenzelektronen dem der halbleiten

den Elemonte der 4 Gruppe sehr ahniicli

Um zu einer inehr quantitativen Theone zu gelangen zerlegt 0 Folberth

das Kristallpotential m emen s^mmetnscben und emen antisjmmetrischen

Anted und definiert emen Weihgkeitsparameter e durch das Amph
tudeni erhaltnis des antisyrometrischen zum symmetnschen Teil Dabei

ist das Amplitudenverhaltnis m einem geeigneten Punkt zu nehmen der

zwisehen dem "Mittelpunkt der beiden Keme und emem Kem gelegen ist

Fur die ncutrale Bindung ist < = 0 Fur den Polansationsgrad macht

0 Folberth den Ansatz

^<0

Z*" und 2' Sind Kernladungszablen Fur wird der Pauhngsche

Ansatz gemacht

E„^ = A{x, Xa)' a 4 2306 = 0224 !^
mol

Fur xa xb wird abtreichend von Paulmg der Mulbken sche Ansatz vero endet

lomsierungsenergie + ElektronenafBmtat^ '
130

Die Elektronenaffimtat kann im allgemeinen gegen die lonisienmgs

encrgie vernachlassigt nerden Fiir wird die Bmdungsfestigkeit des

jcneiligen isoelektronischen Elementes gesetzt Es ^Tl^d damit mogbeh
fur jede III 'N ^ erbindung emen zugebongen J ert anzugehen (Fig 5)

Jsimmt mm nun an diD die neutrale Bindung (c = 0) zwisehen InSb und
InAs vorhegt und daB m der Umgebung der neutralen Bmdung die «

—

J Bcziehung linear jst so erhalt man den m Fig 6 dargestellten Zusammen
hang Zu c = 0 gehoren die genngsten Unterschiede des elektnschen
Potentials Deshalb %nrkt sich erne Zunahme von e vergroBemd auf AE
aus In der neuen Argumentation tntt also der BegnfF des elhgkeitspara
meters e an Stelle des fruher verwendeten lonemnteils ^\ahrend aber
die Bmdungsfestigkeit uegen dcs steigenden lonenanteils m der Beihe
AlSb GaAs InP zummmt nimmt e in derselben Reihe ab V, egen dieser

Gegcnhufigkeit wird es verstmdbch daB die verbotene Zone m der Beihe
\lSb Ga \9 InP «ogar leicht abmmmt trotz wachsenden lonenanteils
lemcr 1 t khr daB m der Umgebang der neutralen Bmdung die Grund
a oraussetzung fur hohe Elektronenbeneghchkeit namlich kleines Dipol
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moment der Gitterschwingungen erfiillt ist. Der Effekt der Polarisation
auf die Elektronenmasse ist zur Zeit nicht gekiart. Es icann sich nur urn
emen indirekten EinfluB handeln, da die Polarisation primar nur auf die
Valenzelektronen -n-irkt. Hingegen ivird es verstandlicli, daB die dem
\ alenzband angehorigen Defektelektronen durch die Polarisation eine

Fig. 5. Modulationsgrad f des periodischen Kristallpotentials als Funktion
der Polarisation J fiir Ill-V-Verbindungen.

VergroBerung ihrer Masse erfahren. Durch die Konzentration der Valenz-
eIektronenwoll\e auf den starker geladenen Kern hin werden die Sprung-
wahrscheinlichkeiten in Richtung auf den schwacher geladenen Kern hin
verkleinert. Dem entspricht eine VergroBerung der effektiven Loehermasse.

DaB Elektronen- und Locherberreglichkeiten tatsachlich durch die
Polarisation beeinfluBt trerden zeigt besonders deutlich die in Fig. 6

Fig. 6. Polarisation J als Funktion des Beweglichkeitaverhaltnisses

6 == pn//xj, fur Ill-V-Verbindungen.

dargestellte Auftragung des Beweglichkeitsverhaltnisses b = finjfJ-p als

Funktion des Polarisationsgrades. Das Beweglichkeitsverhaltnis nimmt
mit steigendem Polarisationsgrad monoton zu.

0. Folberth konnte durch die Beriick-sichtigung der Polarisation auoh

Fragen der Mischlrristallbildung bei Ill-V-Verbindungen klaren und in die

folgende Regel zusammenfassen :

Liickenlose Mischkristallbildung zudschen vorwiegend homoopolaren
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^ erbindungen ^nrd begunstigt weim neben einer hmreichenden Gleichheit

ron 011101157) und Gitlerkonstante aueh noch hmreichende Gleichheit der

Polarisilion<5grade vorliegt

Beispiele fur die Jloghchkeit luckenloser Mischknstallbildung sind die

S\ steme InAs InP und GaAs GaP mit jeweils sehr ahnhchen J Werlen
(siehc Fig 5 ) Hmgegen 1st im S\stein AlSb GaSb trotz nahezu gleicher

Gitterkonstanfe negen der Verscluedenheit der J ^Verte die Blischkristall

biidung verhaltmsmaBig genng



Magnetoresistive Effects in Indium Antimonide

and Indium Arsenide *

H. P. R. FBEOERIKSE, W. R. HOSLER

National Bxireau of Standards, Washington, D.C.

The semiconductors InSb and InAs are characterized by a high electron

mobility. As a result the conductivity is strongly influenced by a magnetic
field : this has made possible a number of devices,^ such as a magnetometer,
current and voltage regulator, pressure gauge, HaU effect amphfier, etc.

The magnetoresistive effect is very sensitive to the physical conditions imder
which it is measured, especiall}’' in materials like InSb and InAs. They
offer therefore a unique opportunity to obtain information concerning the
collision mechanism and the statistics of the conduction electrons

; at the

same time, such measurements indicate the maximum values of the magneto-
resistance that can be achieved with particular choices of the parameters.

The Wilson-Sommerfeld theory * predicts for the simplest case (electrons,

isotropic conduction band, acoustical scattering, low magnetic field) a

relative change of resistance ^
A, 9./ \Zl\3
Po 16 V

where fie = electron mobilit3^ There are, however, several factors which

change Eq. (1) considerablJ^ These factors are :

(a) More than one type of carrier (e.g. intrinsic semiconductor).

(b) Scattering mechanism (e.g. ionized impurity scattering, lattice scatter-

ing or mixed scattering).

(c) Degree of degeneracy.

(d) Anisotropic energj' smfaees.

(e) Geometry (e.g. Corbino disc).

(f) High magnetic fields (quantum effects, “ freeze-out ”).

(g) High electric fields (“ breakdonm ”).

By choosing the temperature and the magnetic and electric field strength,

it is usually possible to separate the effects of the conditions (a)-(g) on the

magnetoresistance. Furthermore, InSb (n-type) and InAs (n-type) have

the advantage that the complications of condition (d) can be avoided :

the electron energy surface is spherical and the energy-momentum relation

is parabolic, at least at the bottom of the conduction band.

MAGNETORESISTAHOE AT 300° K

Reasonably pure InSb is intrinsic and non-degenerate at room tempera-

ture ; the electrons are scattered by lattice vibrations. It can easily be

shown that the magnetoresistance rvill not saturate when the number of

* Research supported by the Office of Naval Research, Washington, D.C., XJ.S.A.

esi
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electrons equals the number of holes, n*=nA^ * The value of Apjpg

(measured on a long thm sample) is about 0 5 at 10 kilogauss

Much larger values can be obtained if one changes the geometry of the

sample ^ ® Fig 1 show s the magnctoresistance of a Corbino disc The expen
mental points deviate from the quadratic behavior at high fields (H > 2

kilogauss) This IS due tothejjifluenceofthelon mobility holes Atveryhigh
fields dp/po 19 still quadratic wilhH however with a smaller proportionalitj

constant
idp Ojt /—

fa
Pa 16 ^ + 6 V

Po ^

where b is the mobility ratio fii/p.h (fa 80 for InSb)

(small H) (2 a)

(large H], (2 b)

MAONETORESISTANCE AT 78® K
At this temperature InSb is a simple extrinsic semiconductor and only

one type of carrier contributes to the conduction in n type specimens On
the other hand complications arise because the scattering is usually due

both to the lattice and to loruzed impunty centers The electron mobility

reaches values of (2-6) x 10® cm*/volt sec at this temperature conse

quentlj the low field approximation is valid only at fields of less than 200

gauss inM 1)

The classical expression for the magnetoresistance at arbitrary magnetic

field strength is a complicated function of the magnetic field parameter

y[ ss (977/16) yx’-ff*] and the scattering parameter ^[ — 6 nilpt hl and fit

being the mobilities due to lattice scattering and impurity scattering

respectively] ^ * At low fields a small amount of ionized impunty scattering

reduces the magnetoresistance appreciably below the value for pure lattice

scattering On the other hand a considerably larger soturotion value {H -> co)

is found when ion scattering becomes predominant At high magnetic

fields however the above mentioned classical expression loses its vahdity

because quantum effects begin to play a role ® If the conditions

{3 a)

and fto)^ kT (3 b)

(where a» = cyclotron frequency and t = collision time) are fulfilled quanti

zation of the electron orbits has to be considered this occurs in n type

InSb at 78® K for H > 7500 gauss Provided the material is reasonably

pure we are also dealing with a non degenerate situation and most of the

electrons will he in the lowest quantum state ( quantum limit
)

This

ca^^e has been studied by Argyres ^
, he predicts a linear dependence of the

magnetoresistance at high fields

These effects are illustrated in Vig 2 The sample used in these measure

ments contains 9 X 10'® electrons per c c The Hall mobihty is about 3 4 X
10® cm^/volt sec Using the low field approximation one calculates from the

transverse magnctoresistance a mobility of 3 6 x 10® cm®/volt sec at

magnetic fields of 100 or 200 gauss It is clear that Apjpg deviates from a

quadratic behavior w hen H exceeds 500 gauss

The top curve in Fig 1 represents the magnetoresistance of a Corbino

disc with 2 X 10'® electrons per cc at 78® K Classically one expects a
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quadratic beharior at high fields. Fig. 1 shows, however, that dp/p^ follows
closely a linear magnetic field dependence above 10,000 gauss in accordance
vith ArgjTes’s predictions."

Fig. 1. JIagnetoresistance of InSb (Corbino disc ; n ~ 2 x 10'“/c.c.). •
300° K. X 78° K. o data by Beer et al. on a similar sample at
300° K (ref. 3). The dashed lines at low fields indicate a slope of 2, at high fields a slope

of 1. Fig. 2. JIagnetoresistance of InSb at 78° K. (Long narrow sample.)

>I.A.G;jiETOBESISTAXCE AT LIQITID HELIUM TEMPEEATUEES

In semiconductors with a small efifective mass like InSb and InAs,

Eqs. (3 a) and (3 b) are satisfied at 4-2^ K when H exceeds 1000 or 1500

gauss. Consequent^, quantum effects wiU be important for magnetic fields

of a few thousand gauss and higher. Furthermore, the electron distribution

will be degenerate. As long as the Fermi energj' f electrons will

occupy several of the semidiscrete energy levels (Landau levels) ; this gives

rise to an oscillatory behavior of the magnetoresistance (as well as the Hall

coefficient). Recently the theory for this situation has been worked out.

Assuming elastic lattice scattering, the formula for the transverse magneto-

re.sistance looks as follows ^ :

1 +c
(t) + <t)

1/Z

sin h X
PH = go (4)
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where c and d are numerical constants and x = 27T^kTlfico Actually the

above expression was derived for 2* = 0 , we have assumed here that the

damping term ^/sinh x enters in the transverse effect in the same way as in

the longitudinal magnetoresistance and the susceptibility * The hyperbolic

sin can be replaced by the exponential if ^ > 1 , the amplitude A can then

be written

A ^ exp (- 2ii^kTI^*H) (5)

where j8*JT = Sw, and = double effective Bohr magneton Dingle * has

pointed out that the amplitude is further affected by collision broadening

He has shoivn that this can be taken into account if one replaces T in the

exponential by a somewhat higher temperature (T" -f )

Fio 3 Slagnetoresistance and Hall coefficient of InSb at 1 7° K
(Sample 4 see Table 1 )

Equation (4) indicates that the magnetoresistance will be periodic in

1/H with a period The parameter C is the Fermi level in magnetic field ,

translating 5 m terms of Co (H = 0) one can show that the resistance minima

occur when the magnetic field obeys the following equalities

Co^236/S*H
^0 = 3 38

Co = 4 40 p*S, etc

(
6 )

• It can bo shown that Eq (4) is also valid for impurity scattering if one assumes

that the impurity potential can be represented by a 8 function



JIAGNETOKESISTTOB EEFEOTS 655

The T'ermi energ3>-

la is easily calculable from the Hall coefficient and the
ratio ^*lla can therefore be determined. (ISTote that the effective mass drops
out.) These "^mlues can be compared with the observed periods according
to Eq. (6).

Measurements of the magnetoresistance have been made on a number of

InSb® and InAs samples

;

examples are shown in Eigs. 3 and 4. Values

of the observed and calculated periods are compared in Table 1.

Eq. (6) offers the possibUit}^ of determining /3* and therefore m*. A plot

of ln{AH~^'^) vs. IjH at a given temperature should yield a straight line

with a slope —{27r^k{T + T')]/)3*. From data at different temperatures T'

and can be calculated. The values thus computed are : for InSb m** =
(0-009 — 0-004)m5 and for InAs m/ = (0-018 ± 0-002)mo. These figures are

somewhat smaller than the values resulting from electrical, optical and

cyclotron resonance experiments.

“ FREEZE-OUT ” AND BREAKDOUTJ

Impurity states in semiconductors are often treated on the basis of a

hydrogenic model. If the impurity concentration is not too small, the

electron wave functions of neighboring donor (or acceptor) centers will

overlap, thus giving rise to an impurity band. The activation energy of the

donor band in InSb and InAs is very small and the width of the band is

already appreciable at low impurity concentrations. Consequently the

donor band will overlap the conduction band for donor concentrations of

more than Yafet, Keyes and Adams “ have shorni, however,

that the overlap of the wave-functions can be reduced considerably by high

magnetic fields : this means that the effective Bohr radius is decreased and
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the activation energy increased. As a result, electrons ’n-ill drop from the
conduction band into the impurity states ; this effect is called “ freeze-

out." ’2 The decrea.se of the number of conduction band carriers is detected
by a sharp rise of the Hall coefficient at high magnetic field strength (Fig. 5).

The magnetoresistance is also strongly affected by the freeze-out. Not
only the mobility of the carriers in the conduction band is reduced, but also

the number of those carriers is diminished. At the same time the number of
electrons in the donor band increases, while the mobility in this band
decreases exponentiallj-.^’ This is the reason why the magnetoresistance
rises at high fields -ndth a much higher power of H than the theoretically

predicted square law." Magnetoresistance measurements on a very pure
InSb sample at 1 -7’ K showed a resistance change of a factor 6500 at 22 kilo-

gauss.

Re-excitation is possible by apphdng “ high ’’ electric fields. Fig. 6
shows the decrea.se of the Hall coefficient nearl}' back to its original value in

an electric field of 1-8 volt/cm. This re-excitation is possible due to impact
ionization, similar to the breakdown effect observed in germanium and
other semiconductors in zero magnetic field. In the latter cases the changes
of the resistance and the HaU coefficient are, however, much more abrupt

than in the present effect.

Table 1. Periods of Oscillations in Magnetoresistance

Sample tie
Obs. period

Long. Trane.

Calc, period

«r/Co

cm~^ X lO-* gaus3~* X 10~^ gauss-*

InSb 1 7-0 X 10^® 1-24 — 0-88

2 5-3 X IQi® 1-32 0-82 1-12

0-92 — 1-10

0-80 (1)
— 1-08

3 2-4 X 10»* 2-13 1-75 1-87

2-03 1-96 1-82

1-72 1-80

4 2-3 X IQi® 2-06 1-73 1-92

203 2-01 1-86

1-96 1-96 1-84

5 1-35 X 315 2-75 2-71

6 1-0 X 10*® 3-82 3-34 3-32

InAs NOL-5 2-0 X 10*« 4-26 4-19 4-54

4-16 4-22 4-45

4-28 4-62 4-40

4-40 4-33 4-35
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Galvanomagnetic Effects in Indium Arsenide

and their Applications

R. P. CHASMAR, E. COHEN

liesearcJi Department, 3Ielropolilan-Vickers Electrical Co. Ltd.

Alanchester

1. Introduction

The practical utilization of the Hall effect, and, to a lesser extent, the
magnetoresistive effect in semiconductors, has only recentl3’^ come into

prominence with the realization that these properties maj’’ enable certain

electrical measurements to be made more simply and economicallj’- than
heretofore. Germanium, because of its availabilitj' and advanced state of

technological development has been used in a Hall-effect fluxmeter, as

described b}' Pearson.^ The linear product formation inherent in the HaU
effect has been applied bj' Barlow, using germanium, to power measurements
both at audio and power-supplj' frequencies ^ as well as at centimetric wave-
lengths.® The important application of a HaU multiplier to the needs of

analogue computation has been considered bj’^ Keister * and by Lofgren,*®

while Mason et al.^ have reported on Hall effect modulators and gyrators.

A limitation on these applications using germanium would be the depend-

ence of the characteristics on temperature, and Keister and Lofgren have

both suggested methods to overcome this problem in germanium multipliers.

It is the purpose of the foUowing discussion to consider the relatively

new semiconductor indium arsenide, whose properties promise to be particu-

larly favourable from the temperature point of \dew, and which, unlike

germanium, has a magnetoresistive effect large enough to use in control

elements.

2. Properties of Indium Arsenide

Indium arsenide is one of the nine semiconducting compounds that can

be formed by cross-combination of the elements aluminium, gaUium and

indium from group HI of the periodic table vdth the elements phosphorus,

arsenic and antimony from group V.® These compounds can be regarded

in some sense as analogues of the intervening group IV semiconducting

elements, in that they ciystallize in the zinc blend structure,^ have similar

lattice constants and the binding is predominantly homopolar. In this way

Table 1

Semiconductor Lattice constant (A) Band gap at 20° G (eF)

Germanium 5-65

Indium arsenide 604

Grey tin 6-46

0-72

0-33

0-08
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mdmm arsenide can be considered as lying intermediate between germanium
and grey tm as illustrated in Table 1

The \alue of 0 33 eV for the band gap of indiurn arsenide at 20“ C is

that found by Osw aid * from optical measurements Measurements bj

various authors ® of Hall effect and electrical conductivity have

yielded values for the band gap at 0® K ranging from 0 42 to 0 6 eV while

the value obtained by extrapolation of the optical data is 0 43 eV
It would not appear from the literature that indium arsenide which is

substantially intrinsic at room temperature has yet been prepared but most

laboratories have reported n tjrpe material contaimng a earner concentration

of about 17 10^® electrons/e c this is approximately ten times the intrinsic

concentration The segregation coefficient of sulphur in indium arsemde has

been showm to be umt} and it is likely that this is the donor impunty
dominating the behaviour of the beat reported samples

Indium arsemde has two surprising properties which it shares with indium

antimomde and which largely distinguish these two compounds from the

remaining group III V combinations First the electron mobility at room

temperature is exceedingly large (25 000 cm*/volt sec for InAs) due to a

small effective electron mass which arises from a weak lomc component in

the binding as discussed by Seraphin Secondly the Hall coefficient is

practically invariant with temperature from the onset of intrinsic conduction

down to 1 3® K This inability to freeze out donor electrons from the

conduction band of even the purest samples has been attributed to the

existence of an impurity conduction band overlapping the normal impunty

band The small effective electron mass ui indium arsenide would lead to

extended electron orbits on the donor atoms and consequent large overlap

of the wave functions Stem and Talley ** have calculated the density of

states distribution for an impurity band based on hydrogen like donor levels

and found a reasonable fit of their results with the observed shift of optical

absorption edge with donor concentration Their results are also consistent

with values of effective electron mass deduced from electrical and thermo

electric power data

Thus it may be said that the large electron mobility and the temperature

invariance of the extrinsic Hall coefficient both arise from the small eS’ective

electron mass m indium arsenide and this in turn is due to the unusual and

critically balanced nature of the binding,

3 The Hall Effect in Indium Absenide

The temperature invariance of the extrinsic Hall coefficient and the high

electron mobility m indium arsenide as discussed in the previous section

are properties which make this material particularly suitable for Hall effect

devices A Hall plate may be operated either into an open circuit if only

voltage output is needed or into a matched load if power is required These

two modes of operation will be dismissed separately

(1) OPEN CIECUIT OPERATION

The Hall \ oltage { Vh) prodneed into an open circuit is

Rh Hg Ia 10 ^

t
V, millivolts ( 1 )
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Fig. I. Variation of Hall coefficient with temperature for indium arsenide.

