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Ha‖ HErect Magnetic Sensors
Rad抒oie S,POpovic,Christian Schottr iChiro Shibasaki′

James R.Biardr and Ronald B.Foster

Magnetic acid scnsors based On the H■ l cffcct arc probably the mOst widcly

uscd magnetic scnsors.Interestingly,Hali magnetic sensors are relat市ely

rarcly used tO mcasure,uSt a magnetic acld.Thcy are much more uscd as

a key comPonent in contacdess sensOrs fbr lincar position,angular POsitiOn,

ve10city,rotatiOn,and electrical current, Froni the ttend shOwn in Figure

5,1,we estimatc that more than 2 billiOn H■ l magnetic sensors will bc sold

wOrldwide in 2000。 There is hardly a ncw car in the wOnd without a dozcn

H■l magnetic sensors,used mostly as POsitiOn scnsoftt milliOns OfventilatOrs

and PersOn工 cOmputer disc df什 es use brushlcss motors with Hall magnctic

scnsors insidc;and rnilhOns ofcurrent sensOrs in various products alsO dcPcnd

On Hali magnetic scnsors,ヽ Ioreover,the wOfld PrOduction ofHali magnctic

scnsors is increasing,and the apphcatiOn area is bccoHling ever brOadcr.

Apart frOm theit simPliciげ and good characteristics,the impOrtancc

Of Hali magnetic sensors is duc to their almOst pcrfcct compatibinty with

microelectrOnics techn010gy.The OPtittlal inatc五 江 characteristics,dcvicc

structures and dilnensions, and fabricatiOn proccsses are siinilar tO thOse

readily available in semiconductor industry.TherefOrc,thc deve10pment in

Hali magnctic scnsors does nOt rcquirc much speciac investment in fabrica―

tion prOcesses,contrary to ali other magnctic sensors.

In terms ofPhysical Parameters,Hall magnetic sensors usu工 ly Perform

wen h the fonowing areaЫ  at magnedc alⅨ dcntties hgher than l mT,

tempcraturcs bctteen-100° C and+100° C,and frcqucncies ffom dc to
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This chapter First brieny discusscs sOmC basics Of the Hali cffcct and

H工l magnctic scnsors(Section 5.1).Thc thrcc subscqucnt scctions prcscnt

thc thrcc arcas ot in Our Opinion,thc highest practic工 irnPOrtancc in thc

neld:high一 mObihty discrctc Hall plates(Section 5.2),intcgratcd Hali scnsOrs

(Section 5.3),and thc cmcrging tcchnolog/Of nOnplatelikc Hali scnsOrs

(Scction 5。 4)。

5.l Basics ofthe Ha‖ Ettect and Ha‖ Devices

This sectiOn is a summary ofthc Pl■ysics Of Hali magnetic sensors and thcir

basic characteristics.Thc dcPth Of the exPlanatiOns are lirnitcd to providing

,uSt CnOugh Of a bads fOr thc fOnOwing secdons.Interestcd rcadcrs can and
morc dc面にd trcatmcnt ofthc suttcctin a monOgraph on H工 l_cffcct dcviccs

[1].

5.1.l  The Ha‖ E“ect

Thc H工l effcct tt thc bcst knO、 vn amOng the physた n effectsれ shg in a

cOndcnscd inattcr cariying clcctrical currcnt in the presence of a magnctic

acld,The cffcct is namcd aFtcr E.H,H江1,whO discOvered it in 1879[2].

A flrst rcport on thc apphcation Of a scnlicOnductOr l■ all一effect dcvicc as a

magnctic flcld scnsor、 vas pubhshcd in 1948[う ].

Thc Hali cffcct shOws up in its ctassic and simplest fOfm whcn a 10ng

current― carrying stip is cxPOSed tO a dc magnetic acld(Figurc 5.2).All

chargc carricrs in thc strip are then affected by thc Lorcntz lorcci

B

Figure s.2 The Ha‖ effect in long samples of N‐ material The magnetic forces press the

electrons tovvard the upper boundary ofthe strip so that a Ha‖ voltage appears

bedⅣ een the charged edges of the strips.
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Figure 6,l VVorld market of Hali sensors.

30 kHz. OF coursc, thc exact valucs of thosc paralncters depcnd On the

material and thc dcsign of thc IIall device and inay be considerably different

in PartiCular cases.

Currcntly,most applied H江 l magnctic sensors are low― cost diSCrcte

deviccs,However)an cver incrcasing proportion comc in thc form of intc―

gratcd citCuits.The integration offers an opportunity to apPly the systcm

approach to i=nprovc thc PerfOrmancc in spite ofthc rncdiocre charactcristics

Of the basic Hall cclis,"に oreovcr,the integrated Hali magnctic scnsors

are“ smart"thcy usu■ ly incorporatc means for biasing,offsct reduction,

temperature compensation,signal amphacation,signal lcvel discrirnination,

and so on.

A nOte on the tcrminolog/:A basic devicc exPIOiting thc H■ l cffcct

in thc form similar to that in which it was discovcred is usually called a
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176 Magnedc Sensors and Magnetometers

F=ι・Eキ ιlv× B) (5.1)

Herc ι dcnotes the ctectrical chargc oF a carher,E is thc loc工 clectrical

acld,v is thc velocity oF a chargc carrier,and B is thc rnagnctic aux density,

、vhich wc take to bc Perpendicular to the strip plane.

Let us assumc that the strip matc五 n is a strongly cxtrinsic N― りpc

sc■iconductor,Ve neglect thc Prcsencc of holCs.Along the tcngth of thc

stiip,in thc x‐ direction,an extcrnal elcctricn fleld fF is apphcd.Most of

the cicctricn acld E in(5.1)is due tO that cxternal fleld.The clectrons

tCSPOnd to the cxternal clectricn acld by moving工 ong thc striP with thC

average drift velociv

V″″=μ″'E♂            (5.2)

μ″being thC dift mobiliv of clectrOns.The associatcd currcnt densiり iS

givcn by

J″ =夕・″・μ″'E♂        (5.3)

、vhcre 7 is the clcmcntaly chargc.

The caricr vclociv v in(5,1)is duc tO thermal agitation and d五 ft,

Let us neglcct for a moment thC thcrmal mOtion.Thcn thc magnetic Part

Of the Lorcntz forcc(5,1)is g市 Cn by

F″
,″ =?・ μ″[E♂ ×B]           (5,4)

That rorcc pushcs thc elcctrons toward the uppcr edge of thc strip.

Consequently, the clectrOn concentratiOn at thc uPper edge of thc striP

incrcascs and that at the lowcr edge dccreases,Becausc ofthosc sPacc chargcs,

an clectricn fleld appears betwecn thc strip edgcs.This ctectrical Flcld,denOted

in Figure 5.2 as】 巳Fr,actS On thc elcctrons by a forcc

F♂″=―夕
・E打               (5・ 5)

Thatforcetendstodccrcasetheexcesscharges attheedgcs ofthestrP・

At steady statc,thc t、vo tranSvcrse forccs F″ ″and F♂″b工ancc.By equaung

(5,4)and(5.5),we flnd

E打 主 μ″[E♂ XB]             (5,6)

月勿卜聯 C´ ν′ど″′ι″′膨″すοな 177

Thc transvcrsc clcctric acld Ett is cttled thc Hali clcctic acld.vc usc

thc apprOxllnatc sign bccausc we ncglected thc thcrnial agitation ofthe chargc

carricrs.Ncvcrthclcss,(5,6)is a surprising1/c10sc approximatiOn Of the

accuratc rcsult.町 ithout negiccting thc thcrmal agitation OFcicctrOns,instcad

Of(5.6)wc Obtain

E打 =一μr了′ヮ[E♂ ×B]           (5.7)

Hcrc μ汀′′dcnotcs the Hali mObihり Of CICctrons.The Hali mObihリ

diffcrs a httlc from the difi mObility:It is givcn by

μ〃′,=″ F了
・μ″ (5,8)

wherc″
r「riS thC Hall scattcing ttctOr.This is a numcrical factOr that reaccts

the inaucncc of thc thcrinat FnOtiOn of carricrs and thcir scattering on the

Hall eFfcct,In mOst cascs,″汀dittrs less than 200/o fl・Om univ.

According to(5.6)and(5,7),the Hall eicctric』 flctd is prOPortional

tO the externally apphcd ctcctrical and l■ agnetic rlclds.Thc PrOPOrtiOnahty

cOcfficicnt is the carricr rnObilitty.That gives us a arst idca about a suitable

matcrial to build a nagnctic scnsor bascd On the Hall cffcct: It should be

a higll― mob山げ mate五江・BCcausc thc moЫ hげ oF dectrOnsね about thrce

tirncs highcr than the mobility of hOlcs,it is better to usc an N― りPc than
aP― typc scnliconductor.