Fig. 2. Performance of indium arsenide Hall plate at various temperatures.
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Hh = Hall coefBcientm cm’/coulomb
2a = plate current m amps
Ha == magnetic field m gauss

t = plate thickne^ in cm

Vh 'Ulll then be a linear function ofIf and I if Eh is independent of magnetic
field and temperature ^leasurcments ‘kbow Eh to be substantially inde
pendent of magnetic field up to 10 000 gauss at room temperature In Fig 1

are plotted curves showing the variation ofHall coefficient ofmdmin arsenide
with temperature between — TO^Cand -{ 130’ C, for two specimens having
Hall coefficients at 20° C of 132 and 214 cm®/coulomb Over the estreme
practical range of working temperatures — 40° C to + 100° C the tempera
ture variation is O0Q%/'C and 012%/°C respective!} In Fig 2 is shown
the performance at various temperatures of an indmm arsenide Hall probe
suitable for measunng or exploring magnetic fields The Hall coefficient

of the plate was 100 cm®/couJomb and it « seen that the temperature vana
tion 13 in accordance with the data m Fig 1

(2) StATCKED OPEBATION

It has been shown by Saker ei that the efficiency of a Hall plate

working into a matched load is given bv

Off* 1
Effiaency = 5^ ^

10-** (2)

fi = electron mobility

s 5 IS a constant related to plate construction

This calculation only holds for weak magnetic fields where the magneto

resistance effect in the semiconductor is small It emphasizes however

the importance of the high electron mobility m indium ar^emde m producing

for example, an advantage in efficiency of
'25 000],

i
3600

£2150 times over ger

manium It has been shoivn from network theory by H ick that ideally

the efficienc} can never exceed 17 per cent even for infiinte mobilities and

magnetic fields This limitation on maximum achievable efficiency arises

owing to the magnetoresistance effect mcreasmg the internal resistance of

the sample at high magnetic fields

This effect is illustrated in Fig 3 where load curves are shown for an

indium arsemde Hall plate at two values of magnetic field and it is seen that

matchinc^ is achieved with load resistances ofapproximately 2 9 22 and 4 2 22

The resistance values obtained by direct measurement between current and

Hall terminals of the plate are given in Table 2

Table 2

H (gauss) 0

Ec (ohms) 34
Fh^u. (ohms) I 9

Efficiency

46o0 7750

54 7 9

29 42
2 9% 4 9%
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If the efficiencies recorded in Table 2 are corrected so as to eliminate the
effect of the magnetic field on the internal resistance of the specimen, values
in reasonable agreement uith those given by equation (2) are obtained.
A further limitation imposed by the magnetoresistance effect for a loaded
Hall plate, is in its effect on the linearity of the relationship between Hall
output and magnetic field.is For devices .such as the Hall multiplier (see

HS7750 GAUSS

H* 4650 GAUSS

§ 3 (4) )
where linearity is of paramount importance, it is therefore preferable

to use a Hall plate, working into an open circuit. For use as a fluxmeter

which can be precalibrated, the effect is not serious and sufficient power

can be obtained from a Hall plate to operate a milliammeter. Such a flux-

meter utilizing an indium antimonide Hall probe has been described by

Saker.^®

The temperature performance ot the Hall plate when loaded is less

favourable than when used on open circuit, since the output is now influenced

by the change of internal resistance with temperature. The conductivity

of a typical sample of indium arsenide is plotted against temperature in

Fig. 4. Between — 40° C and + 100° C the temperature coefficient o'f

resistance is 0-3o%/°C. For comparison the relationship for an indium

antimonide specimen of similar conductivity is also shown, and it is seen

that above room temperature very marked changes occur due to this material

becoming an intrinsic conductor.
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(3) FIGtJRES OF MERIT FOR BAH. PLATES

For rapid assessment of the performance of Hall plates it is proposed
to define certain figures of merit Only open circuit \\ orking will be con-
sidered

temperature

Responsxmty

This is defined as the Hall volta^ outjiut in inilhvolts jier unit jlate

current m mA and unit magnetic field in kilogauss From equation (1) we
see that

Kesponsmty = R z= =~ 10 ® mV/mA kG (3)
UkI*! t

\Vc can thus wTite

A Vh a Vh
-TF^^R Hi^and^^R hi
AI„ AHk

'R is therefore of the nature ofa sensitivity defined mthout restriction on the

plate current and pow er dissipation m the plate, and is of Talue for small

signal conditions, such as the measurement of weak magnetic fields or small

amounts of pouer
,

it is proportional to the Hall coefficient of the semi

conductor and inversely proportional to plate thickness
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Dissipation Constant

When it is desired to drive a Hall plate to its limit as set by temperature
rise considerations in order to obtain maximum voltage output, a per-
formance factor is required which is related to the plate dissipation. It is

proposed to call this the “ dissipation constant ” (if) of the plate and to
define it in terms of the power per unit area (PjA) dissipated in the plate
such that

Let Vh = HaU voltage in millivolts.

Jsr = plate current in niA.

Hk = magnetic field in kUogauss.

P — specific resistivity of the plate material in ohm cm.
I = plate length in cm.

(i> = plate width in cm.

t = plate thickness in cm.

A = total plate area in sq. mm.
P = power di.ssipated in the plate in milliwatts.

I

Then P = D . p . . 10"® milliwatts
cu . t

A =21 . Cl)

.

10* mm*
By definition

From equation (1)

Vh Rh . Im .
10-6

Hk ~ t

(4)

(5)

We have from equations (4) and (6)

fi^lA) =
Then

Y„
jjf = —VCP mVfkGVmm*/milliwatt (6)

Hk

= 3-16 .
10-® Rh .CD . V^Tp (7)

31 is thus the Hall output in millivolts for a field of 1 kilogauss and a dis-

sipation of 1 milliwatt per sq. mm. and is given in terms of the plate constants

by equation (7).

For a semiconductor of given Rh and p the value of iJf increases with

increasing width and decreasing thickness of the Hall plate. If, on the other

hand, the plate dimensions are fixed and the material characteristics are

changed then

31 cc —p: oc ’Vp . Rh.
Vp

Thus in comparison with other semiconductors of similar HaU coefficient

indium arsenide has an advantage due to its large mobility.
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As an example of the performance figures that might be obtained in
practice consider a Hall plate of dimensions 8 mm x 4 mm x 0 05 mm
made from mdmm arsenide of Hall coefficient 100 cm^/coulomb Then
from equations (3) and (7)

ii = 0 2 mV/mA kG
M = 40 mV/kG Vmm®/mW

Plates having these charactenstics hare been suceessfuhy made in the
laboratory and this ivould seem to be near the limit of performance for
material of P// = 100 since 0 05 mm isprobably a minimum practical thick
ness Higher values ofM can be obtained by increasing the width of the
plate as shoivn by equation (7) but the length of the plate must also be
increased in proportion to avoid ahort-circuiting of the Hall potential by the
current electrodes Examples of the uses ofsuch Hall plates have been given
byHarteP®

(4) THE HALL EFFECT MULTIPLIER

An obvious application of the Hall effect w to a simple bnear multiplier

for use in analogue computers Such a device would also be of value as a
frequency changer or as a carrier suppressed double 8ide*band modulator
The frequency response for most computer applications ranges from r o to a
few hundred cycle”, and one input signal can be utilized in the form of a
current in a coil wound on a ferromagnetic core to provide the magnetic

field for the Hall plate The other signal is provided as a current supply to

the plate Since the Hall voltage will be linearly related to the currents m
the coil and the plate it is essential that these are supplied from high

impedance sources in order to ebminate the effect of the coil reactance and

the magnetoresistance effect m the plate

Experimental multipliers have been made m this laboratory using an

indium arsenide Hall plate mounted in a gap in a ferrite core The char-

acteristic of a tjqiical multiplier is given in Fig 5 in terms of the Hall voltage

output into an open circuit for various values of coil current and for a plate

current of 50 raA The characteristic is linear up to values of coil current of

13 mA and measurements showed the ratio of fundamental to second har

monic introduced by this multiplier to be greater than 40 db The curvature

at higher coil currents is due to saturation of the ferromagnetic core In

this multiplier the coil had an inductance of4 7 henrys and nasself resonant

at 6 kc/a The figures of merit for the Hall plate were

7? *018mV/mAkGand J!/ =33mV/kG Vram^/mW

4 The Transverse SIagnetobesistance Effect in Indium Arsenide

When a semiconductor carrying an electric current is placed in a magnetic

field transverse to the current direction, a Hall voltage is set up as discussed

in the previous sections The effect of the Hall electric field is to annul the

deflecting force due to the magnetic field and enable tlie current carriers to

pass through the semiconductor substantially undeflected Owing to the

spread of thermal velocities of the current camera, this balance only occurs

for carriers of a certain mean velocity Garners differing from this critical

velocity are deflected by the magnetic field and their path length through tlie
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semiconductor is enhanced, giving rise to an increase in the specimen re-

sistance : this efifect is known as the transverse magnetoresistance effect to
distinguish it from the longitudinal magnetoresistance effect observed when
the magnetic field is parallel to the current direction. The magnitude of the
magnetoresistive effect null depend on the energy distribution of the current
carriers and on the relation between their energy and mean free path as

determined by the scattering mechanism in the semiconductor. The effect

will thus varj' both with degree of degeneracy and noth purity. This subject

has been treated by a number of authors and a comprehensive review has
been made by Champness.^® Considering the case of a pure semiconductor
witli covalent lattice scattering and for weak magnetic field (jxH 1), it

can be shomi that the magnetoresistance expressed as ratio of the change
of resistivity (Ap) due to the magnetic field, to the resisthity (pg) in zero

field is given by —- = 0-38 for a specimen long compared to its width.
Pa

The effect is therefore exeeptionallj’’ great in semi-conductors of high electron

mobility such as indiujn arsenide and indium antimonide.^^'

If the constraining effect of the Hall field is removed, for example, by
short-circuiting a pair of Hall connections placed on the sides of the specimen,

the magnetoresistive change is increased since all the current carriers are now
deflected by the magnetic field. The same effect can be obtained by altering

the dimensions of the specimen. If the length is made small compared to

the width, the end electrodes tend to short-circuit the Hall voltage and
again the magnetoresistive change is greatly enhanced. A device in which it

may be considered that the Hall voltage is completely short-circuited is the

Corbino disc ; here, the electrons flowing in at the centre execute spirals in

the plane of the disc as they travel to the circumferential electrode and their

path length is thus greatly increased, due to the magnetic field. The magneto-

resistance in indium antimonide has been measured by Weiss, Welker ^ for

various geometric configurations. A Corbino disc of this material had a

A p
value — of 23-6 at a field of 10,000 gauss.

Po

In Fig. 6 are shown measurements on a square plate of ?i-type indium

arsenide (i?H~200) and on a construction approximating to a Corbino

disc. Measurements by Earner et al. are included for comparison, while

Ap
Welker has reported a value of — = 4-6 at 10,000 gauss for an indium

Pa

arsenide disc. The discrepancy between the various measurements may
perhaps lie in the essentially low' resistance of the Corbino disc configuration

and the consequent importance of small amounts of contact resistance to

the leads. The effect of temperature on the magnetoresistance effect in the

square plate is given in Fig. 7. In practical applications the variation of

zero field resistance with temperature could be balanced out by using a pair

of matched elements in a bridge circuit, only one of w'hich w'as introduced

into the field.

Practical applications utilizing magnetoresistance do not appear to have

been developed as far as those involving the Hall efieet ;
this may be in

part due to the low resistance of suitable specimens. For example, the disc

and plate in Fig. 6 had a zero field resistance of the order of 1 or 2 ohms.
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However, the plates can be made small and a number connected in series to
give a resistance of between 10 and 20 ohms occupying an area of about 1 sq.

cm. An ingenious method of doing this has been described by Welker in
which a long plate of semiconductor is effectively divided into a number of
short, wide specimens by means of evaporated silver strips

; essentially the
strips serve to short-circuit the Hall voltage and thus increase the magneto-
resistive effect.

A number of possible applications have been discussed by WUlardson
and Beer.^® These include voltage and current regulators, rectifiers and a
contactless potentiometer. Eoss and Saker have described a magneto-
resistive displacement gauge using two small indium antimonide plates

moving differentially in a strong magnetic field gradient
;
with this arrange-

ment a movement of 1 micron was easilj' detected. A similar sensitivity has

been obtained with indium arsenide magnetoresistive elements made in this

laboratory.
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Infra-Red Faraday Effect Due to Conduction Electrons

in Indium Antinionide

S. D. SMITH, T. S. MOSS

Ministry of Supply, Royal Aircraft Establishment Radio Department,
Farnboroiigh, Hants.

IS'TRODUCnOK

A PLAHE polarized wave passing through a material may he resolved into
two circularly polarized waves with opposite directions of rotation. Under
the influence of a magnetic field parallel to the radiation, one of the waves
travels faster, and the other slower than in the absence of the field. The
result of this is a rotation of the plane of polarization in the material, which
is known as the Faraday effect.

When this effect is due only to free carriers, it in fact measures the

dispersion due to cyclotron resonance absorption by these carriers. SEtchell

(1955) suggested that measurement of Faraday effect would give a value

for the effective mass of free carriers in a semiconductor, and we consider

that such a measurement has accuracy comparable vith a cyclotron resonance

determination without the necessity of the stringent conditions required to

observe this resonance, llitchell ^ and Spitzer and Fan ^ point out that

dispersion in general is independent of the collision time r. Thus determina-

tion of effective mass from dispersion or Faraday effect measurements is

independent of the scattering characteristics of the crystal.

The Faraday effect is preferable to a direct measurement of dispersion

in that it is unaffected by lattice vibrational dispersion and can be used

over a wide range of carrier concentrations. Thus, in indium antimonide,

the change in effective mass as the conductive band is filled progressively

can be studied. (See Moss,® Smith et al.^'^)

The effect varies inversely as the square of the effective mass and is thus

very large in InSb. It is possible to obtain a rotation of one revolution for

10,000 gauss, so that rotations of ~'45° as might be required in applications

can be produced with fields 1000 gauss.

Theoky

Consider free carriers of density N in a band characterized by an isotropic

effective mass m. Let the plane polarized wave be split into circular com-

ponents Ee ^ with the wave travelling parallel to the magnetic induction

B. The equations of motion will not contain a restoring force term, and the

displacement s will be given by

md^sjdt'^ -f imlr)ds!dt — ieBdsjdt = eiJe (1)

where t is the collision time.

p.s.s—

n

671 0
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The only useful solutaons of this equation will be of the form

Substitution of (2) in (1) gives — <0 zfc £ejm ± tjr

which 18 the complex amplitude of the displacement
Now the complex dielectric constant is given by

(n - = (f + {Mel^„)S(E

= <f 4-
-ye^/wto^o

— ft) i Bejm ± tjr

Hence »» _ = e _ (<» ± Be/m)

(ft) ± Be/m)^ -f i/t®

(2 )

(3)

(4)

(5)

and Cr SRittt) = Ne^/mrifo

(ft) ± -f t/r*
(6)

It should be noted that .Eq (6) is the normal cyclotron resonance absorp
tion equation bo that Eq (5) gives the dispersion due to cyclotron resonance

If we assume that the absorption is small (so that «^»®) and that ne
are working at frequencies uell above the cyclotron resonance frequency so

that (Be/m)® cyg then

Ri* - «j2 = (Neym^^){2 Be/mft)(ft)* + 1/r*)} (7)

Now 0 = ift){n, - nj)/c *= ft,(n,® - ne*)/4nc (8)

since the changes in n are small

Thus 6 * BNe*/2nc<f<,m*(ft>® + 1 /t®) = (9)

at high frequencies where &)* >1/1-'

By use of this equation and measurement of B iV « and tu ue can

determine the effeciii e mass of the earners The measurement is potentially

accurate as the equation gives m* also since m is very small in InSb the

rotation should be very large This equation has been derived previously

by Jlitcheb (1955)

Alternatively 0 can be related to the dispersion of the material To the

same degree of approximation as is used above

ndnfdtx) ^
0 == (Be/2OT c)wdnldta = (Be/2m c)Adn/dA (10)

In this case measurement ofN is eliminated and except for determining B
the experiment is a purely optical one

It should be noted that neither Eq (9) nor (10) involve the collision

time T Thus the Earadaj effect is independent of the scattering mechanism

and it IS not necessary to average over t if it is energy dependent Spitzer

and Pan ® have pointed out that the same is true of the normal free carrier

dispersion and that measurement of dispersion is thus superior to measure

ment of absorption

As the E k curve for the conduction band of InSb is not a simple para

bola the effective mass mil bo energy dependent and mil also vary with

impunty content Any measurement involvmg transitions from one energy



INFEA-BED FARADAY EFFECT 673

level to another therefore gives an average over part of the band. In the
Faraday effect, the measurements can be made with small fields and hence
small values of Jiioc are involved. However, the effective electrons will be
distributed over a range of energies so that some average value over this

range is obtained.

The Faraday effect due to electrons in a non-parabolic conduction band
has been discussed by Lidiard and Stephen.^ considering the Boltzmann
equation in the presence of a magnetic field they find that m* in Eq. (9)

above gives

m*

where Icf is the value of Ic at the Fermi surface, for the case of degenerate

electrons, assuming .spherical energ}’’ surfaces. This is not identical with

the usual expression from the curvature of the band h.e. m* =

unless the band is parabolic.

When classical statistics appty it is necessary to assume a shape for the

E-k curve, so that m* can be expressed in terms of E(k).

The absorption constant K is given bj’’

so from Eq. (9)

K — {Ne^lmcn^^Tjil co^t^)

BjK = Berfm — fiB

(11 )

(
12

)

The ratio of Faraday rotation to absorption constant is thus independent of

frequency and depends on the Hall angle.

For a specimen of thickness t, the maximum product of rotation and
transmittance occurs when

Kt = 1

i.e. for an absorption of e : 1.

The rotation then is

et = t>-BKt ^ [J.B (13)

The Faraday efiiect at long wavelengths (i.e. radio frequencies) has been

studied by Rau and Caspari.^ However, since the rotation is then indepen-

dent ofm but involves r, this experiment is not comparable vfith the present

work.

Experimental Details

Since the Faraday rotation depends upon the square of the wavelength

and since there is dispersion due to the intrinsic absorption across the for-

bidden gap at wavelengths near the absorption edge (Moss, Smith and

Hawkins),® it is desirable to measure the rotation at wavelengths greater

than 15p.

Polarizers suitable for such wavelengths were constructed from stacks

of polythene sheets, each approximately 8 ^ thick, inclined at the Brewster

angle. Twelve sheets were used in each pile and a polarization of over

90 per cent, was obtained. Beyond 15 p polythene shows good transparency

at least as far as 40 p and probably further. At shorter wavelengths pro-

nounced absorption bands are found, but the polarizers may be used at
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selected points between the bands At visible wavelengths the polarizing
stacks scatter significantly and images formed by rays passing through the
polarizers show poor definition However for wavelengths 10 or more
times greater than in the visible the scattering is greatly reduced and it was
found that the image definition improved markedlj The crossed position
of the polarizers was found by contmnously rotating the analyzer through
the minimum and recording the signal on a chart with the magnetic field

m one direction The field was then reversed the procedure repeated, and
the rotation was found by the shift on the chart required to bring the two
tracks into coincidence

An electro magnet with pole pieces of elliptical cross section was used
to provide a uniform field w'hich was usually at 50® to the direction of the

radiation so that the specific rotation was given by 0/t£ cos 50°, where /is

the thickness When the highest fields obtainable from the magnet are

required the specimen may be placed perpendicularly to the field at some
angle i/r to the radiation Due to the high refractive index of indium anti

monide the radiation will then be refracted such that it passes almost

normally through the specimen (le parallel to the magnetic field) and a

correction has to he applied to the measured angle because of different

reflection coefficients Jl, Up of rays polamed m and perpendicular to the

plane of incidence as follows

0 = tan-^-^^j-^ tan 6

1
where $' is the apparent rotation

Convenient thickness of specimens were 800 fi for intrinsic InSb which

had fli = 1 8 X 10‘®cm“* at 24® C and 130/t for n type material with

n = 7 X 10^’cm"* Thicknesses were measured with a dial gauge to

better than 2 per cent

Wavelength dependence was measured from 10-22 /x for pure material

and from 6 5-19 jj. for n type material In the case of the intrinsic material

the number of carriers was sensitive to the temperature to the extent of

~2 per cent per °C The rotation was therefore measured at a given wave

length and field as a function of temperature from 18“ C to 30“ C and small

corrections made to the field and wavelength dependence determinations

to reduce all values to 24® C A stream of air blown past the specimen

ensured that its temperature was primarily determined by forced convec

tion and that equihbnum conditions were rapidly established No such

corrections were necessary for the n type material

Experimental Results

1 Intrinsic InSh icith A = 1 8 X 10“cm ® irf 24® (7

The w avelength dependence of specific rotation for a field of 4230 gauss

at 24° C 13 shown in Fig 1

a plot of n6 cf A® reveals how well the theory is satisfied and this is shown

inFig 2 ^ Ijes of ft were taken from a previous determination of dispersion
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Fig. 2. Wavelength dependence of Faraday effect in intrinsic InSb.

jy = 1'8 X 10’® cm~“.



tncifit

wTAVONfuamti/mm/i/j)})



ETFRA-EED FASABAT EFFECT 677

in this material (Moss. Smith and Hawldns),® and n changes by only 2 per
cent, throughout the region considered. It was also shown that free carrier
effects are only dominant beyond 15 ft and consequently the straight line in
Fig. 2 is biased in favour of the points at larger wavelengths. The field

dependence, given by curve A of Fig. 3, again shows good linearity.

The slope of nB against A* in Fig. 2 give-s — = 13-6 x 10«

radians per whence m* = 0-018(5) m,

2. n-type InSb icith A = 6-5 x 10*' cm“^

The wavelength variation in this material is shown in Fig. 4. The rota-

tion is sufficiently large in this case to be measured down to wavelengths
near the absorption edge (i.e. near 6 ft). The plot of nO cf. A® is shown in

Fig. 5—in this case there is a marked variation in n -with wavelength and
values were obtained by making a ver3- small correction to a determination
of Spitzer and Fan - of the refractive index for material with 6-2 x 10** cm-®.
The dispersion obtained agreed well with an interfermetric determination of
relative dispersion made on our own material. The A® dependence was again
satisfied, as was the linearity with magnetic field (Fig, 2, curve B).

Fig. 5. Wavelength dependence of Faradav effect in n-t\-pe InSb.
= 6-4 X lO^- cm-’.

From the slope of n6 against A® we have.

m* = 0-028 m.

The effective mas.s in this material was also determined from dispersion

data, using Eq. (10). At A = 16-37 ft. which was the wavelength used for the

measurement of Fig. 2B, the specific rotation is 1-66 x 10* radians/m/weber

m~'. and our measured value for the dispersion is MnjdX = 1-69
;

hence

m* = 0-030 m. The two determinations of m* are thus in good agreement.

More recent results are given by Moss® and Smith cf
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DISCUSSION

The experimental results show that accurate measurement of Faraday
effect may be made nith earner concentrations varying by a factor of at
least 30 That this range may be extended to lower concentrations has been
shoivn by prehminary measurements at hquid air temperatures when the
electron concentration m our material is I 84 x 10^® cm ® The concen
tration may be extended upwards by making thinner specimens

At the highest concentrations measured 6 5 X 10^^ cm the value of

effective mass obtained (0 028 m ) agrees well wath that of Spitzer and Fan^
from direct dispersion measurements (0 029 m ) and I R pulsed field cyclo

tron resonance values by Keyes el al^ The Faraday effect determination

should be more accurate than the dispeision measurements because of the

square root dependence of m* on n, JV and 0

At intrinsic concentrations (1 8 x 10^* cm“® at 24° C) the free earner

contribution to the dispersion is less than the contribution of the Restrahlen

band at 20 /z (Moss Smith and Hawkins) ® {Thus the direct dispersion

measurement which does not discnminale against vibrational dispersion,

cannot be used
)

However the band to band absorption still contributes a

negligible amount to the dispersion The value of effective mass obtained

(0 018) should be reliable and has been measured with small magnetic fields

(< 6000 gauss) This mass is somewhat higher than the value of 0 015 m
found by Burstem Picus and Gebbie • by infra red cyclotron resonance

with a field of the order of 60 kilogauss The number of carriers in the

conduction band was comparable in the two experiments

The measurements at 90° K suggest that with the band containing only

one tenth of the number of electrons present at room temperature there is

a sigmficant fall in mass towards the vatue obtained by Dresselhaus e( al *

of 0 013 m for microwave cyclotron resonance

The experimental observation that the A* dependence and the linear

magnetic field dependence is well satisfied justifies the theory employed to

analyse the measured Faraday rotation However in interpreting the

effective mass in terms of the non parabolic energy band a further extension

of the theory is required for the case of non degenerate electrons

The large rotation obtained with moderate fields shows that the Faraday

effect may have practical application as a high frequency modulator or

chopper, on infra red radiation
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L’Effet Magnetotliermoelectnque dans rAntimonmre

d’liidium

M RODOT

Laboratoire du Magnittsme et de Physique du Corps Soltde Bellevue

(Seine et Oise)

Divers effets de transport dans I antimoniure d indium ont ete largement
etudies notamment la conductivite et 1 efFet Hall 1 effet Seebeck la con
ductivite thermique la magnetoresistance II ressort de ces etudes que les

electrons ont dans ce corps une tres grande mobilite et une faible masse
efficace et que le rapport b = y-nlfip des niobibtes des electrons et des trous

est grand de 1 ordre de 50
Des travaux anteneurs d ressort aussi que le mecamsme predommant

de dispersion des electrons dans InSb est meertam II a ete releve en effet

que Ihypothese classique selon laquclle la jnobilite des electrons est

hmitee par les chocs avee les vibrations acoustiques du reseau conduit a
un desaccord ^ entre la throne et 1 experience si 1 on adopte pour masse
efficace la valeur — 0 013 vif, foumie par la methode de mesure la plus

directe la resonance de cyclotron

Le present travail a pour but de lever cette mcertitude par I etude d un

autre effet de transport 1 effet magnetotliermoelectnque (M T E ) qui est

defini par 1 alteration de 1 effet Seebeck par un champ magn^tique transversal

L effet M T E des Electrons libres qu on peut prevoir important vu la valeur

41evee de pn doit fournir des indications sur le mecamsme de dispersion

predommant * L 4tude a ete menee de fa^on k mettre en Evidence la presence

eventuelle dun effet ambipolaire effet du a la presence simultanee

d electrons et de trous libres

1 Choix des EalANTrnLO^s et AIethodes Mesure

Comme la bande de conduction de 1 antimomure liium presente la

sj metric spherique on doit s attendee a ne pas trouver de difference de

comportement notable entre des monoenstaux et des poljcnstaux a purete

et mobibte ^gales Ce fait a ete v^nfie et des echantiUons des deux categones

ont ete utilises Leur purete est determinee au mo} en de leur constante de

HaU Bh, h 77® K dans un fort champ magnetique (6000 gauss) la difference

des nombres de donneurs et d accepteurs est B = n, = — lleBn,

Des mesures d effet Hall et de conductivity electnque foumissent en

fonction de la tempyrature la mobilite de Hall (tu = Bif(p

Le tableau 1 resume les caractenstiques des echantiUons etudies

Pour la mesure des effets thermomagoytiques on a utilise un mam
pulateur represente sur la Fig 1 Lechantillon F est place entre deux

plaques -^e cuivre A et B dont 1 une est en contact thermique etroit avec une

grosse c cbppe de cuivre E jouant le role de reservoir thermique et 2 autre
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est ^olee et chauffee par une resistance electnque Le tout est place dans
un Dewar et peut etre porte k une temperature moyenne vanable par une
resistance R Des thermocouples mesurent la temperature en a et b Le
champ raagnetique H (100 a 7000 gauss) est fourm par un electro aimant

Fio

mum d un arbre k cames qui permet de reabser automatiquement le cycle

H >0 H 0 H < 0 H — 0 Quatre fils sont soudes en a b c d et les

tensions ab et cd ainsi que les temperatures sont enregistr^es sur un
potentiometre M E C I de construction speciale oh 1 on peut mesurer

simultan^ment des tensions infeneures au millivolt &. 5 pres et des

tensions plus elev6es avec une precision plus faible Soit en fonction de la

temperature (de 77 a 330° K) soit en fonction du champ magn^tique on

enregistre simultanement I effet Seebeck et les effets Nemst et M T E
pour ces derniers effets on prend la moyenne des lectures pour // > 0

et < 0

Nous avons v^nfie que les mesures sont faites dans des conditions iso

thermes ’ c est a dire que 1 appareillage est tel que la difference des tern

peratures en c et d est nulle (< 1/50° pour une difference de 60® entre

et rj
Le signe de 1 effet Nemst est determm^ par comparaison avec celui de

1 effet Hall en appliquant simultanement en a et b une difference de tem

perature et une difference de potentiel electrique Nous avons adopts la

convention de signe suivante le champ magnetique etant dirig^ suivant

0 et le gradient de temperature dTjdx suivant Ox le coefficient de Nernst

est d^fim par

BdTjdx
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2. Restjltats Expehemestaitx

La Fig. 2 represente I’effet M.T.E. en fonction de la temperature pour
H = 3000 gauss. Les echantillons de tj^pe p (courbes pleines) presentent un
maximum aigu de I’efFet, temoignant qu’il s’agit la de I’efFet “ ambipol-
aire ”

; les echantillons de tj’pe n (courbes en pointille) ont un effet depen-
dant peu de la temperature, qui est I’effet propre des seuls electrons.

Le maximum de I’etfet ambipolaire se deplace vers les temperatures

eievees et decroit quand I’echantillon devient plus impur
;
quand le champ

magnetique varie il reste a une temperature a peu pres constante (Fig. 3).

En fonction du champ magnetique a une temperature determinee, I’effet

M.T.E. AO commence par croitre paraboliquement, pendant que le co-

Echontilion DXa

rA
/V%

i1 r
v*
\"

\2>

V

V

\ 1 1

-100 -50 O *50

rra

Fig. 3.

efficient de Nemst B varie peu (Fig. 4). Aux champs plus eleves, et

B diminuent (Figs. 5 et 6), et AO tend vers une hmite AO(co), pendant que

B tend vers zero. La saturation de /\0. est rarement atteinte aux champs

inferieurs a 7000 gauss. Elle est plus vite atteinte aux basses temperatures.
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n faut souligner le fait que dans tons les echantillons et a toute tem-
perature, /\Q est positif et B est negatif, qu’il s’agisse de Feifet “ simple

”

ou de Feifet ambipolaire

3. Theorie des Effets ThEKM03IAG^»ETIQTTES

(a) EESOLUTIOX be L’EQTIATIOi; BE BOLTZMANX

Considerons un cristal d’antimoniure d’indium contenant un seul type

de porteurs de charge, soit des electrons. Le gaz d’electrons est frequemment
degenere ; nou.s emploierons comme fonction de distribution a Fequilibre la

fonction de, Fermi-Dirac :

= fq- ^ 1

ou f est le niveau de Fermi et e Fenergie de Felectron comptes vers les

energies positives a partie du has de la bande de conduction.

Le nombre d’electrons libres depend par aiUeurs du nombre de niveaux

dans la bande de conduction. Posons :

Fi(7j) = r x'dx

j 1 _L e^-’!
(
2)

Si la bande de conduction a la forme “ standard ” que nous appeUerons

parabolique :

€ = {k — vecteur d’onde) (3)

le nombre d’electrons libres est :

CO

Sir

^ ^ (^) (4)

En fait, la bande de conduction dans InSb n’est pas parabolique ^ et il faut

substituer a (3) et (4) :

'2m,
+ 9 (

kT /5 F3l2iv) I

Fy,iv)

j
E„

, Y, 9T
FM

\e,^} Y "
-f’u2(’7) rn, \E/)

(S')

(4')

ou F*j, differe legerement de la lacune d’energie E^ en ce que sa dependance

avec T est due uniquement a la dilatation du reseau.
' 00

bTous aurons besoin de faeon generale des integrales du type J e'dn, que
U

nous appeUerons < e’ >, et qui s’ecrivent respectivement, pour les bandes

“ parabolique ” et “ de Kane *’
:

< e- >p "J
Stt

3F
(kTf*^!^ {i -f 3/2)F,-. (5)
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< e* > = e^dn = < e‘ >,
r kT /5 m„\-5-=

mj
'i+3;2(’?)

't+Hiiv)
+ (S')

Les integrales dans les casparticuliers ou la distribution est “ class

jque” (distribution de Boltzmann) ou “m^tallique’ (completement d^.

generee), s’ecnvent

(t + = r(t + 2)e’ (“ classique ”)

(1 + l)Fi{r,)
*17®

' *'6^ + )r metallique ”)

(
6

)

(7)

En presence de champs Heeingues E el magnetiques H et de gradients

Ihermiques IsT la distribution des electrons est perturbee Soit/Ia nouvelle

fonction de distribution * L’^quation exprimant que / est stationnaire,

o’est a dire que le cristal est a I’etat d’equilibre, est I’equation de Boltzmann

Ak/ sont les gradients de / dans I’espace des vecteurs d’onde et dans

I’espac© des coordonnees
, ? = ± e cst la charge du porteur, v sa Vitesse

Le deuxieme terme de (8) est la variation dans le temps de la fonction de

distribution due aux collisions des electrons II est courant de supposer

qu’il existe un temps de relaxation t c’est a dire que

/-/.
(0)

Souvent, de plus, r est proportionnel a une puissance de e

T = (10)

Amsi r =1 — 1/2 dans le cas de la dispersion par les phonons acoustiques ,

r = + 3/2 dans le cas de la dispersion par les impuretes lonisees dans le

cas de la dispersion par les phonons optiquw, dite ‘ dispersion polaire

(9) et (10) ne sont pas venfiees mais (9) et (10) sont approximativement

verifiees pour les electrons de trcs faible ou de tres grande energie

81 € <^ky„ r = 0 , SI r = -f 1/2

V, 6tant la frequence des vibrations de nombre d’ondes nul

Nous supposons dans les sections 3a 3b 3c que (9) et (10) sont verifiees

Pour r^soudre I'equalion de Boltzmann, on developpe / au voismage de

fn sous la forme

' d€
S=So

On trouve que <p a pour valeur

(
11 )

1 + {arUf

P = qE- TV,•(»

(”i)
-^VrT

(
12

)

(13)

II est alors possible de ealculer la densite de courant j = ^vfdk Expri

raant que tenant comptc de notre condition aux bmites
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dTJdy — 0, et de ce que, par definition :

- d^jdx

BH
E.,

(14)dTjdx ’ dTjdx

nous obtenons pour I’effet Seebeck et I’effet Nernst les expressions suivantes :

El 4. (hX El
1 ifi \Kj

ou

(15)

(igbis)

(b) effets thermomagnetiqttes dtts adx electrons libres ®

H resulte des formules (14) que I’effet Seebeck pour H = 0 s’ecrit

:

I'QW Ij, V < e-- > V

et I’effet M.T.E. AQ(H) = Q{H) - Q(0) ;

(16)

lAm) =

1 mm km' 1 ^2(0)1 \Lm)] 2

kT [Km) km\ kT
. »

[Li{H) /!Cl(0)J [Km)\

1 +
\Lm)]

ki(^^)j

2 -r

1 +
Lmr
Km)

2

-

1

AiQiH) + I
A,Q{H)

Dans le cas des champs magneliques faibles, les termes Ai6 et A2G
s’ecrivent :

jA.«(0) = ~

,/fc

A2a(0)
1

Km
Km
'EM
Kt{d).

K^(0)- alH^i > < T®e >N
~ kT \,<T> < re > /K,(oy

L,(0) KM
[LM KMJ
am^/<r^ >y/<r^e >
kT \ <T >, < >

< re >
<T >

et le coefficient de Nernst, d’apres (14) :

B(d)H =
aH < > /< r^e > <re >

<r^ > < T >

(17a)

(17b)
X- kT <r>

Ainsi I’effet 3I.T.E. est paraboUque et I’effet Nernst linMre en H aux

faibles champs, conformement a I’experience.

Pour obtenir des resultats numeriques relatifs a un echantiUon donne,

on calcule a chaque temperature son niveau de Perrai reduit -q, en resolvant
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1 Equation n — p — n, compte tenu de la structure exacte, non para
bohque, de la bande de conduction Dans lea formules (17) on fait t =
et on calcule les integrales en y portant la valeur de obtenue precedemment
On peut \ oir qu on ne commet qu’une faible erreur en calculant les integrales

<tW > comme si la bande de conduction etait parabolique a condition

d y introduire le niveau de Fermi exact Nous ecrirons les expressions ainsi

obtenues pour un gaz d’ehdrons {g = — c) par application de la formule (5)

amsi que les resultats approchfe obtenus dans les cas hmites ‘ classique
’

et ‘ metallique ”, par application des formules (6) et (7) Nous expnmerons
ici /\Q et B en fonction, non de H, mats de

y = \

a\ H ^ - ^ (fXH = mobihte de Hall)

Dans le cas general degenere ou non d^genere

I
Ai«(0) =

. (5l2+Sr)F„i^„ [il2+r)F„^^r - (3/8+3r).F„„,, {5l2+r)F,,

(3/2+2r)*F>,„+„

® A Offil — hS [
(5/2 + r)F3;a^., _ (5/2 + 2r)Fs

k ^ L(3/2 + (3/2 + 2r)Fy,^^]

- Ttin\Tf — [
(^/^ + ^)Fsi2+r _ (5/2 + 2r)Fs,2+ 2r

']

k ^ L(3/2 + r)F,^^, (3,2 2r)F„^^,,\

Dana Tapproximation ‘ metallique
”

(a)
I
A,e.(0) = ^ irf .

I
A,e.(0) = - ^ 2ry>

(
10 )

(b)
I
ASm(O) = v‘ry‘m

(c)
^
F„{0)H = — TT^ylSy

(20)

Dans 1 approximation ‘ classique
”

I

<») :
AA(0, ^ ^ ^

(b)^Aec(O) ^ry^(e-l}

I A*a(0)
= -

(
21

)

Qy ^0 designe un nombre positif et faible, croissant avec
)
r

j

Toutes ces formules monti^t que /\Q est du signe de r et B du signe

opposi L’expenence indique done que r > 0 Les valeurs experimentales

de £\Q(0)ly^ et de H5(0)/y sont portees sur le tableau I pour une sene

d’echantillons de type n Ces deux nombres sont differents, comme le pre
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voient les formules generales (19) ; ils seraient egaux seulement dans Je

cas d’un echantillon tres degenere. On pent tirer un ordre de graiideur de
r en utilisant la formule (20c) ; cette valeur r,..,!,-., portee dans le tableau I,

est toujours voisine de 0-05 a 0-30 queU que soient I’echantillon el la tem-

perature, et tend a augraenter avec rj.

De ce resultat on peut conclure que le mode de dispersion predominant
ne peut etre ni la dispersion par les phonons acoustiques, ni la dispersion

par les impuretes ionisees
;

c’est probablement la dispersion “ polaire

Dans le cas des champs magnetiques forts, augmente avec H, et

a la limite des champs infinis.

(B(co) = 0

[|a«(co)
1 ^2(00) 71^2(0)1

7^3(00) 7ti(0 )

K,ia>) = 1 /
'1\. 1

t/’

1 Di(oo) = 1 > ;
L^{co) =

1

aH < e >

(22)

(
23

)

On obtient le resultat tres simple, indipendanl dv. mode de dispersion :

Dans les cas limites etudies,

5 ^s/ziv) _
3

(24)

|A<>„(co) = r^2/3r, (
25

)

I A<3c(«>) = ^ (26)

Un rapprochement des formules (20) et (25) amene a ecrire les formules

suivantes :

Ae(H) = j-^Ae(oo); (27)

Ae(«>) = - B{0)clpn (27'’'‘n

Ces formules, dont la premiere est assez bien verifiee par I’experience (Fig. 6),

sont valables en toute rigueur seulement pour I’approximation m^tallique.