Anothcr useful expressiOn fOr thc H工 l clcctricユ fleld is Obtaincd whcn

thc cxtcrnal electical flcld in(5.6)is cxPrcssed by thc currcnt dcnsiv (5,3):

Er了 =~賀∬[J× B]             (5・ 9)

HCrC,貴 Fr dCnotes the Hali cOcfflcicnt,in this case given by

父
r了

1

?
(5.10)

″タ

whcrc″ is thc densiv Of fl・ CC CICCtrOns.

Hcrc again 、ve use the apprOxlinatc sign because 、vc nc81CCted the

thcrinal agitation oF charge carricrs,Without neglecting thcir thcHnal agita―

tiOn,instcad Of(5.10)we Obtain

父打 =洗 (5,11)
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(5.12)

(5.14)

Herc,r dcnotcs thc currcnt in thc striP andケ iS the thickness of the

stip.So thc H江 l vohage is nso giVcn by

Lct us cstimate the vttuc Of thc Hall v01tagc in aり
PiCal I■ ali sensOr

applicatiOn:take η=lo16 cm~3,テ =10 μm,r=11.A,and BI=loo mT;
then γFr～ 60 mV.

物 浄聯 CtM叩 ♂カ ラ″∫οな 179

In this PardCular case,we find that

y〃 =μ打″′・f♂ ・Boν          (5.13)

wherc″ dcnotcs thc width of the sthp.We assumc hcrc that thc rnagnetic

aux dcnsity vector B is pcrpendicular tO the strip planei othettiseぅ wc would

have to replacc B in(5.13)with thC perpcndicular componcnt of B,which

wc dcnotc by B上・

We can obtain anothcr uscFul cxprcssion fof the Hali voltagc whcn、 vc

cOmbine(5.3)and(5.13)and take into account that thc current densiv in

the striP is g市 Cn by

/
ノ=ヶ .″

碁 離 襲 率 爵 軽 重 軽 i灘 撼 :韓 箕
pcriphcly. Thc clectric工 cnerg/is supplicd tO the dcvicc via 、v0 0f the
contacts,called the currcnt cOntacts(CCs)or thc input tcrrninals,Thc Othcr

a Hall device arc not dcPcndent On its gcncralshaPc.HOWevcr,thc sensitiviリ

CC

F了
彦ｆ

も

ｒ
ｉ
Ｊ

税

〓γ′ュ

L

S

W

γ
μ =

R打 ./.ぢ
ケ

(5.15)

V
which gives us an idea about a suitable geometry of a H工 l magnctiC ScnsOr

A Hali magnctic scnsor usually has thc form of a thin Platc. Figure S.3 Conventional HaW sensor in the shape Of a plate.



OfaI■all dcvicc to ParaSitiC efFccts)SuCh as fabrication tolcrances,Inay dcPend

a10t on thc basic shapc ofthc device.Thc rnost commonly used shapcs ofHall

dcviccs are prcsented latcr in this chapter,in the cxamplcs of technological

rc工izations of Hall magnetic scnsors.

A PartiCularly important issuc in thc gcomctry of a IIall dcvicc is the

relative sizc of the contacts.If a contact is vcly sinall,thcn the contribution

Ofthc scmiconductor matcrial resistance adiaCent to thc contact to the total

devicc rcsistance mⅢ  bc tOO high.If an S covcrs an cssentin Portion of the

itte¶:鰍胤濫斌ζ鮒崩坪遺ズ盤ぅ臀守常ζ繹
circuit a part of thc Hall voltage.

Thc inaucncc ofthe geOmetiy ofa H■ l plate,induding thc geOmctiy

Of thc contacts,can be reprcsented by thc so― c工lcd geometical corrcction

factor σ.That Factor dcsCttbes thc dと ninution ofthe Hall voltagc in a Hall

dcvicc duc to the above― describcd short_circuiting effcCts,Let us den6te the

actually mcasured Hali voltage by γtt and that Ofa hypothctical cOrresPond―

ing Point―contact Hall devicc by'卜、Thcn the geometrical corrcction

factor is deaned as

σ =推

180 Magnedc Sensors and Magnetometers

(5,16)

Thcoretic■ ly,0<σ <1.In practical H工 l devices,wc usu■ly and thc

values of σ bc、vcen O.7 and O.9.

Using the notion of σ,we can now correct(5.15),whiCh Was dcvelopcd

fOr thc casc of an inanitcly 10ng strip.In a rc工 Hall device,the Hall voltagc

is givcn by

R打
(5,17)γFr=σ /・ B

〃泌電酔″νを″″♂膨″∫οな 181

5.1.3.l Sens託 帝ity

Thc responsiviv of thC Output voltage Of a Hall dcvicc tO a magnetic ficld

can bc characterized by threc figurcs Of rnerit, that is,absOlute sensitivity

助 ,SuPPけ Current_rdated senshi宙り 助 ,and Suppけ V01tage_rdttcd scn詭 市iげ

∫y.