(c) EFFETS THEHMOJIAGN^TIQUES AMBIPOLAIRES

Si les indices 1, 2 et 3 s’appliquent respectivement aux effets des electrons

seuls, des trous seuls, et totaux, nous ecrirons avec Chambers «
:

^93(1 + = 9i[(l + ht,)Qi + «i - +
+ 92[(^ f' f2^3)62 "b (^2

93(1 + t^^)B^H = 9i[(l + + (<3 - h)Q^} +
+ 92[(^^ "b + (^3 ^2)^2]

(
28

)

ou

; <2 = tz =
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93 = 9l + 92 . 93^3 = 9ltl + 92^2

<T = conductivity electnque

Ces formules, valables si les bandes de valence et de conduction sont
independantes et isotropes sont employees en supposant en outre (1) H
faible, c’est a dire Qa = -^2 = > (2) = - - n'est pas voisin de I ni

de 0 , (3) Qi et sont donnes par les formules “ classiques ” (21) et enfin

(4) = Tg = r On obtient

rAQ3(0) = «,A0.(0) + 0,(1 - *'i)A0„(O)

U3{0) = + t>,(l - ri)5,(0)
^ ^

les efFets d’origine ambipolaire ayant la valeur

[|Ae.(0) = s,M('>a-''i)(6+2i- + S) fi-p -Oj(8-l)]}

5„(0)ff = — t/j [6 + 2r + S — Oar]

Ici S = EgjkT, Cj = voism de 1 dans le cas oil r

est TOisin de 0 Des formules (30) on peut eonclure que I’effet M T E
amhipolatre est posthf et Veffet Nemst ambipolaire est nigatif, conformyment

k I’ezpynence a cause du terme en 5 + ^ (nombre voism de 12 k la tern

perature ambiante) ces eifets sout important^ Le facteur Vi{\ — Vj) des

formules (29) rend compte de I’allure des courbes de la Fig 2 En&n il

est clair que ces effets dipendent peu de r, en particulier ils existent rnSme si

r = 0, contrairement aux effets des seuls Electrons libres ,
ils s’ecrivent dans

AQaiO) - „ ViHl
- Vi) (6 + S)

£„(0)S=--y^(5 + 8)

On peut tirer des r^sultats expenmentaux une valeur de qui se trouve

en accord avec la valeur 6 50

(d) sue l’okigine des effets thebmomaon^tiques des ^lecteons libres

DANS LE CAS DE InSb

Revenant au cas d’un echantiUon de type n ne contenant que des Electrons

bbres, observons que les effets thermomagnytiques, de meme que les effets

galvanomagnytiques magnetorysistance et variation de Bh avec H, sont

dus aux differences de mobibte des electrons d energie diff^rente ,
ils sont

nuls SI r = 0, meme si I’on tient compte complfetement de la structure non

parabobque de la bande de conduction

Dana le cas du mecamsme de dispersion polaire ces effets sont importants,
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mais ne sont pas rigoureusement calculables au moyen de la theorie qui
precede. On pent repartir les electrons en trois groupes selon leur energie :

Si I’energie est inferieure a il n’existe pas de temps de relaxation,

sauf si e~ 0.

Si I’energie est juste superieure a il existe un temps de relaxation

qui est une fonction tres decroissante de e.

Si I’energie est largement superieure a her,, jusqu’a atteindre le niveau
de Fermi, il existe un temps de relaxation qui est une fonction croissante

de e : T ~
Les effets thermomagnetiques des deux demiers groupes se compensent

partieUement
;

ceux du premier groupe ne sont pas calculables par la

theorie precedente.

Conclusions

En conclusion, les resultats theoriques concordent bien, dans I’ensemble,

avec les mesures presentees. Nous retiendrons le fait que la mohiliti des

Electrons dans Vantimoniure d'indium est limiiie par les chocs avec les vibrations

optiques du reseau.
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Sur Ics Proprielfe de Semi-Coiidiicteiir- Ut^]L^ab^e^ co.iime
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Lahomloxrt du VoyiK/i m? <1 df Physique du Corp* SnJide^ B^lkrut
(Sant-*t Oi#c)

iNTEODCCnOS

Atd* de preparer de^ matenaoi utfli-vablev coirnne thermoelement- nou
avon-' etiidie le^ different*: moven- d ainehorer le rendement de- corp-

deja connii- tel- qiie le tellunire de bi<muth et le tellnmre d antimome

Si 1 on choi'it Z = comiue faeteur de mente d nn element d une

‘nib-tauce donnee on a = ponvoir tbermoeleetnqne a » condnetmte

electnqne K = conductinte tberauque d cant d inipnmer de- Tanatioa,

a ce- different- faeteur- afin d an^nneoter Z
Non- «avon* que pour de faible- concentrations d impnrete-, dan. nn

cemi conducteur il e-t po^ible de faire raxier la condnctinte eJectnqne

et le pourmr thermoelectnque par addition d atonie- etrmirer- Le nombre
d impuiefe- aucmentmt a emit c pa?se par nn masmmin pni decioit le

prodnit o*c passe par un masininm * Le dopaw «era done nn moven pour

agir «ur le prodmt e*cr «an- action vmble <nr K a rendition de re«*er

dans le doniaine ou la contnbntion electroniqne dan- la condnctinte ther

mique e«t infenenre a ceCe de» phonon. Lor-qne la conduction thenaique

par electron- e-t trop grande le- modifications de o- et de compensent

et le dopage entraine une diminution de Z
Une «econde m^tfaode con.i (e a aosmienter tre- fortement la concen

tration de- impurete comme par esemple dans le ca- de- solutions «obde-

les impurete- repre-entent un obstacle additionnel pour le- phonons, le

bbre parcom-. moren de- phonon, duninne et la re-i'tance themuque

ancmente La longueur d onde des electrons etant beaucoup pin- grande

qne celle des phonons, ils «*ont moms *!en ible- & 1 alteration du re«eaa

cn t illin les propnete- electromqnes (a, <7) peurent netre que faiblement

modifiee- le rapport -j- croit
*

A.

Deux TOie- «ont done farorables a I ameboiation de- matenaux tbenno-

electnque- le- dopagec faible- et les additions maesice- d impnrete-

en particnber la formation de solutions ‘=obde-.

ivou- axon- prepare tout d abord le- compo-e- BijTej et Sb*Te, nou-

axons recherche 1 inflnence de different^ acents dopant- «Tir ce- compose*

Pill- les «^lution- «>bde- Bi.Te, — Sb.Tcj ont ete etudiee-, et I aetjon

d impuretes ‘uir ce- solutions detennmee

Pour connaitre le- caracten tiqne- des ^hantiUons obtenu- noUs axon,

me-ure leur pouxoir tbermoeleetnqne lew rea tixite electnque, leur con

«S»
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ductivite thermique. II a ete fait en plus quelques mesures de pouvoir
thermoeleetnque a haute temperature.

Les fusions ont toutes ete faites suivant le meme precede ; une nacelle
de graphite contenant les elements eomposants est placfe dans un tube de
quartz sous atmosphere d’argon, Le chauffage est realise par haute fre-
quence. La fusion et le refroidissement sont faits tres rapidement. Ce
precede a ete adopte apres differents controles qui montraient la
reproductibUite des resultats. Nous avons aussi realise des fusions de zone
sur BigTeg.

Les matieres premieres, antimoine et tellure, utilisees pour les deux
composes, etaient purifiees par voie chimique dans nos laboratoires et
pr&entaient une teneur, pour chaque impurete, inferieure a 10-^.^ Le
bismuth etait purifie par fusion de zone.

Stude sue le Tellubure »e BmruTH
Par simple fusion des elements tellure et bismuth, nous avons obtenu

pour une proportion de 47-7% de tellure, un tellurure de bismuth de type
P (a — 177pV/°). Pour une proportion de 47-95% de tellure, nous avons
obtenu un lingot de type n (a ~ — 150 pV/°).

Sur des lingots de type p et de type n, de 17 cm. de longueur, apres

deux passes de fusion de zone, nous obtenons les repartitions des caracter-

istiques indiquees sur le Fig. 1.

Sachant que le tellure se comporte comme un donneur dans le tellurure

de bismuth, nous avons etudie les variations du pouvoir thermoelectrique

en fonotion de la quantite de tellure introduce dans le lingot. Tenant

compte de la perte de tellure inherente a la technique employee, nous avons

obtenu la courbe representee sur la Fig. 2, en accord avee des resultats

anterieurs.^

Ayant constate que le lithium se comportait tantot comme donneur

tantot comme accepteur dans le tellurure de bismuth, nous avons recherche
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son influence sur ce compose en fonctioQ de la teneur en tellure Les pnn
cipaux resultats de cette etude out ete port^s sur la Pig 3 Les courbes A,
B, C, D, representent les variations du pouvoir thermoelectnque en fonction

de la teneur en lithium Chaque courbe represente les valeurs d’une sene

oc

CuV/”)

d’4chantillons ayant la mtme teneur en tellure, correspondant respective-

znent auz points a, b, c, d, de la Fig 2 , Nous n'entrerons pas ici dans le

detail de I’etude publiee par aiileurs * Nous soubgnerons seulement quelques

resultats

Dans le cas des courbes A et B (Fig 3), representant I’aetion du lithium

sur du tellurure de bismuth de faible teneur en tellure, le lithium semble

d’abord etre un accepteur (ce compOTtement s’accentuant avec la quantite

de tellure), puis, &. partir d’une certame concentration, devient doimeur

Pour la courbe C il est toujours donneur (maximum—200/xV/®) Enfin
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sur la courbe D, I’influence du lithium est en apparence identique a celle

des courbes A et B avec im decalage de 20 a 25 . 10“® % dans la concentra-
tion en bthium.

Nous voyons que le comportement du lithium est determine par ses
interactions avee le tellure. Ceci est du aux formes de liaisons ehimiques
existant dans le reseau cristaUin du tellurure de bismuth qui permettent
an lithium de s’introduire en position intersticielle, soit entre deux couches
atomiques faiblement liees, soit dans les couches atomiques fortement
liees

; son role d’accepteur ou de donneur correspond respeotivement a
ces deux cas.

Quelques autres impuretes ont ete etudiees. Le plomb s’est comporte
comme un accepteur, faisant passer un lingot de tellurure de bismuth du
t3q)e n au type p. Le magnesium (en faible proportion), I’iodure de zinc,

I’iodure de euivre, le chlorure d’iode, le bromure d’iode et le bromure de
cuivre se sont comportes comme des donneurs, I’iodure de euivre ayant
donne les meilleurs resultats.

Tableau 1

Composition a{p.Vn p (S? cm.) KiWlcm.°)

BigTca stoechiom. + 190 2-3 .
10-3 1-7 .

10-2

BijTea +Te - 172 M .
10-3

BijTej +Li -b 190 2 .
10-3

BijTca +Te -fLi -200 2-2 .
10-3 2-5 .

10-2

BijTeg + -fTe -f-J-Li - 160 1-25 .
10-3 2-1 .

10-2

SbgTea stoechiom. H- 83 4 .
10-« 3-3 .

10-2

SbgTeg -j-BrCu -b 75 2 .
10-“

ShgTej—BijTcj 50/50 -b 140 8 .
10-“

SboTe,—Bi,Te, 70/30 -fLi -b 166 8 .
10-“

Sb^Te,—Bi^Te, 90/10 -j-IsZn — 135 1 .
10-3

SbaTcj—BijTca 90/10 -fIgCu — 128 6 .
10-“

IStudb sue le Tellxteuee d’Antemolee

Par simple fusion de I’antimoiue et du tellure dans les proportions de

39% d’antimoine pour 61% de tellure, nous avons obtenu du Sb 2Te3 ayant

les caracteristiques suivantes ; a = -f- 83pV/° et p = 4 .
10“^ 13.cm.

Aim d’obtenir des variations de a^a pour SbgTej, nous I’avons dope

avec du tellure, de I’antimoine, du bismuth
;

a et p n’ont pratiquement

pas subi de variation. Avec du cadmium, du lithium, du zinc, du magne-

sium, du plomb, de I’etain, le pouvoir thermoelectrique s est trouve reduit

(30 a 50 pV/°), sans changement important dans la resistivite. Les halo-

genures, iodure de zinc, bromure de plomb, chlorure d iode, bromure d iode,

bromure de cuivre, n’ont provoque aucune variation appreciable de aV.

Btude des Solutions Solides Tellueuee de Bissiuth-Tellueuee

d’Aetevioine

Btant donne les structures isomorphes de SbjTcg et BijTeg (rhomboe-

driques), les solutions solides possibles de ces deux composes nous ont
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patu iiitfrcssantes h 6tudier Une etude m6tallogr'iphique a montrd que
ces solutions e^istnient dans tout le domaine de composition

Lcs rfsultats do H preparation des solutions solides ont portes dans
la Fig 4 La coiirbe I donne a en fonction des proportions de BigTcj et

SbjTcj la courl c 11 donne p On obtient des grandeurs mt^ressantes de
a*o pour les solutions aii’c environs de 50% BijTej 70% BijTej et

80% BijToj

Comme on pouv ait le prevoir la conductivite thermique des solutions

sobdes est plus faible que celle des composaiits

Fio 4

Une etude de 1 action du tellure sur les solutions sobdes n ete faite

Les resultats portt-s sut H Fig 4 ^cou-rbes IIJ IN N ) ont. mtfntte rpie pour
des teneurs de 100 a C0% de tellurure de bismuth 1 action du tellure va en

d4crois<ant jusqu a s aimulcr Au del\ d© 60% de BijTcs elle est con

stamment nulle

De memo en etudiant 1 action d halt^enures sur des solutions sobdes

nous av ons constate K plus grande sensibihte au"? agents dopants des

solutions de teneur en tellurure de bismuth plus grande que 60% Par

exemple la solution 00/10 BijTcj — SbjTcj cst devenue de tape n pour

divers halogemire (tableau I) Les resultats les plus caracteristiques ont

et6 ohtenus av ec 1 lodiire de zinc le broniure d lode le chJornre d lode Je

bromure de plomb et 1 lodure de cuivre (Avec IjZn o — — 13o p,\ 1°

p — 1 10 * D cm ) Avec le chlorure diode et le bromure diode nous

avons tout de meme obtenu un changement de signe du pouvoir thermo
^lectnque de la solution GO/oOBuTcj — Sb«Tej(— ’7o/t\ ‘’et — 44 4/tI/

)

(Fig 5)
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EtijDe DE PoTA'orR Thermoelectrique en Foxction
DE LA TeIVEPEEATURE

Afin de determiner la sensibilite de nos composes et solutions solides
a la temperature, nous avons mesure le pouvoir thermoelectrique de difFer-
ents echantillons en faisant rarier le temperature ambiante de 15 a 400° C.

Les resultats obtenus ont ete portes sur la Fig. 6. On voit qu’avec un
accroissement de la temperature ambiante un echantillon de tellurure de
bismuth voit son pouvoir thermoelectrique varier rapidement et passer

de positif a negatif. Pour un echantillon de teUurure d’antimoine le pouvoir

Fig. 6.

thermoelectrique croit avec la temperature, Les solutions solides pre-

sentent un comportement intermediaire entre les deux composes ; leur

pouvoir thermoelectrique croit, puis a partir d’une certaine temperature

decroit.
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Conclusion

Nous avons pu constater la possibilitc de faire varier a^a dans le tellurure

de bismuth par faible dopage avec diverges impuretes, sans action sur la

conductivity thermique Les divers moyens d’incorporer des electrons

ou des trous dans un compose pourI’amenera son facteur de merite maximum
ne sont pas indiiFerents Certain®! impuretes peovent rendre la fabncation

plus aisee

Le comportement electrique d’une impurete depend essentiellement des

liaisons chiraiques, comme le montre notre etude du dopage de BijTcg au
lithium II y a un interet evident k bien connaitre le reseau cnstallm d’un
corps pour faire varier ses propnetes d’une maniere contr6Iable

Pour les solutions sohdes BijTcj — SbjTeg nous avons obtenu des

resultats previsibles, en particuber une faible conductivite thermique

L’action des impuretds s’est revelee grande pour les solutions riches en

tellurure de bismuth et presque nulle pour les solutions riches en tellurure

d’antimoine Ceci eat en rapport avec leur structure cnstallme Nous
pouvons conclure que ces solutions judicieusemcnt dopees presentent un
intyret comme thermoelements

References

1 Price, P J Phys Pev 104, 1223 (1056)

2 Ioffe A F J Phy« Badtum IS, 4 14 (1957)

3 Duclos P Communication au Congres de Bruxelles (1958)

4 Vlasova, P 51 et Stilbans, L C J lech Phys , Moscoiv 25, 4 (1956)

6 Rodot, H C R Acad Set , Pans 6 paraitre



Bismuth Telluride and its Thermoelectric Applications

D. A. AVBIGHT

Communication from the Staff of the Research Laboratories of
The General Electric Company Ltd,, Wembley

1. PERFOHMANCE of THEEMOJUN-Cno^fs FOE KEFEIGEEATIOIf

If cxirrent i is passed through a thermojunction made from materials a and b,

with the hot Junction at temperature Tj, the cold junction can be maintained
at a lo'K'er temperature 'which depends on the properties of the materials

used for the thermojunction, and on the heat input to the cold junction.

If W is the rate of supply of energj^ to the circuit, then :

W = i^R + i(y)a — ’rib){Tj^ — T2)

where R is the circuit resistance, ya is the thermoelectric power of one com-

ponent of the junction and y i that of the other.

In equilibrium the rate of heat flow Q into the cold junction from external

sources is equal to the rate of transfer from the junction. This is given by
the Peltier term, less the heat flow to the cold junction from the Joule heating

in the material and from the hot junction :

Q = T^ i{ya -yb)-l i^R - K(T^ - Tf)

K is the thermal conductance of the junction.

The “
coefficient of performance ” of the junction

<f>
is defined as the

ratio QjW. To obtain the highest value of (j> for a given junction material,

it is necessary to relate the length, I and cross sections S of the tw'o com-

ponents of the junction :

laSbllf^S^ = (Xa(ral)^l,of)-

where A is the thermal and a the electrical conductivity, and also to choose

the optimum current i given by :

• _ (T?a — Pb) (Ti — T2)

" (RVT+Wrf, - !)

T T , . 3 ,

Here is the mean temperature figure of merit

of the junction.

E has the value :

ya — yb

^ {Xajcra)^ + (Xbfo-b)^

WTien these conditions are satisfied,
<f>
has its highest value consistent

with maintaim'ng a temperature difference Tj T^.

Tff -f T^F^f - Ti

” {Ti - Tffil + (1 +
699
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l^Tien becomes zero the particolar junction is maintaining the
maximum temperature difference of which it is capable Then

T^IT, = (1 -f (3-. - = if2^3=
A plot of Tj — Tz against F is shown in Fig 1 for T^ — 300” K = 27” C

2 The Use op SEsncoxnucroRS
In the case of a semiconductor it is possible to dope ’ a material to

giveeithern orp tj-pe conductmtj suitable control of the concentration
of impuntj If « and p type samples of one semiconductor have similar
electrical conductivities i e o« then the thermal conductivities nill
be Similar i e Aa ^ If in addition rja is similar numencallj to ^6 i e
rjo — t}a tlien the value ofF becomes

F = jjVa[\

If values are substituted for the three parameters -q a and A taking the
•simplest semiconductor tbeorj it can be shown ' that there is an optimum
value for the thermoelectnc power near 200 /A FC whatever the material

Fig 1 Relation between maxiimim temperature difference and figure of merit

Hot jonction at 300” K

More complex semiconductor models appropriate for practical materials,

lead to similar conclusions the optimum value Ijnng between 200 and 300

fiVFC in all cases Provided values of this order are chosen the value of

F^ is proportional to
y

different mafenals
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at a given temperature, a good performance requires a high value of

Here p is the mobility of electrons or holes, Xg is the latticem J

It

•^0

component of the thermal conductivitjq rn* is the “ effective mass ” of
electrons or holes, and ni the mass of the free electron. The electron values

to R-t3'pe materials, and the hole values to p-type. It is ndth these
considerations in mind that special attention has been paid to lead telluride

and bismuth telluride. since Aq decreases as atomic weight increases, and these

two materials have the highest atomic weights of anj"^ knomi semiconductors.

fi and m* do not varj* systematicallj' through the periodic table, but it

appears that few semiconductors have values of greater than those

for BijTej and PbTe, and that those which do have low atomic weights and
high values of Aq : they are not therefore, overall, as good as these two
compounds.

3. Bismuth Telluride and its Alloys

Bismuth telluride BijTcj can be prepared by melting the constituent

elements and zone refining, so producing ingots in which the crystals are

orientated with their cleavage planes aligned in the direction of zone refining.

Single crj'stals can be prepared bj-- directional freezing.

The crystal structure is rhombohedral, and there is ready cleavage along

planes perpendicular to the axis of rotation. There is marked anisotropy

in the electrical and thermal conductivities, and in the HaU effect and

magnetoresistance. There is slight anisotropj’’ also in the thermoelectric

power and in the optical properties. The energy gap at 290° K is near

0-13 eV. The dielectric constant has a high value near 80,^ with the result

that impurity scattering is not appreciable over a vide temperature range.

The mobility varies with temperature in the range 150-300° K according to

the laws :

[JL DC for electrons and

fx oz for holes.®

Stoichiometric proportions in the initial material give p-type crystals

with resistivity near 2-10~® ohm cm. for current flow in the direction of the

cleavage planes, and near 5-10“® for the perpendicular direction. Group II

impurities raise the ^-type conductivity. Group VII impurities, and certain

others as well, loiver the p-type conductivity and ultimately convert the

material to n-t3"pe. Bj^ suitable adjustment of impurity concentration, the

optimum thermoelectric pow’er tj near 200 pV/°C can be obtained for both

n- and p-type material. The resistivity is then near 10 ® ohm cm. in each

case,®’ for current flow in the direction of the cleavage planes.

The value of A the thermal conductivity is given by Ao + A„ where Ao is

the lattice component and A, the component due to free electrons. A, has a

value near 2 . (jt/e)® To-, where A is Boltzmann’s constant and e the electronic

charge. At 300° K, Ao in the direction of the cleavage planes is 0-0157

watt cm.-i °C-^ while for a = 10® ohm-^cm-h A, is about 0-004 watt

cin-i°C"*- ® The value of F is therefore tjVoJx = 0-0445. With a mean

temperature of 290° K tliis corresponds with a maximum (Tj — T„) of 65° C.
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A coefficient of performance of unity can be achieved provided {T^ — T^) is

not greater than 22° C, as shown m Fig 3 below
The Hall mobility for bismuth tellunde at 300° K is near 300 cm^volt-^

sec-i for electrons and holes Assuming simple covalent lattice scattering

the value deduced from a and ij is about 340 cm®voIt''see-^ for

jiq watt/cm °c

electrons and 260 for holes Taking the scattering laws indicated by the

way in which p vanes with temperature, the value of

for both types of carrier ® The interpretation of these values m terms of

drift mobihtj and effective mass is not yet complete though clarification

follows the study of magnetoresistance * this shows that a 6 valley model

probably applies for the energy band structure, leading to a density of

states mass about half that of the free electron

To obtain further improvement m performance, it is not possible at

present to increase p ^ treatment or modification of the material It

IS possible however to lower A, by substituting foreign elements in the

lattice, and if this can be done without lowering p advantage is

obtained Elements from the same columns of the penodic table do give
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this result, although in some cases the amount which can be used without
lowering

^
or is restricted. Dr. Goldsmid in this laboratory has found

that substitution of Sb for Bi lowers Aq to near 0-010 watt cm-i°G-i at 50
atomic per cent., while substitution of Se for Te has a similar but smaUer
etrect, as shown m Pig. 2.

It has not yet been possible at all compositions to obtain n- and p-type
material udth the required thermoelectric power, so that full advantage of
Ao — 0-010 cannot be taken for both p. and n-type material. The best
junctions we have so far prepared have a value of F of 0-05, corresponding
wdth a maximum — exceeding 80° C, when = 290°K.’ The
coefficient of performance

(f,
with this material can exceed unity provided

(Tj — Tg) is not greater than 26° G {Fig. 3),

4. Applications of Thekmoelectbic Goolino
With figures of merit of the order 0-05, many useful applications are

possible. The coefficient of performance for a given temperature difference
is still considerably below that of the compressor type of refrigerator, so
that for cooling-powers exceeding about 100 watts, it is not yet clear how
wddespread the application of thermoelectric cooling will be ; its advantage
lies in silence, in a very long expectation of life, and probably in reduced
size of the cooling unit

;
the scale of use for domestic refrigeration will

depend on the relative cost, which is not yet established. However, there
will clearly be special applications where the absence of moving parts offers

an important advantage. For powers below about 100 watts the com-
pressor type cannot be used, and applications in this range are likely to
develop, for example, for dew'-point hygrometry, and for cooling electronic

equipment. Germanium diodes and triodes do not tolerate high operating
temperatures, and it is possible to cool them thermoelectrically, either by
mounting individual devices on a cooled junction, or by mounting an

A

mill.. THERMAL INSULATOR

THERMAL CONDUCTOR

WWVyN metal

Fig. 4. Three junctions in series in one stage.

assembly in a cooled enclosure. Some types of infra-red detector require

temperatures below normal ambient, and their cooling might also be done

by this method. The cooling of a bafile in the throat of an oil diffusion pump
improves the vacuum, and is conveniently done using a thermoelectric

junction
; this is also relevant, though indirectly, to the electronic industry.

It is possible, furthermore, to use thermoelectricity to maintain an enclosure

at a constant temperature, using a control switch to reverse the current

m
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through a set of thermojunctions this is uselu! for example to maintain
constant temperature for crystal oscUlators

The thermojunction elements are formed by slicing and cutting zone
refined ingots to form small rectangular bars which can conveniently be
3 mm or more square and 5 to 10 mm long A simple junction between
two such elements will operate at 5 10 amp to give the maximum coefficient

of performance the power consumption will be of the order J — 1 watt
and the cooling power of this order therefore for a temperature difference
of about 25® C If larger cooling powers are required the sectional area can
be increased or a number of junctions can be arranged electrically in senes
as in Fig 4

A greater temperature difference can be attained by using two sets of

junctionsthermallyinsenes asjnRg 5 Here the cold face is cooled by the
first stage ofjunctions and the second stage must have a larger cooling pow er

COLD JUNCT ONS

since it must remove the heat generated in the first stage m addition to that

incident upon it It can be shoivn that addition of yet a third stage

results in no worthwhile improvement since the temperature drop between

successive stages is not negligible and the further improvement in coefficient

of performance is small

5 Thermoelectric Generation

It may be noted that thermoelectric generators may be of value in the

communication industry in connection particularly with supplies for radio

eqatpniemf or fijr defephono repester stsiteas Ki ar&ss Sueh amts

may be based on bismuth tellunde or its alloys provided the hot junction

temperature is not too high The heat can be provided by solid or liquid

fuel or by solar energy

The thermoelectric power of a semiconductor mat nal should be 200/300

ftV/degree as indicated above Improvement in material does not modify

this figure but only the value of F and therefore of the efficiency available

Thus whatever the material one thermocouple produces about 0 05 volts

for 100° C temperature difference Only part of this approximately half

of it can be used across the load Thus a large number of junctions in

senes is required for most practical applications

The efficiency for bismuth tellunde and its alloys though higher than for

other thermojunctions is not very high with F = 0 04 it is 3 per cent for a

temperature difference of 100° C and with F — 0 05 it is 5 per cent This

refers of course to the temperature difierence maintained between the hot
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and cold junctions, which is less than that between the surfaces used for

heat exchange. Thus interest is restricted at present to special applications

such as those mentioned.
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jMotlern Applications of Hall Effect in Semiconductor

Compounds

J O STRUTT

Departmtnt of Adianced Electrical Engineering
Siiiss Federal InsUMe of Technology Zurich

1 Introductiox

In the semiconductor comjiounds indium tntimonide (JnSb) and indium
arsenide (JnAs) the Hall effect is much stronger than eg with germanium
or silicon Assuming a probe shaped as shoini m Fig 1 with a magnetic
field of flux densit% B (\\eber/m*) perpendicular to its upper flat surface
ue obtain an open circiut Hall voltage betueen tlie points 3 and 4 of
Fig 1

In this formula ks is the Hall coefficient k is the thickness of the probe
(see Fig 1) / 18 a function of the ratio of length I to vidth b of the probe

Fir 1 SI ape of Hall probe The contacts 1 and 3 rarrj fie current J
through 11 e probe The contacts 3 and 4 are the Hall contacts Between
thecit r.b? JJ.e.y «vwr» TAie Sur Ap.os !}' -B

IS perpendicular to the upper surface of the probe

(see Fig 1) I IS the current m ampereti through the contacts 1 and 2 of

Fig 1 The function / is zero for I zero and attains the value unit} for Ijb

about 2 5 For larger values of this ratio / stajs unit} ^

^^lth the JnSb probes under consideration l.\ is about 0 25 10“®

m®/Coulomb and vath the JnAs probes is about half this aalue As ue

shall show experimentally these values sta} constant if the current I or

the magnetic flux or both alternate at frequencies up to about 10 mc/sec

^ith JnSb the Hall voltage TJh^ according to Eq (1) is dependent on

temperature according to Fig 2* The resistance of the Hall probe of

Fig 1 betw een the contacts 1 and 2 is indicated b} r, This resistance ri

13 dependent on temperature accordmg to Fig 3 ® Similarl} the resistance
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Th of the Hall probe of Fig. 1 between the contacts 3 and 4 is also dependent
on temperature, the curve being similar to Fig, 3. The resistances n and r>,

of the Hall probe are also dependent on magnetic flux density B at constant
values of the current I and of the temperature. This is called the C.F. Gauss

Fig, 2. Open circuit Hall voltage (vertical

scale) at a magnetic flux density of
2-5 kilogauss = 0 23 Weber/m- effective

value at a frequency of 50 c/s and an
AC. I of 0 1 A effective value at a
frequencj’ of also 50 c/s as dependent on
temperature m degrees centigrade (hori

zontal scale).

Fig. 3. Resistance rt between the con-

tacts 1 and 2 of the Hall probe of
Fig. 1 (JnSb) (vertical scale, ohms) as

dependent on temperature in degrees

centigrade (horizontal scale).

effect. The Gauss effect is shonm in Fig. 4 for different shapes of the Hall

probe.^®

Measurements have shorni, that the Hall contacts 3 and 4 of Fig. 1

may be displaced to the immediate vicinity of the current contacts (see

Fig. 6), -without alteration of the Hall voltage (see Fig. 6).®

2. Multiphase Hall Wattmeters

It has been shown that the Hall probes according to Figs. 1 and 5 may
be apph'ed to obtain wattmeters, measuring the real power, or the imaginary

power, or the apparent power, going into a consumer.®

A simple arrangement, suitable for measuring the imaginary poner of

a single phase a.c. consumer Z is shoirn in Fig, 7. According to this

arrangement, we have (see Eq. (1)) :

I = kj /max sin (oif + 9 )

B = kv sin + ;
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Indium-Anbmonide

Fia 4 Ratio of resiataaeo (\ertical scale) between the current contacts of
Hall probes of different shapes (shown at the right side) to its salue at
flax density zero as dependent on flux density expres^ m kilogausa
(horizontal scale)

Fio 5 Hall probe, with Hall contacts adjacent to one of the current

contacts This arrangement is used in m^tiphase Hail wattmeters

Fio 6 Open cueuit Hall \oltago (vertical scale) of Hall probe of Fig 5 as

dependent on niagnettc flux densit} (horizontal scale) at a current of

0 1 A The circles pertain to an arrangement of the Hall contacts accord

ing to Fig 1 The crosses jiertain to an arrangement of the Hall contact®

according to Fig 5
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Here the coelScient kz is determined by the shunt Sh. and the resistance r
of Fig, /, whilst ku is determined by the coil and corresponding core of
Fig. 7. Obviously, according to Eq. (1), we have :

9 ^ ( O — —
j

—

X ft-ft / 77\

2 ^/ ^'^n/jnax tiniax COS f 2£u( 4" 9 2 )

The D.c. part of is proportional to the imaginary power consumed in
the impedance Z of Fig. 7.

Fig. 7. Wattmeter arrangement, using a Hall element H.E., the current of
which is supplied by the shunt Sh. in conjunction avith the series

resistance r. It is proportional to the single phase current i. The magnetic
flux density B is supplied by the tension u between the single-phase
conductors.

If we invert the current I through the Hall element and its magnetic
flux density B, we obtain a Hall wattmeter suitable for measuring the

real power consumed in the impedance Z of Fig, 7. In this case, the ter-

minals of the shunt Sh. of Fig. 7 must be connected to the coil, causing the

flux density B. The two terminals on the power line must be connected

to the current contacts of the Hall probe (see Fig. 1) via the resistance r

of suitable value. We have then :

Hence :

I — k uU

3

B = h'l/max sin {wf -f (?)

U,*0 • Ijfk’zk'.I,max^max
^ r I' I' rcos 9 — 2X ^ max f^max cos {2o}f -f ,f>)

Obviously, the D.c. component of Uho is proportional to the real power,

consumed by the impedance Z. For this connection, measuring the real

power, reference is made to Fig. 9, pertaining to a three-phase system.®

It is also possible to build a Hall wattmeter, measuring the apparent

power consumed in the impedance Z of Fig. 7.® An appropriate arrangement

is shown in Fig. 8, which may be considered as self-explanatory.

If we try to apply the arrangement of Fig. 7, or its inverse (for measuring

the real power) to a multiphase pow'er system, we run into trouble. One

difficulty is that considerable a.c. voltages arise between the Hall contacts

of the Hall probes to be used. By these a.c. voltages, considerable currents

would arise, destroying the Hall probes. A simple method of avoiding
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this difficulty is shown m Fig. 9 Here, three Hall elements (H.E ) are used,
with which Hall contacts are arranged according to Fig 5. Hereby, the
above A c. voltages are reduced to almost zero The u c components of the

Fio 8 Wattmeter arrangeinent. suitable for measuring the apparent power
(i e product of peak current and peak voltage), consumed by the
impedance Z ^vo separate rectifiers are used to supply the flu'c

density B and the current 1 respectively of the Hall element H E

Hall voltages of the three Hall elements are connected in senes Their

sum IS proportional to the real three phase power, consumed m the three

load impedances and Z, Another method of avoiding the said

difficulty consists in the application of suitable transformers, by which the

Fia 9 Hall wattmeter suitable for measunng the real power consumed in

the impedances Z„, and E* of o three phase system One of the current

contacts of each of the three HaU elements H E is connected to earth

(zero point) via a suitable large condenser C The three resistances

are required, if the condensers C are of electrolytic type, m order to

appl^ a polarizing toJfsge to th«r terminals The senes resistances R
and the corresponding condensers G must satisfy the relationship

1/toC, or I This relation warrants, that the AC through

the Hall elements is in phase with the corresponding phase voltages of

the three phase system

current I and the flux density B of the HaU elements are supplied These

transformers must, of course, be devoid of spurious phase angles A Hall

wattmeter according to Fig. 9 baa been actually built and tested Its

performance was satisfactory.®
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3. Tejipehatdiie Cosipensation

The temperature dependence of the open-circuit Hall voltage according
to Fig. 2 is detrimental to the performance of Hall wattmeters, if not com-
pensated. The open-circuit Hall voltage may be made nearly independent
of temperature at a constant magnetic flux density by using the tempera-
ture dependence of rt, according to Fig. 3 as a means of compensation.
The current I through the Hall element must rise at rising temperature
in a vray, which makes Hsg independent of temperature. An appropriate
circuit is shown in Fig. 10. The current in of Fig. 10 is divided into' a
current it through the Hall element H.E, and a current i,., through the
auxihary resistance rt. This resistance r, is slightly dependent on temperature

Fig. 10. Practical circuit for the compensation of the temperature depend-
ence of the open circuit Hall voltage Ui,„. A suitable shunt resistance rt

is connected in parallel to the Hall element H.E.

according to a precalculated curve. In a practical case, the resistance rt was
composed of a manganin wire of 0-0875 ohms (see curve 3 of Fig. 11). It is

possible, by using suitable series combinations for the resistance rt of Fig. 10,

to obtain a HaU voltage curve, independent of temperature in a considerable

range within 0-5 per cent, (curve 5 of Fig. 11).®

Obviously, this temperature compensation at a definite flux density B
is upset, as soon as tins flux density is altered. For such an alteration,

by the Gauss effect of Fig. 4, alters the resistance Rs of Fig. 10 between

the current contacts of the Hall element H.E. The compensation is based

on the particular value of R, at room temperature, corresponding to the flux

density under consideration. It is possible, however, to avoid this upsetting

of the above temperatm-e compensation. According to Fig. 4, the variation

of Rt with flux density is small, if the ratio Ijb of the HaU probe is large.

Thus, HaU probes of considerable length I compared to the width b (see

Fig. 1) are favourable for the temperature compensation in question. We
may use a supplementary bias D.c, flux density of fixed value (e.g. 2-5 Idlo-

gauss), on which the flux density caused by the current i of Fig. 10 is super-

imposed. As long as the superimposed alternating flux density is small with

respect to the fixed D.c. flux density (e.g. caused by a suitable permanent

magnet), the resistance Rt of Fig. 10 wiU be very nearly constant at constant

temperature and current it at varying flux densities. The remaining

relatively smaU variations of R, with flux density wiU in tliis case have no

influence on the d.c. component of the Hall voltage of the Hall element
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in question. Hence, in this way the temperature compensation mav be
applied quite correctly.

The internal resistance r* between the Hall contacts vanes with tem-
perature in a similar way as the re^stance between the current contacts of
the Hall element (see Fig. 3). This temperature variation of r* prohibits

Fig. 11. Resulting tempemture^^ompeusated curves of the open-circuit
Hall voltage u shovn on the vertiral scale as dependent on
temperature m degrees centigrade (bonzontal scale) Curve 1 . tm
compensated (see Fig 2) Curve2- at a current • a of Fig lOofOSAata
flux densitv B of i 5 kilogsuss The shunt n of Fig 10 was a mangaiun
wwe of 0 15~ ohms in th^ case Curve 3 . at e current te of 0 & A and
n was a TTianganin wire of 0 0875 ohms Curve 4 - at a current ta of
OTA and ri a mckel wue of 0 116 ohms at 20 C grade Curve 5 - at a
cnirent ta of 0 7 A and ri consisting of a oicLel wire of 0 103 ohms at
20’ C. m seriee with a maogaam wire of 0 029 ohms The flux density
IS the same for all corves (2 5 kilogaoss).

the full u«e of the D.c. available power at the Hall contacts of the Hall

element. Assunnng tnAw t*n W r, tie rA/raim a

Hall voltage at these terminals ;

ff..

The power, consumed in the HaU-circnit load resistance r is
•

^* = 1

—

/*•
1

2 ^ 4 r ^ 4 r*

where F»o is the avaflable power at the Hall contacts ;

4r.
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Obviously, if Un ^ Un„, we have r^n and in this ease the load power
IS a very small fraction of the available HaU power P^o- This condition
must be adhered to in order to avoid the upsetting of the temperature
compensation of U/iq by the temperature dependence of rn- The result is
that only very small effective load powers P„ may be obtained, being mostly
in the microwatt range. In order to apply the Hall voltage as a means of
regulation of power systems, much larger powers, of the order of milliwatts
at least, should be available. This may be achieved by means of suitable
pouer amplifiers. We have made effective use of an appropriate magnetic
amplifier, affording linear power amplification of about 2000 times.®

4. Hall Effect Oscillatoes

A simplified picture of a Hall effect oscUlator is shoum in Fig. 12.® The
open-circuit Hall voltage U , between the HaU contacts 5 and 6 of Fig. 12,

Fig. 12. The HaU probe bears the current contacts 1 and 2, through which

the D.c. supply current I flows. The HaU contacts 5 and 6 are connected

to the feed back coil ofN turns, having a resistance r and an inductance L.

Through this coil flows the Hall current 4. A pair of subsidiary HaU con-

tacts 3 and 4 generate the open-circuit HaU voltage The condenser C
is connected in series with the feed-back coU. The ferrite core causes

a magnetic flux of density B perpendicular to the paths of the

currents I and if,-

as well as between the contacts 3 and 4 is given by Eq. (1). If the

remanent flux density of the ferrite core is Bm, the flux density in the air gap

of width g is approximately

B = (2)

9

where the relative permeability of the core material is assumed to be
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large compared ith unity and is the vacuum permeability The current
1 A IS given by

U,=
(
3

)

Insertion of the value of Eq (2) into Eq (1) and of the resulting value of
C/pintoEq (3) yields

V, here the feed back factor K is

K = N
gh r + r*

(4)

ObMouslj, if K1 IS unitj, a Hall voltage Vg maj be obtained at a zero

^alue of the remanent flux density Bm This means that oscillations may
start in this case In a practical case, the \alue of K uas 1 76 (ampere)"*

It maj bo ahoum that oscillations build up if KI > 1 and this process

continues until KI reduces to unity The reduction ofK has several causes,

such as increase of r and r* by rismg temperature, additional los«cs in the
core, mismatch The build up of oscillations occurs according to

n, ^ U, cos (let + f) ^ (1 - £J)j (1)

Here, T is equal to L{jr + r*) i e the time constant for the circuit The
angular frequency is given bj

At KI “ 1, ue obtain <u* = IJLC, which corresponds to the stationary case

In Fig 13 some experimental build up curves corresponding to Eq (5)

are shown * The calculated values for the exponents are m satisfactory

agreement vAxth expenmental values of Fig 13 The decline of the stationary

values of oscillatory voltages after reaching a peak value is due to the

heating up of the circuit and of the Hall probe The values of were

obtained at the contacts 3 and 4 of Fig 12

The peak levels of the oscillatory voltages in Fig 13 are determined

by the saturation flux densities of the ferrite core under consideration This

may be checked by discussion of the curves of Fig 14 These curves show
saturation at a definite value of the supply current I for each curve Dis

connecting the coil ofFig 12 from its Hall contacts, the magnetic hysteresis

loop of the core was projected on an oscilloscope screen One pair of

oscilloscope plates was connected to the contacts 3 and 4 of the Hall probe

(see Fig 12), whereas the other pair was connected to an a c voltage,

proportional to the A c through the coil N of Fig 12 Using one of the

frequencies of Fig 14, the hysteresis loop showed saturation at exactly

the [7*0 value, corresponding to Fig 14

We have investigated expenmentally the efficiency of the Hall effect
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oscillator.® In doing so at 20° C. and 60 c/s, at a supply current I of 1-0 A,
the optimal output power at the contacts 3 and 4 of Fig. 12 was obtained]
bj connecting these contacts to 3 ohms. The Hall oscillator was self-
oscillating according to Fig. 14. The power, dissipated in the said resistance

r~ t

Fia. 13. Effective value of (see Fig. 12) (vertical scale) as dependent on
time I in seconds (horizontal scale) at room temperature, diavm from
oscilloscope screen pictures at different values of the supply current /
(see Fig. 12). The exponents correspond to Eq. (o). These experimental
values are in satisfactory' agreement with calculated values from Eq. (5)
for the set-up in question.

was 12 mW (see point 1 of Fig. 14). The supplj' power corresponding to the

supply crurrent 1 was 810 mW. The Hall probe, between the contacts 1

and 2 of Fig. 12, dissipated a power of 756 mW. Hence, only 64 mW (the

difference of the above values) is available for the oscillations. The output

Fig. 14. Vertical scale ; Effective value of Hall voltage of Fig. 12

(see Hall contacts 3 and 4) at different frequencies as indicated at the

curves as dependent on supply d.c. I (horizontal scale).

power being 12 mW, the efficiency is 12/64 = 0-22. The power, dissipated

in the Hall probe (756 mW) may be compared to the cathode heating power

of a tube, which usually is not taken into account in discussing the efficiency

of a tube oscillator.
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The fact that efficiency of oscillation according to Fig 14, drops at
higher frequencies is due to rising losses m the femte core, this one being
unsuited to high frequencies, m the coil and m the Hall probe, causing
mismatch It is not due to a decline of the Hall coefficient U of Eq (I)

The frequency dependence of was investigated bj measunng the
Gauss effect (see Fig 4) at different frequencies ® Some relevant values
are shoiv-n m Figs ISandlG Hie probe ofFig 15 \ias oflengthi = 2 7 mm

,

— — B [irpoi/ss]

Fio 15 Gauss effect of Hall probe (InSb) at zero and at 10 mc/s Vertical
scale Ratio of resistance of Hall probe at a definite transverse flux

density (horizontal scale) to the resistance at zero flux density

Width 6 = 61 mm and thickness A == 1 6 mm Its conductivity (ofp tyxie)

«as 151 mho/cm It is seen that t shght decline of Gauss effect and hence

of the Hall coefficient Ln of Eq (I) is obtained at 10 mc/s as compared to

its ^ alue at zero frequency The probe used m the measurements of Fig 16

was of length 1 = 30 mm , of width 6 = 58 mm and of thickness

A = 0 15 mm Its conductivity (JnSb of n type) tias 90 mho/cm From

this Fig 16, a considerable decline of Gauss effect, and hence of the Hall

coefficient La of Eq (1) is evident at 300 and at 600 mc/s as compared to the

values at zero frequencj

5 Hat.i. Effect Flux DE^s^^y SIeter

Flux density meters, using germanium crystals, have been in use for

many jears With the semiconductor compounds, much more sensitive
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meters ma}- be buUt.^ Here an arrangement, designed to attain the highest
possible sensitivity, vill be described.

The Hall probe is of width 6 = 2 mm., of length I = 4 mm. and of
thickness h — 0-2 mm. Its material is InAs, which was chosen because of
its Hall coefficient kn being far less dependent on temperature, around

Fio. 16. Vertical scale : Ratio of resistance of HaU probe at a definite

transverse flux density (horizontal scale) to the resistance at zero flux
den.sity. Curves at 0. 300 and at 600 nic/s of the current through the

probe. A significant decline of Gauss effect is shown in these curves.

room temperature, than tvith JnSb. Its Hall coefficient kh was found to be

0T2.10~®m®/Coulomb. The function/ of Eq. (1) being about 0-83, the open-

circuit HaU voltage is given by

= 0-5 BI (6)

A current I of 1-2 A caused a stationary temperature of the probe of about

100° C.

Consideration was given to the use of probes of less thickness h. Accord-

ing to Eq. (1), the open-circuit Hall voltage Uno goes up, if h is reduced, at

constant values of B and of I. However, if A is reduced, leaving the vddth b

constant, the maximum current I must be reduced, as the heat dissipation

in the probe must not cause an undue rise of temperature. It should be

borne in mind that the probe’s temperature must remain well below 150° C.

in order to avoid disintegration of the material. Considering different

possibilities, such as reduction of I, increase of width 6 \nth or without

corresponding increase of I, it was found, that only a slight increase, if any,

of f/ftQ, at a given value of flux density B, may be achieved b3' reduction

of 6.

A block diagram of the experimental set-up is sho’ivn in Fig. 17. As

seen from this Fig., an A.C. of 10 kc/s is supplied to the Hall probe by a
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suitable transistor oscillator’ with transistor power output stage The
reasons for this are as follows It is easier to build a stable transistor

amplifier for a range beti\een 9 and 11 kefs, than for a range between zero

and 1 kc/s Amplifiers, either of tube or of transistor type, always show-

high inherent flicker noise at frequencies / adjacent to zero This flicker

tiG 17 The Hall probe hp la supplied by a current of effective value 1
at a frequency of 10 kefs by the transistor oscillator osc The Hall voltage
of the probe la amplified by a transistor amplifier with a range between
9 and 1 1 kc/s The amplified Hall voltage ta then detected by the transis
tor detector circuit det . its output giving signals of frequencies between
zero and 1 kc

noise tapers off about proportionally to /-> and is very much less at 10 kc/s

Here, noise is mainly of shot and ofHyquist lype ^ *

Noise measurements were earned out at the Hall terminals of the Hall

probe h p of Fig 17 Some resulting valuer are shown m Fig 18 Here

the equivalent noise resistance is shotvn as dependent on the cunent I

(horizontal scale) through the Hall probe Its dependence on I may approxi

mately be expressed by the equation

+ 1 Ui»

Fig 18 Vertical scale Ratio of equivalent noise resistance i?aqu(f)

at a current I through the Hall proba (horizontal scale) to the value

i?aqu(0) at zero current The value of was shown to correspond
exactly to the effective resistance between the Hall contacts of the
Hall probe The frequency is 15 01 kc/s

While this curve of Fig 18 corresponds to a frequency of 15 kc/s, similar

curves were taken at lower and at higher frequencies, showing a tendency

for the ratio to drop at rising frequency at a definite value of 1 It is seen
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from Fig. 18 that the noise at a current of 1-2 A is about 2-5 times the
Nyquist noise at 15 kc/s. At 10 kc/s this figure rises to somewhat less than
three times'the N3"quist noise.

The transistor amplifier has a measured noise figure of 2A These figures

enable us to calculate the total equivalent effective noise voltage at the Hall
terminals of the Hall probe, taking into account the noise of the amplifier

and of the Hall probe itself. For the latter we assume that the equivalent
noise resistance is three times the actual resistance between the Hall terminals.

The equivalent noise resistance due to the amphfier noise is about twice

the actual resistance at the Hall terminals. Hence, the total equivalent

noise resistance at the Hall terminals of the probe is about five times its

effective resistance. The latter value, at a current of 1-2 A is about TO ohm.
The total mean square effective noise voltage at the HaU terminals is given

by the equation

~ Fjqu (oiai d/

Here, fc is Boltzmann’s constant 1-38. 10“^^ T the temperature in °K.

and d/ the effective band width, which is 2000 e/s in our case. We obtain,

at a temperature T of 393 °K., a square root mean square value of the noise

voltage of about 0-015 microvolts.

Assuming that the minimum Hall voltage is equal to the noise voltage,

we obtain Uh = 0-015 microvolts. If the Hall terminals of the probe are

matched to the input of the amplifier, this Hall voltage Uh under optimum
load conditions is half the open circuit Hall voltage ?7;,q, which is hence

0-03 microvolts. The corresponding flux density B is obtained from

Eq. (6) :

At a current / of 1-2 A, we obtain an effective value of 5.10"® volt

sec/m^ or 5.10“^ gauss.

It should be borne in mind that the above figure corresponds to a band

width at the detector output (see Fig. 17) of 1000 c/s. Hence, variations of

flux density up to 1000 c/s may be detected. In many cases, only much

slower variations of flux densit3
'' are to be measured. If, for instance, the

output of the detector is connected to an indicator, registering up to 0-5 c/s,

the corresponding minimum effective value of B to be detected would be

\/2000 times smaller, or about 10“® gauss. If, furthermore, suitable pole

pieces of mu-metal are applied, this minimum effective value of B is still

about 400 times smaller, or about 2.10”® gauss. Comparing this value

with the best ones published so far, it is seen to be about 250 times smaller.^

The use of a transistor oscillator and of a transistor amplifier-detector

results in a very compact and easil3^ transportable arrangement, adaptable

to many applications.

6. Hall Effect JIixer Stage

Mixer stages for superheterodyne receivers may be constimcted using a

Hall probe The set-up is shown in Fig. 19. The antenna signal causes a

current sin through the Hall probe 6. The local oscillator causes a
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trans^ erse magnetic flux densitj .^nax s'*' probe 6 Here
from a Hall voltage

U 1

f^Ao = ‘^/2-^i»»i^mwCOS(a»osc~‘«>0« (7)

results, which constitutes the intermediate frequency signal Tlus is

filtered amplified and detected at the stages H and 12

Fio 10 The signal from the entenna 19 le filtered bj the resonance

circuit 18 14 and then b} a suitable transformation ratio (tap 14)

supplied to the Hall probe C b> means of the contacts 7 and 6 The h f

circuit is closed by means of the condenser 17 The local oscillator signal

IS connected to the terminals 1 and 2 of the cod 4 which is arranged

on the ferrite core 3 with the pole pieces 5 concentrating the magnetic flux

on the Hall probe 6 The i f signal is taken from the Hall contacts 9 and
10 13 then filtered amplifiedanadetectedat 11 and 12 A power supply 20

is fed to the power rectifier stage 13 which supplies a d c throu^ the

filter 15 and the choke 10 to the Hall probe 6 through the contacts 7 and 8

This mixer stage beh^ves differently from other mixer stages using

mixer tubes transistors or diodes in that no distortion is ini olved in the

mixing process The Hall voltage is proportional to th“ first power of /cj«

and does not contain any higher power components The Hall voltage

does contam a component of angular frequency euojo + “U but this is

filtered out bj the intermediate frequency stage 11 which is tuned to

‘"oso
— The femte core by its non linear characteristic causes some

harmomc components of the flux density B These cause Hall voltage

components of angular frequencies nwosc ± “i where ni3 2 3 4

How e\ er, these Hall voltage components are also filtered out by the stage 1

1

The behaviour of the Hall mixer stage is mainly determined by its gam g

and by its noise figure F In the case of JnSb the Hall coefficient i» of

Eq (1) IS about 0 25 10 ® m®/Coulomb In a practical set up, we have

= 0 1 mm and hence

= 2 5 jBI

if f of Eq (1) IS about unity The resistance between the Hall contacts

IS Th at an effective temperature S’* Then the available Hall power of

angular frequency cuo*,; — tot at the Hall contacts of the probe is

4r*
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The available input po-wer of angular frequency wt is

J / 2 „ 2 1

p i

4ro 8 ®

where is the effective internal resistance of the antenna circuit between
the tap 14 on the coil (see Fig. 19) of the resonant antenna circuit and earth.
The temperature of i.s assumed to be room temperature Tg. The gain
of the mixer stage is ;

Pi inrg

In a practical set-up, the value of was 3000 gauss or 0-3 volt sec/m~.
In this case, the oscillator coimected to the contacts 1 and 2 of Fig. 19
had to supply a power of some 10 milliwatts. Furthermore, and r/,°were
both about 1 ohm. Hence, a gain g of about 1/7 or — 8-5 db is obtained.

The noise figure F may be evaluated as follou's. The available input
noise power is kT^J, where k is Boltzmann’s constant and Af is the effective

band uidth under consideration. This gives an equivalent output noise
power gkTgAf. The Hall resistance r/i causes an available output noise
power kThAf. Hence, the total available output noise power is gkT^Af
-f- kTjtAJ. The noise figure F is obtained by division of this available

output noise power by gkT^Af :

F=1 Th_

If Ta = Tg, this jdelds F = 8, if ^ = 1/7. The intermediate frequency

stage 11 of Fig. 19 is assumed to Iiave a noise figure Fj. Then the overall

noise figure •will be ;

r, r,
-P'1-1V . Tt t *

Assuming F^ = 2, we obtain Ptot 15. This value compares favourably

with noise figures of known mixer stages in the radio-frequency and high-

frequency ranges. As the Hall voltage drops considerably above 30 mc/s,

the Hall mixer stage becomes less favourable beyond this frequency.

In mixer stages, automatic volume control is a desirable feature. This

may be obtained with HaU rai.xer stages by apph'cation of the temperature

dependence of the HaU voltage according to Fig. 2. Hereby, the Hall

coefficient kh of Eq. (7) is affected. As this coefficient is independent of B
and of I, no distortion is generated bj" varjing the temperature. Thus, we

have a antique volume control, which is entirely free of distortion. This

feature compares favourably nith the volume controls of aU other known

mixer stages. The temperature of the Hall probe ma}^ be varied by supplying

a suitable auxiliary heating current. This may be obtained from a stage 13

(see Fig. 19), which is controlled automatically by the intermediate frequency

output of the stage 12. The heating current is supplied to the Hall probe

through a suitable filter 15 and a choke 16. The heating time of the Hall

probe may be used as a means of obtaining a suitable time constant of the

volume control in question.

In a practical set-up a small Hall probe was heated up by a heating

current of about 1 A and a temperature difference of about 60 C. uas

obtained. According to Fig. 2, a reduction of Hall voltage by a factor 5
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may be expected at this temperatare difference The time constant was
some tenths of a second, depending on the surface cooling of the Hall probe

As the Hall resistance r* is also reduced at rising temperature according to

Tig 3, a further gain control is obtained by mismatch of the mixer stage to

the subsequent intermediate frequency stage

By the heating current, the effective noise tempertaure Tn of the Hall

probe goes upwards, causing a nse of noise figure As, however, volume

control IS applied at high input signal levels, this rise of noise figure does not

constitute an. impairment of the performance of the mixer stage
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Magnetfeld ab Exakte Proportionabtat zwischen Hallapannung tmd
Magnetfeld liegt also nur im Sonderfall des unendbch langen Streifens ror
bei der Rechteckplatte treten dagegen Abneichungen von der Proportiona
litat auf « 5 6 vielen AnAvendungen ’ \a ird eine raoglichst gute Propor
tionabtat zAuschen Hallspannung und Magnetfeld gefordert Deshalb
niussen alle jene Elfekte die au emerAhMCichung ron der Proportionabtat
fuhren quantitativ faQbar sein danut eine befriedigende Aussage uber die

Abweichungen von der Proportionabtat bei den verschiedenen Betnebsbe
dingungen des Hallgenerators gemacht werden kann Eine erschopfende
Vierpol Theone des Hallgenerators liegt also erst dann vor aa enn die Feld
abhangigkeit der BetriebsgroBen ifji bzw K^B und ibre Abhangjgkeit
von den geometnsehen Abmessungen der Halbleiterplatte ubersehen Averden

kann
Fig 2 zeigt die praktische Ausfuhrung der Halbleiterplatte ernes Hall

generators Die Eigenschaften der BetnebsgroBen i? 2£,

Averden maQgebbch durch das Seitemerhaltnis ajb der Rechteckplatte

dutch die relative Breite sja der Hallelektroden und durch die Dicke d der

Rechteckplatte bestimmt Die BetnebsgroBen konnen formal durch die

Beziehungen (1) (2) und (3) in Fig 3 dargestellt AAerden
,

dabei ist es

ZAveckniaiJjg die Leerhufuiderstande auf den Wert (0) bzw (0)

beim Feld B = 0 zu beziehen In den Beziehungen fur die relativen Leer

laufAviderstande und fur den KemAAiderstand treten jeAveils zAvei Faktoren

auf der erste Faktor namhch der relative spezifische W iderstand p[B)lp{0)

bzAA die Hallkonstanto bnngt die Abhangigkeit der BetriebsgroCen

von den JIatenaleigenschaften zum Ausdruck Avahrend der ZAveite Faktor

G, Gft bzAA H die Abhangigkeit der BetriebsgroCen von den geometnsehen

Abmessungen und vom magnetischen Feld angibt G, und G^ AAerden

desbalb als Geometnefunktionen des Widerstandseffektes bezeichnet H
AATtd Geometnefunktion des HaHeffektes genannt

Die Abhangigkeit der BetnebsgroBen von den Materialeigenschaften

kann leicht uberbbekt Averden denn p{B)fp{0) und B^ kann fur em vorgege

benes Material emfach durch Messung bestimmt werden® ” Der EinfluB

der geometnsehen Abmessungen ist mdessen nur dann vollkommen zu
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iibersehen, wenn die Berechnung der Geoinetriefunktionen gelingt. Diese

Aufgabe fiibrt auf ein Problem der Potentialtheorie mit gemischten

Randbedingungeii, das in Fig. 4 oben durcli die Aquipotentiallinien und

Feldlinien angedeutet ist. Ansiitze zur Losung dieses Problems liegen im

Pig, 3. Die Vierpolkonstanten ties Hallgenerators.

Schrifttum vor, de.sgleichen gewdsse Naherungslosungen.^®’ Die
exakte End voUstandige Losung dieses Problems fur den Sonderfall punlit-

fdrmiger Hallelekfcroden Mmrde von F. Kuhrt und H. J. Lippmann ange-

geben.'*’ ®

Fig. 4 zeigt die Ergebnisse fur punktformige Hallelektroden. Links
unten ist die Feldabhangigkeit des Kemudderstandes ICgB, also die Leerlauf-

Fig. 4. Galvanomagnetische Effekte (theoretisch).

hallspannung pro Steuerstromeinheit, in Abhangigkeit vom Magnetfeld B
fur verschiedene Seitenverhaltnisse ajb aufgetragen. Rechts unten ist der
relative Widerstand r(R) = Rii(R)/i?it(0) in Abhangigkeit vom Magnetfeld

iur verschiedene Seitenverhaltnisse a/6 dargestellt. Die linke Kurven-
schar wurde fiir Indium-Arsenid, die rechte fiir Indiura-Antimonid errechnet
Aus den Kurvenscharen erkennt man, da(3 die bei einer Rechteckplatte
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erzielbare Hallspannung mit dem Seitenrerhaltms ajb abnimmt, die JIagnet
feldabbangigkeit des Widerstandes dagegen am^achst Diese Verhaltmsse
Sind in Fig 3 anschauhch znsammengestellt und zeigen, daC fur HaUgene
ratoren langgestreckte Flatten, fur luagnetfeldnbjiangige Widerstande
dagegen mogbchst kurze Flatten gnnstig sind

Halleffekt und Widerstandseffekt haben djeselbe phj sikaliache Ursache
und treten stets gleichzeitig auf, beide Erscljemiingen nerden deshaJb

haiifig imter der nbergeordneten Bezeichnimg ‘ Galvanomagnetische
EfFekte ” zusmimengefaflt Einen Halbleiterkdrper, bei deni die galrano
magnetischen Effekte aiisgenutzt uerden bezeiehnet man haufig als “Gal
^ anomagnetisches Element *’ Durch die geometnsche Formgebung der

Rechteckplatfe kann nach Fig 3 erreicht werden, daB emer der beiden

gaivanomagnetischen EfFekte besonders stark hervortritt
,
man spncht

dann \on einem " Hallgenerator ” bzw vou emem “ magnetisch steuer

baren Widerstand ’’ Hallgenetatoren bzw magnetisch steuerbare Wider-
stande Sind also galvanomagnetiscbe Elements mit besonders hoher Hall

spannung bzvr hohem Widerstmdseffekt

Die Losung des Fotentialproblems bei emer von Null verschiedenen

relatuen Breite sja der Hallelektroden ist noch nicht abgeschlossen, so daB
im Augenblick nur etpenmentell ermittcUe Angaben vorliegen Fig 5

s

HallelekI roden

zeigt den EinfluB der Elektrodenrerbreiterang bei emer Rechteckplatte mit

dem Seitenverhaltms ajb = 2 fur Indiumar^emd der Hallkonstanten

120 cin®/As

Aus den Yierpolgleichungen m Fig 1 kann die Hallspannung am
AbschluB%viderstand bei beliebigen Betnebsbedmgungen des Hallgenerators

berechnet uerden In das Ergebms gehen die drei Yierpolbetneb'sgroBen

(Fn,, J?2£,
und KjB) ein, deren Feldabhangigkeit gewasse Abvreichungen

ron der Froportionahtat zwjscben Hallspannung und JIagnetfeld (Linean

tatsabweichungen) zur Folge hat Bei alien An^\ endungen der Hallgenera

toren bei denen auf gute ^oportionabtit IVert gelegt avird xniissen deshalb

MaCnahmen getroffen irerden die diese Lineantnt'sabueichiingen auf em
JDndestmaB beschranken
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Bei der Belastung eines Hallgenerators mit dem Aussemviderstand
Avird die Leerlaufhallspannung im Verhaltnis Innen- zu Aussen-
n'iderstand aufgeteilt, so dafi nur der BruchteU als nutzbare Hallspannung
zur Verfiigung steht. Fiir best man unmittelbar die Beziehung in Fig. 6 ab.

Mg ist demnach zvrar dem Produkt proportional, dariiber hinaus aber

Fig. 6. Etnfluss der JIagnetfeldabhangigkeit des Innenwiderstandes auf die belastete
Hallspannung.

noch mit einem Faktor behaftet, dessen Feldabhangigkeit durch und
i? 2i,

bestimmt Avird. Dieser Faktor hangt auBerdem noch von der Bela-

stung ab, die durch das Anpassungsverhaltnis A = RJR^i^ (0) beschrieben

nird. Die Feldabhangigkeit des Storfaktors wird somit durch die drei

Parameter a/6, sfa und A festgelegt. Durch geeignete Wahl dieser drei

Parameter kann—zumindest in einem bestimmten Feldintervall, etwa

B = 0 bis B = Bro — die Feldabhangigkeit des Faktors zu einem Minimum
gemacht werden ;

Hallsparmung und Magnetfeld werden dann weitgehend

proportional zueinander. Bei einem vorgegebenen HaUgenerator, also bei

festliegenden Parametern a/6 und sja, liegen diese giinstigsten A'^erhaltnisse

somit nur bei einer bestimmten Anpassung, die als “ lineare Anpassung ”

bezeichnet wird, vor
; d. h. der HaUgenerator muB stets mit einem bestimm-

ten AbschluBwiderstand betrieben werden, wenn bestmogliche Propor-

tionaUtat zwischen Hallspannung und Magnetfeld erreicht werden soU.

Durch Reihen-bzw. Parallelschaltung geeigneter Widerstande kann diese

Bedingung in der Praxis immer erfiillt werden.

Die Abhangigkeit der Hallspannung vom Magnetfeld B ist in Fig. 7

schematisch dargestellt ; sie kann in dem Feldbereich von B = 0 bis B = Bm
durch eine Ursprungsgerade derart angenahert werden, daB die positiven

und negativen Maximalabweichungen e,nax einander gleich sind. Dem
Gebrauche der MeBinstrumententechnik folgend, wrd die Maximalabwei-

chung auf die Hallspannung U2m am Bereichsende Bm bezogen und als

Fehler F — des Hallgenerators bezeichnet. Dieser Fehler hangt

nach Fig. 7 rechts vom AbschluBwiderstand, also von der Anpassung A ab

und besitzt bei der bereits oben erv'ahnten giinstigsten Unearen Anpassung

A = Alin sein Minimum d Der Verlauf in der Umgebung des Jlinimums ist
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flach 80 daB erne besonders soigfaltige Anpassung lucht erforderbch ist

Die Fehlerkurve in Fig 7 gilt fur emen handelsubbchen Hallgenerator, der
bej 10 000 G und masiinalem Steneistrom eine Leeriaiifspanniing von ca
lOVabgibt, derFehlerbetragtdabemenigcrals 1% JLt klemer werden
dem Lmearisienmgsbereich nimtnt aneh der Fehler ab

,
in emera Bereich

^ on 0 bis 2000 G kann der Lineansierungsfchler z B bereits kleiner als 2%£,
gehalten iierden

Fro “ Lineansierutigsfaklor eines HsHgeneratore

Zum Schutze gegen mcchamschc Zerstorungen inuB das dunne Halb

leiterplattchen in emera Schutzmantel untergebracht werden der aus

unmagnetischem Material z B GieBharz Smterkerainikus-n oderauchaus

ferromagnetischem Slatenal z B Femten bestcben kaim die Djcke des

Schutzmantels muQ dabei ein Vielfaches der eigentbchen Halbleiterschicht

betragen damit vor allem gegenubcr Biege«panmingen hmreiohend Scliutz

gewalfft irird

Fio 8 Hallgeneratoren mit vnmagnetischem und rnagnetischem Mantel
CegenubeisTellung

Fig 8 zeigt zirei Eisenkeme deren Luftapaltinduktion bei geeigneter

Alatenalausivahl und Diraensionierung proportional zum Erregerstrom der

Feldwicklung rerandert irerden katm Der Luftspalt des Imken Eisen

kernes enthalt emen Hallgenerator mit unmagnetisehcm der Luftspalt des

rechten Eisenkemes emen Hallgenerator mit magneti-^chera jMantel Der
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Vergleich beider Anordnungen zeigt, dali die Ferritplatten eine erhebliche
Verkleinerung des Mirksamen Luftspaltes und damit eine entsprechende
Verringerung der Durchflutung bzw. der zum Aufbau des Luftspaltfeldes
erforderlichen Wirkleistung zur Folge haben. Diese Vorteile gelten jedoch
nur bis et'wa 2000, hochstens 3500 G, denn dann gehen die Ferritplatten in
Sattigung. Wesentlich hohere Hallspannungen, allerdings bei betrachtlich
groBeren Steuerleistungen, werden mit Hallgeneratoren aus unmagnetischem
Mantel erreieht, da bei geeigneter Dimensionierung des Eisenlcernes und
Vervrendung von Eisen mit hoher Sattigung Luftspaltinduktionen bis

15,000 G und mehr erzeugt verden konnen.
Man kann die am AbschluBwiderstand abgegebene nutzbare Hallei-

stung zur Eingangsleistung ins Verhaltnis setzen. Man erhalt die

zu-ei Formeln in Fig. 9.

Cintxmjn^ airmieitsmiicniin:

tnagnetisctiinnam

vergusmse
rmit

l'^*002

i = 03mm

Vf’=gv.

(t 'lUEinii

10

Fig. 9. Hallgenerator als Verstarker.

Bei der ersten Forniel wird die den Klemmen 1,2 zugefuhxte Leistung als

Eingangsleistung betrachtet ; man kann theoretisch zeigen, daB dieses

Leistungsverhaltnis F, stets kleiner als 0-17 sein muB und daB dieser Wert

asypmtotisch erreieht uird, wenn das Produkt Tragerbeu’eglichlceit mal

Magnetfeld gegen Unendlich geht.^ Bei der zweiten Formel wird die den

Klemmen 5,6 zugefiihrte Leistung als Eingangsleistung betrachtet ;
unter

der Voraussetzung, daB fur die Envarmung der Halbleiterplatte eine Hochst-

grenze angegehen ist, erhalt man fur Fp die in Pig. 9 angegebene Bezie-

hung.^®' Bei geeigneter Dimensionierung und Materialauswahl wird

dieser Ausdruck groBer als 1, d. h. der Hallgenerator uirkt als Leistungs-

verstarker. Die Leistungsverstarkung nimmt, wie aus dem letzten qua-

dratischen Glied der Formel zu erkennen ist, mit dem Quadrat der Trager-

bewegUchkeit zu und wachst auBerdem umgekehrt proportional mit dem

Quadrat der Luftspalthohe an. Die Tabelle darunter zeigt den Faktor Vp fiir

verschiedene elfektive magnetische Luftspalte.

Bei der Anwendung der Hallgeneratoren kann man zwei Falle unter-

scheiden :

() Das magnetische Steuerfeld ist irgendwie fest vorgegeben (Fig. 10

unten).

() Das Magnetfeld, z. B. im Luftspalt des Eisenkernes, kann durch eine
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elektnsche GroCe namlich durch den Erregerstrom der zugehorigen
Wicklung gesteuert werden

Bei jedem dieser beiden Anwendimgspnnzipien konnen Hallgeneratoren
sowohl mit magnetischem als auch mit unmagnetischem Mantel versehen
werden Man erhalt dann die m Fig 10 dargestellfcen Aier Annendungs
prinzipien der Hallgeneratoren Jedes dieser Verfahren besitzt ganz

Fio 10

bestimjnte charaktenstische Eigcnscliaften so da0 man bei der Anfgahe
stellung im allgememcn bereits festlegen kann welches dieser vier Grundver
fihren zur Losung der Aufgabe m FVage koinmen uird

1 Hallgeneratoren mit nnmagnetischem Mantel im Luftspaltfeld ernes

Eisenkernes Anwendungsbereich bind Aufgaben bei denen hmreichend
Stcuerleistung zur Erzeugung des Luftspaltfeldes zur Verfugung steht

groBeHallspannungundgroBeHalleistungengefordertuerden z B Messung
hoher Gleichstrome Messung von GleichstromJei'itungen und
Leistungsimpulsen ’ Drehmomentenanzeige ** elektnsche Darstellung des

Produktes Ankerstrom mal Brehzahl bei groBen Walzmotoren usw
2 Hallgeneratoren mit magnetischem Mantel im Luftspaltfeld eines

Eisenkernes Anw endungsbereich smd Aufgaben bei denen nur genng

fugige Steuerleistungen zur Erzeugung des Magnetfeldes zur Verfugung

stehen z B Durchfuhrung von Rechenoperationen wie Multiplizieren *

Dn idieren usw Modulator ’ Speicherelement das beliebig oft abgefngt

werden kann usw
3 Der Hallgenerator mit magnetischem Mantel in einem vorgegebenen

Magnetfeld Der Anwendungsbereich crstreckt sich auf Aufgaben bei

denen das Ursprungsfeld durch den Hallgenerator nicht verzerrt werden

darf und Proportionalitat ZMischen M^netfeld und Hallspannung gefordert

wird z B MessungvonStreufelderamMaschmen’ ” Messung von Luftspalt

feldem Ausmessung der Magnete von Beschleunigermascbmen Messung

der Tangentialkomponente ** in Eisen usw

4 Der Hallgenerator luit ferromagnetischem Mantel m einem vorge

gebenen Magnetfeld Der Anwendungsbereich erstreckt sich auf Aufgaben

bei denen das Ursprungsfeld dutch die Femtplatten oder durch Polschuhe
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die zur Yerstarkung der magnetischen Wirkung der Ferritplatten angebracht
sind, verzerrt werden darf und eine Proportionalitat zivischen Ursprangsfeld
und Hallspannung nieht unbedingt gefordert ist. Durch die Biindelwirkung
im Luftspalt sind kleinen Urspningsfeldern bereits betrachtliche Luft-
spaltfelder, also betrachtliche Hallspamiiingen zugeordnet, so dafl diese
Anordnung insbesondere dann am Platze ist, wenn bereits kleinste Magnet-
felder noch praktisch verwertbare Hallspannungen hervorrufen sollen.®^ Mit
solchen Anordnungen ist es z. B. moghch, Magnetfeldiinderungen von
einigen Gamma anzuzeigen.
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The Properties and Applications of p-type InSb

C. HELSirai

Services Electronics Resenrck Laboratory, Baldock, Herts

1. IXTEODTJCnON

Thoitgh much interest has been expressed recently in the properties of
indium antimonide, little work has been done on material containing an
excess of holes at room temperature. Because the mobility ratio is large,

such material uiU have a negative Hall coefficient unless there are several

hundred times more holes than electrons. The determination of the carrier

mobilities and concentrations becomes complicated, since measurement of
HaU constant Eit and resistivity is insufficient to determine the four
unknown parameters. It has been shown ^ that if one measures in addition

the variation of Eh and in a magnetic field, it is possible to derive the
electron and hole concentrations n, p, the electron mobility p. and the
mobility ratio b. In this paper the properties of p-type InSb are discussed

in more detail, and some applications of the material are described.

2. Hall Coxsta>'t, Resistivity and Lifettme

The measurements of electrical properties described by Hilsum and
Barrie ^ indicated that the important scattering mechanisms for electrons

in InSb are polar scattering, electron-hole scattering and ionized impurity

scattering : these eombiae to give the dependence of mobilit}^ on impurity

concentration shown in Fig. 1. At a given impurity concentration the

mobility in n-type material is higher than in p-type because there is less

electron-hole scattering. For the hole mobility, w’hich is predicted less

accurately by the theory, the dominant scattering mechanisms are assumed

to be acoustic scattering and ionized impurity scattering. We observe a

gradual decrease from 750 cm^/volt. sec. for intrinsic material to about

500 cm^/volt. .sec. for material of zero HaU coefficient.

Eh and p^ are given as a function of impurity concentration in Fig. 2.

The impurity content is expressed as the ratio of the intrinsic concentration

n, to the hole concentration, and the left-hand axis represents intrinsic

material. The Hall coefficient rises from the intrinsic value of under 400

cm®/coulomb to a maximum of 950 em®/coulomb when p equals 6-5 x 10*®

cm“®, and then decreases, changing sign when p is greater than 3 x 10*’

cm~®. The resistivity of p-type material is markedly greater than that of

intrinsic, a point to note, since specimens made from high mobility com-

pounds are generaUy of inconveniently low resistance.

Carrier lifetime in InSb is so short that the only accurate method of

measuring it at room temperature is by means of the photoconductive and

photoelectromagnetic effects. Forp-type specimens it is necessary to deter-
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mine the mobilities first. Some typical results are given in Fig. 3. The
theoretical curve is obtained by combining radiative recombination with
recombination via traps ivith a trap density of about cm-^ at a level
half-w'ay between the conduction and valence bands.

3. Applications

In three fields where it has been shown that devices made from InSb
have practical applications, the use ofp-type material gives some advantages.
It can be used in photocells, magnetoresistance devices and Hall effect
applications.

NOfiMALISED IMPURITY CONCENTRATION, NORMALISED IMPURITY CONCENTRATION, ?n(

Fig. 3. Dependence of lifetime on Fig. 4. P.E.SI. and P.C. figures of merit
impurity concentration. as function of impurity concentration.

X = experiment
;

= theorj’.

(a) PHOTOCELLS

Since InSb has an energy gap smaller than 0-2 eV, photocells made from
it have a spectral response at room temperature out to be3mnd 7/j. ; several

laboratories have reported on InSb photocells,^- ^ and uncooled photo-

conductive (P.C.) and photoelectromagnetic (P.E.M.) cells have been

described. A cell made from p-type material -will obviously give a shorter

response time and, as shown in Fig. 4, for P.E.M. cells a considerable increase

in sensitivity is also obtained. A small improvement is shown for P.C. cells.

A full account of these measurements m’ll be given elsewhere.

(b) MAGNETOEESISTANCE DEVICES

A specimen of intrinsic InSb with a length more than three times its

width .shows a 60 per cent, increase in resistance in a magnetic field of 10,000

gauss
; material with 5 X 10'® acceptors per cm® shows an effect three times

as large. In Fig. 5, the magnetoresistance effects for four impurity con-

centrations are illustrated. .Since the resistivitj'' of p-tj^ie material is up to

ten times as large as intrinsic, the absolute resistance change is many times

greater. But it must not be forgotten that in most applications the specimen

is shaped to give the largest possible resistance change, i.e. as a Corbino

disc, or with a length smaller than the width. These structures are far less

eSective for p-type specimens (Fig. 6). The largest fractional change now

F.s.s.-n ^

PC.

FIGURE

OF

MERIT



MAGNETIC FIELD (Gv^USS)

Flo S JlagnetoresHtance of specimens of venous impuntv concentrations

FiQ f> The gain in using Corbino disc speeimena as a function of impurity

concentration



737THE PBOEEETIES Ainj APPLICATIONS OF p-TTBy: InSb

occurs for a disc made of intrinsic material, which increases in resistance
almost 40 times in a field of 10,000 gauss. A ^-tj’pe specimen (4 x 10^®

acceptors per c.c.) increases eight times. A square specimen is sometimes
used where the disc shape is inconvenient, and here there is little difference
in the relative change for various impurity concentrations

;
the absolute

change is of course larger for the ^)-type specimens.
A typical application of the magnetoresistance effect is in the displace-

ment transducer.® A small permanent magnet gives a strong localized field

in which an InSb specimen is supported {Fig. 7a) ; the specimen is a com-

Fio. 7a. A bridge specimen for use in a displacement meter.

plete bridge network and when the left-hand side is symmetrical in the

magnetic field the bridge is balanced. A vertical movement relative to the

magnet causes one arm of the bridge to increase in resistance, and the other

to decrease. The system works equally well with d.c. or a.c. drive and

without amplification an output of 1 mV is obtained for a motion of 20

microns ; with a simple transistor amplifier connected across the bridge a

motion of 10 A can be detected. Some pains must be taken in the mechanical

design to achieve this performance and the complete instrument* is shown

in Fig. 7b. The present performance does not yet approach the theoretical

sensitivity limit, for with a response time of one second a signal equal to the

inherent noise in the bridge is given by a movement of less than 0-1 A.

The advantage in using ;p-type material here comes from its higher

resistivity. The individual arms can be made Avith a resistance of 5-10

ohms, and there is little loss of sensitivity due to contact resistances.

(c) HAT.T. effect applications

Several authors have suggested using the Hall effect for multiphers,®

gaussmeters,^ compasses,® amplifiers.® etc. Here we deal with its use in a

magnetometer. It may be shown theoretically that indium antimonide is

the most suitable material for detecting very small magnetic fields, because

it has the highest electron mobility. Other points which must also be

considered are contact rectification and temperature stability. It is apparent

that the best device will have ohmic contacts and InSb is satisfactory in this

» This instrument was designed by R. D. Knight and will be described fully in

a subsequent publication.
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respect. There are two results of a change of temperature in a Hall-effect

device : the sensitivity changes, and a calibration curve is therefore neces-

sary, A more important effect for this application is the zero drift. We have

found that the best stability is obtained by constructing the unit so that

there is a negligible Hall voltage output when there is no magnetic field,

and using material with temperature independent Rh or RhIpo depending

on the method of driving current through the unit
;

p-tj^pe InSb may be

produced rvith Ru a maximum near the operating temperature, and over an

operating range of 20 centigrade degrees, Rh varies by i 1-5 per cent.

jMaterial of rather smaller acceptor concentration gives a fairly constant

RhIpo, the Hall mobility. This is constant to i 1 per cent, over the same

working range.

Fig. 9, The use of an InSb Hall effect unit in a susceptibility meter.

The voltage sensitivity of Hall units is proportional to RhIVpo

is larger for p-type InSb than for either intrinsic InSb or the impure InAs

often used.

A versatile HaU unit is illustrated in Fig. 8. When J-in. diameter

Permalloy rods 4 in. long are attached to the unit, magnetic fields of 10

gauss may be detected. The unit may be considered as the magnetic analogue

of the galvanometer. If we construct the analogue of a HTieatstone bndge,

with a permanent magnet drimng flux through four equal reluctances

(Fig. 9), the unit provides a means of measuring smaU changesm reluctance.

When a material of permeability slightly difierent from unity is placed m
one gap, the bridge becomes unbalanced and flux passes through the detector.

Since fields in each gap of 1000 gauss may be obtained mthout difficulty

the instrument will measure susceptibUities approachmg 10 c.g.s. umts.

The assembly of Fig. 9 is thus a portable susceptibility meter mth a sen-

sitivity approaching that of the conventional balances.
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Stralilungsnachweis mit Ill-V-Verbindungen

R. GEEMMEIiSIAIER

Siemens-Schvckertiverke A.G., Erlangen

Zu den Ill-V-Verbindungen gehdren Halbleiter, deren elektrische Eigen-
scbaften sich zum Teil sehr stark voneinander unterscheiden. Z.B. reicht

die Breite der verbotenen Zone von 0-25 eV beim InSb bis zu einigen eV
bei den Nitriden. Auch der Stand unserer Kenntnisse iiber die einzelnen

Verbindungen ist recht unterschiedlich. Wahrend einige Verbindungen
schon weitgehend untersucht und ihre Eigenschaften bekannt sind, _weiB

man fiber andere noch. verhaltnismaBig wenig. Das hat zu einem guten
Teil praparative Grfinde. Einen Teil der Verbindungen kann man mehr
oder "weniger leicht in Form von Einkristallen erhalten, bei anderen ist es

schon schrvierig, sie fiberhaupt in kristalliner Form herzustellen. Auf
Grund dieser Unterschiede ist es fur unsere Betrachtung zweckmaBig, die

Ill-V-Verbindungen zu drei Gruppen zusammenzufassen.

Zur ersten Gruppe konnen rvir die Verbindungen mit kleiner Breite der

verbotenen Zone rechnen : InSb, InAs imd GaSb, zur zweiten Gruppe die

dem Silizium ahrJichen Verbindungen InP, GaAs und AlSb und zur dritten

Gruppe das GaP und die ubrigen Ill-V-Verbindungen mit groBer Breite

der verbotenen Zone. Die Eigenschaften der Verbindungen der ersten

beiden Gruppen sind schon weitgehend untersucht, und es liegen auch eine

ganze Reihe von Arbeiten fiber die Verwendung dieser Verbindungen zum
Strahlungsnachrveis vor. tJber die dritte Gruppe sind bisher nur rvenige

Arbeiten erschienen.

Im folgenden mochte ich besonders auf einige Messungen an den Ver-

bindungen der zweiten Gruppe dieser Einteilung, vor allem an InP und

GaAs eingehen.

Unter Strahlungsnachweis soli die Verwendung der Halbleiter als

Detektoren ffir Lichtstrahlung und jede Art von ionisierender und kor-

puskularer Strahlung verstanden werden. Zum Nachweis der Strahlimg

kaim die Photoleitung, der photoelektromagnetische Effekt oder der

Photoeifekt an Sperrschichten verwendet werden. Photoeifekt, Photo-

leitung usw. sind dabei im allgemeinen Sinne zu verstehen. Die entsprechen-

den Effekte treten in gleichen Weise wie bei Lichtstrahlung auch bei

ionisierender Strahlung, also z. B. B-Strahlen, a-Strahlen auf. Wesentlich

ist nur, daB die Strahlung imstande ist, im Halbleiter in Primar-oder

Sekundarprozessen zusatzliche freie Ladungstrager zu erzeugen. Die Zahl

der pro Zeiteinheit erzeugten Ladungstrager und die ortliche Verteilung der

Erzeugung hangt zwar von der Strahlenart, Strahlungsintensitat und von

den Absorbtionsverhaltnissen im Halbleiter ab, bei einer gegebenen

Erzeugungsrate hangt jedoch die GroBe des Photoeffektes, der Photoleitung

usw. nur noch von den elektrischen Eigenschaften des Halbleiters ab.

Es muB hier allerdings hinzugeffigt werden, daB durch energiereiche Strah-

lung in dem Halbleiter Gitterstorungen erzeugt werden konnen, die ihrerseits

7«
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die elektnschen Eigensehaften des Halbleiters und damit die GroBe des
Photoeffektes beemflussen

Zur dntten Gruppe laBt sich in diesem Zusammenhang wenig sagen
An GaP und AIN ^ wTirden Photoleitungen und Photocffekt an Sperr
schichten beobachtet soueit mir bekannt ist iber noch mcht quantitativ

untersucht Die bcobachteten Effekte smd bisher noch sehr klein Den
Untersuchungen stehen—besonders bei den Nitnden und Bonden

—

verhaltmsmaBig groBe technolt^ische Schwiengkeiten bei der Herstellung

der StofFe m kristilliner Form entgegen

Anders Legen die Verhaltnisse bei den Verbmdungen der ersten Gruppe
Auf Grund der Lage der Absorptionskante eigibt sich fur die Verbmdungen
InSb und InAs erne uichtige Anwendungsraoglichkeit als Detektoren fur

Ultratotstrahlung Icli nioehte bier auf die eingehenden Arbeiten hinn eisen

die Photoeffekte m InSb und InAs behandein * InSb ist bei Zimmer
temperatur als Detektor fur Strahlung bis zu nihezu 1 5 fj.

geeignet, InAs

bis zu Wellenlangen \on ungefahr 4 p Aus beiden Verbmdungen lassen

sich Detektoren auf der Basis des photoelektromagnetischen Effektes

Detektoren auf der Basis der Photoleitung und p n Photoclemente herstellen

Fio 1 SpektraleEmpfindlichkeiteinesGa^s und eines InP Photoelementes
KurzschliiBstrom in Abliangigkeit von der Wellenlange bei gliecher ein

foUender Strahlungdeitung (KurzschluBatroin m relati\ein MaOstab
)

Die Verbmdungen der zweiten Gruppe InP GaAs und AlSb haben das

Jlaximum ihrer spektralcn Empfindlichl eit im nahen Ultrarot bzw Rot

Fig 1 zeigt die spektrale Empfindtichkcit eines GaAs und eines InP p n

Photoelementes Das GaAs Element w'Uide im Diffusionsrerfahren her

gestellt das InP Element sfellte Herr Dr Henkel im Legierungsverfahren

her Die Flache des GaAs Elementes betragt ungefahr 1 cm* die des

InP Elementes ungefahr 0 2 cm* Die Messungen fuhrte ebenfalls Herr Dr

Henkel durch Die in Fig 1 wiedergegebenen Ergebnisse anirden mit

einem Monochromator gewonnen Die absolute Empfindbchkeit erhalt man

besser aus Jlessungen mit Filtem und einem geeicbten Thermoelement

Die Ergebnisse einer solchen Messung sind in Fig 2 wiedergegeben Hier

ist die Zahl derimKurzschluBfalluber deny n Ubergang flieBenden Ladungs

trager bezogen auf die Zahl der auf das Photoelement auffallenden Licht
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quanten aufgetragen gegen die Wellenlange. Da ungefahr 30% des
auffallenden Lichtes reflektiert werden, ist die Zahl der Ladungstrager
bezogen auf die Zahl der absorbierten Quanten entsprechend hoher. Im
Maximum erhalt man fur das GaAs-Element rund 0-8 und fiir das InP-
Element rund 0-6 Landungstrager pro absorbiertes Quant. Der Abfall der
Empfindlichkeit zu kiirzeren Wellenlangen bei dem GaAs-Element riihrt

iOO 500 eoo 700 BOO 900 1000 UOOmii

Wellenlange --

Fig. 2. Spektrale Empfindlichkeit eines GaAs- und eines InP-Photoeleraentes.
Zahl der im KurzschluCfall pro auftreffendem Quant fiber den p-n-
tlbergang flieBenden Ladungstrager in Abhangigkeit von der Wellenlange.

daher, daI3 der Abstand des p-u-tJbergenges von der Oberflache ungefahr
gleich der Diffusionslange der Elektronen ist, namlich einige p. D.h. da das

kurzwellige Licht nicht sehr tief eindringt, eixeichen nicht mehr alle erzeugten

Elektronen den ^J-n-Ubergang. Beim InP-Element ist der Abstand zwischen

Oberflache und jj-n-tlbergang geringer als beim GaAs-Element, die

Diffusionslange etvas grofier, so da6 die Empfindlichkeit zu kurzen Wellen

nicht wesentlich absinlrt. DaB die Kurve nicht den Wert 1 erreicht (unter

Beriichsichtigung der Reflexion) liegt daran, daB das Element inhomogen
ist, daB also nicht die ganze Elache des Elementes wirksam ist. Man kann
aus den Kurven entnehmen, daB sich GaAs- und InP-p-m-Photoelemente sehr

gut fiir den sichtbaren Spektralbereich eignen. Beraerkenswert ist die

relativ hohe Photospannung, die sich vor aUem mit GaAs-Photoelementen

erzielen laBt. Gute Exemplare liefem im Sonnenlicht bis zu 0-9 V Leer-

laufspannung.

Photoelemente aus GaAs und InP konnen auBerdem zum Nachweis

ionisierender Strahlimg verwendet werden. Hier ist allerdings die

Difliisionslange der ilinoritatstrager wegen der teihveise sehr groBen

Eindringtiefe der Strahlung von noch groBerer Bedeutung als bei der

Verwendung zum Eachweis von Licht. Der KurzschluBstrom uber einem

p-w-t)bergang wird von den Ladungstragern getragen, die, grob gesagt,

innerhalb einer Diffusionslange beiderseits des ^-m-tJberganges erzeugt

werden. Solange die mittlere Eindringtiefe der Strahlung kleiner als die

Diffusionslange ist, kann man erreichen, daB nahezu aUe erzeugten Ladungs-

trager zum KurzschluBstrom beitragen. Ist die mittlere Eindringtiefe

der Strahlung dagegen sehr groB, dann ist der KurzschluBstrom proportional

der Diffusionslange. Hier bietet sich iibrigens eine Moglichkeit, die Diffu-

sionslange bei Bestrahlung mit durchdringender Strahlung (z. B. y-Strahlen
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emer Co®° Quelle) zu messen * Dt. fur y Strahlen alle erforderhchen Daten
bekannt smd kann man die Zahl der pro Zeit und Raumemheit erzeugten
Ladungstrager berechnen iind man erhalt mis dem JvurzschluBstrom
unmittelbar die Diffusionslange An GaAs p n tJbergangen konnten wir
auf diese Weise Diffusionshngen der Elektronen von einigen p bis zu
maximal ungefahr 10 p messen an InP tlbergangen m Einzelfallen bis zu
maximal 150 /a Diese DifFusionslangen entsprechen einer Lebensdauer
von 10 ® sec in GaAs und ungefahr 10 ® sec m InP Der Wert fur die

Diffusionslange und Lebensdauer m InP ist m guter t)beremstimmung mit
dem Wert den Reynolds und JLtarbeiter bei ihren Untersuchungen an
InP abgeschatzt haben *

Infolge der grofieren Diffusionslangen m InP ist die Empfindliehkeit der

untersuchten InP Photoeleroente gegenuber durcbdrjngender Strahlung

(z B y Strahlung von ungefahr 1 MeV) bis zu 10 mal groBer als die der

GaAs Photoelemente Ala MaC fur die Empfindliehkeit kann folgende

Angabe dienen Bei emer Bestrahlung mit 10’ y Quanten pro sec emer

Co®® Quelle (Energie 1 17 bzw 1 33 MeV) erhalt man z B m einem InP
Element emen Kurzschlufistrom von ungefahr 10 ® A InP und GaAs
Photoelemente eignen sich daher vor allem zum Nachwies und zur Messung

groflerer Strahlungsmtensitaten Bei der Messung weicher Rontgen—
Oder Elektronenstrahlen wie sie von Pfister * mit GaAs Photoelementen

durchgefuhrt wurde ist besonders gunstig daO die Overflache der Elements

nicht geschutzt ^\erden brauclit An normaler Atmosphare andern eich

namlich die Eigcnschaften der GaAs Photoelemente uber Monate nicht

nierkhch (Die langste Beobachtungsreihe ging bisher uber em Jahr

)

Mit InP Photoelementen lasscn sich neben lomsierender Strahlung auch

thermische Neutronen nachuiesen ® In einem Neutronenflufi \vird das

Indium aktiviert es entsteht radioaktives Indium Das Indium zerfallt

unter ^ Strahlung und die durch die Strahlung in InP erzeugten Ladungs

trager hefem den Photostrom Wenn man das Element aus dem Neutro

nenstrom nimmt klmgt die Photospannung mit der Aktivitat des Indiums ab

In AlSb scheint die Lebensdauer der Ladungstrager noch wesentlich kleiner

zu sein als in GaAs Im allgemeinen ist daher auch der an AlSb p n Dber

gangen beobathtete Photoeffekt viel 1 leiner als der an GaAs p n tlbergangen

beobachtete t)ber Photospannungen bis 0 6 V an AlSb p n Gbergdngen

benchten Genser und Allred ’ und AbrahAm benchtet uber Photoleitung

und Photoeffekt in polyknstallinem AlSb *

Zum SchluB noch erne Bemerkung zum GaAs Die oben eiavahnten

Messungen wurden mit GaAs p n Photoelementen durchgefuhrt GaAs kann

jedoch auch als Photoleiter verwendet werden Beim Herstellen von

GaAs Einknstallen erhalt man mitunter groBe Bereiche deren Widerstand

nahe an den Eigenleitungswaderstand des GaAs herankommt Der Widers

tand dieser Knstalle liegt bei 10® 10’ Si an wahrend der Eigenleitungs

widerstand bei 10®-10® Si an liegen durfte Der hohe Widerstand kommt

offenbar durch Storstellenkompensation zustande Diese Knstalle zeigen

eine sehr gute Photoleitung Fig 3 zeigt den Photostrom durch em GaAs

Plattchen in Abhangigl eit von der Beleuchtungsstarke Das PJattchen ist

ungefahr 0 1 mm did und I 5 mm hreit Die Elektroden smd auf der

Oberflache im Abstand von ungefahr 1 mm angebracht Die beleuchteto

Flache betragt also ungefihr 15 mm* Der Dunkelwiderstand hegt bei
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10® 13, d.h. der Dunlcdstrom liegt urn zivei Zehnerpotenzen unter dem
Photostrom, der bei einer Beleuchtungsstarke von 100 Lux flieBt. Das
Maximum der spektralen Empfindlichkeit liegt u-ie bei den Photoelementen
zwisehen 850 und 900 nip. Bei den bisher untersucbten hochohmigen
GaAs-Proben wurden Anstiegs—bzw. Abklingzeiten von mehreren Sekunden
beobachtet. Die Messnngen an diesen Proben sind allerdings noch nicht

Fig. 3. Photoleitung in hoohohmigem GaAs. Photostrom in Abh&ngigkeit
von der Beleuchtungsstarke bei verscliiedenen Spannungen.

abgeschlossen, sodaB sich iiber die Lebensdauer der Ladungstriiger und die

Spannungsabhangigkeit und Temperaturabhangigkeit des Stromes noch

nichts endgiiltiges sagen laBt. Die Abhangigkeit des Pliotostromes von der

Beleuchtungsstarke zeigt, daB die Lebensdauer in dem gemessenen Bereich

mit der Liehtintensitat abnimmt.
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positions Voltage probing expenments show that almost all the \ollage
drop occurs at gram boundaries and that the impedance across a boundary
IS non linear Since the electrolummescence at a boundary is proportional
to the current these changes in the electroluminescence pattern m a typical

specimen in nhich the gram boundaries represent a complicated network of

impedances in senes and parallel are to be expected

Fia 2 Polar re%ersed Current flow from right to left (x 16 approx}

Electroluminescence m GaP is observed not only at a gram boundary

but also at a rectifying contact to a single gram In this case light is only

observed for current flow in the forward du^ction and the electrolumin

escence can be identified inth radiative recombmation of minority carriers

Fig 3 Double exposure of a th nner more regular gallium phosphide

polyerystal (a) by electrolummescence (b) with external illumina

tion
(
X 15 approx )

injected at the contact Preliminary studies of the spectral composition of

the light emitted at a gram bcnmdaiy indicate that it is produced by the

same process

Thus a high field region is not sufficient to give electroluminescence ana

minority carrier injection must take place at a gram boundary this could



n.ECTHOLBm.-ESCl:„-CE iT

oocurifthere™. ,43occur if there™ a
,,

™™o.= 749

perns, for . gi„u PhoePWo beteeen the j..tvpejunction would be in the forwanTSect
"™" “* boundary, one?Lcame., and the other uould let fhe M™.’.-®”?® "'““'“o of miroS”the voltage barrier observed by probing.

direction, and would give

of a boundarj'. With about 10 volts apphed ^
characteristics

of cun-ent occurs, vhich corresponds to^“
^ ^®rge increase

At higher voltages, the curreift i?
* P«och-through ” of the w region

seems to'be spacfckrgeh“ voltage^nd

Fig.
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Dr. Everhart
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exammed a galhum phosphide specimen in this way.
ru. , shown in Fig. 5, for current flow in both directions.
Ilf ^ IS sno

abrupt change in voltage on crossing the boundary is clearly seen
; in
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the absence of a potential difference across the boundary it is quite invisible

under the microscope The boundary under examination is one shoivn in

Tig 1, tunning from the top of that figure m the centre The shape of

the boundary on Figs 1 and 5 does not correspond exactly due to fore

shortening effects in the electron micrograph In Fig 6 two pictures of the

boundary under higher magnification are shoun again for opposite directions

Fio 6 Portion of boundary in Fig 5 at higher mAgnifioation to show shift

as current is reversed ( X 4000 approx )

of current
,
here the position of the boundary can be defined with respect to

fixed features of surface topography and a shift of the boundary on reversal

of the current can be seen this would correspond to the thickness of the w

region in the model discussed above and a value of J ^ can be deduced from

Fig 6 with little variation along the boundary

This relatively thick n region is thought to arise from the segregation of

donor impurity at the gram boundary It is hoped that further investiga

tions of electroluminescence at gram boundaries will provide a means of

studying this segregation

We wash to thank Professor Welker for supplying the gallium phosphide

specimens and Dr D B Holt for his collaboration m the earlier stages of

this work
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C19/5 7/ ^ 10** 0-1 X 10“ 4-5 X 10“
Ciq/7 11-5 5-8 2-9

C19/11 I'S
10-6 5-9 3-8

C19/2
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11-

5
10-6

12-

5
18-1

Nn
6-1 X 10“
5-8

5-9

11-0

11-5

i\T

4-5 X 10“

2-

9

3-

8

3-3

8-0
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