Thc absOlute sensit持 iり 助 iS dCaned by

助
γ汀

,レ打=助・】上 (5.18)
B上

Hcrc γ〃is thc Hali v01tage and Btt is the normal(to thc Hall Platc)

COmPOncnt Of the inagnetic induction.

SuPPly current― related sensiti宙 り (in short,sensiti宙 り 助)iS deaned
by

助=孝 ,7汀 =∫r./・ B上     0・り

wherc/is the supply(or bias)currcnt of the Hall device. For a strongly

extrinsic Hall plate[sec(5,17)],

That is probably the mOst otten uscd equation in the acld of H■
1

magncuc sensors

(5.20)

whcrc C dcnOtes the geOmetrical corrcctiOn factOr(σ ≦1),Rttis the Hall

cocmcicnt,and′ is the thickness Of thc Platc.

In mOst currendy used Hali magncdc scnsOrs,one ands the valucs Of

thc scnsitivityttofthe Order of 10o V/AT.It was estimated that a maximum

valuc Ofthe current‐relatcd scnsitivity OfabOut 3,000V/AT could bc rcachcd

in an integrated Hall dcvicc[1].

In iOw_v01tage apPLcations,the absolute sensitivity ofa lttall=nagnctic

sensor is oAcn hmited by thc available supply voltage V.Thc rclevant

paramcter is then thc supply v01tagc― related sensit市 iり (in short,scnsit市 iリ

Sy),dcaned by

Sy=|ン ,y汀 =∫7.7.】上    0・ 2つ

The v工uc of∫γ tt pamcularけ impOrtant inおw‐v01tagc applicadOns

Of Hall dc宙 ccs.

∫r=σ・」堕

歩

雄墨静斌算灘魏静遂:継食類
[4].
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For a strongty extrinsic Hall platc,

″

Sy=μ打。
7 σ (5.22)

鶏盈靴∫r謬と酬ュ嘘絡究比灘納'離
IS角ピせ権

geonllキ

:そ二【!長i:::1::猛Iioltagcis thcngivcn as

y打 =μ〃
竺

Ｊ
σ・γ・B上 (5,23)

Thc v工 uc of thc tcrm(τ υ/′ )。 σ iS thC largest in largc― contact H工 l

deviccs,the liinit sensitivity bcing

Syl主IaX=0,742・ μ打            (5,24)

Sensit持iり 勇′dCPCnds strOngly on thc mate五 工uscd to ttbicate a Hall

device,Whilc silicon,with its modcst mObihり ,allows,at room tcmpcrature,

粕蠣cttZYttf常芦ittY聡制串よ:r出価耳嵐
thc search for and application of high一 mobiliり mate五五s.

5.1.3 2 0ffset

magnetic induction Bor・ USing(5.21)and(5,22),wc find

物′′―f√♂r,M,解ι″′レ″∫οな 183

BOFF=寺 塩
『

 1
7  μ汀

(5.25)
恥T
γ

where wc tよ c(″ /′ )σ を 1.This cquation dcrnOnstrates oncc again thc

importancc of a high Hall mObility of thc material uscd fOr Hall dcvices.

W1len HlicrOclcctronics tcchnO10gy is uscd to fabricate a Hall dcvice,

thc OfFset v()itagc amOunts to usuatty icss than o。 10/o of the v01tagc apphed

bctwcen the input(current)contacts, Inscrting this valuc intO(5.25),we

flnd BOFF～ 10 inT,l mT,0.l mT FOr Si,InG仙 へs,and lnSb Hall deviccs,

rcspcctively.

It is irnPOrtant to notc that the Offset voltagc is nOt stable. It varics

with tempcrature and timc,Even if al1 0ther inaucnces are somchOw elimi_

nated,thcrc rcmain iong_tcrm (over a pcriod of mOre than an hOur)auctua_

tions of thc Output voltagc duc t0 1/デ nOise,In high―qu工 iり silicOn Hユ I

dcvices,thOsc auctuations cOrresPond tO a Boff好 10 μT.

5.1,4 0ther Problems

Thc apPlicabiliげ Of Hall ttagnetic scnsOrs alsO dcPcnds On thc f0110wing

nOnidcal chttacteristに S.

・  Long… tcrin stablity of all charactcristics,particutarly OF sensitivity

and Ottct.Long― terrn instablity due tO thc surace effccts and PiezO_

resistive and PiczO■ ■all cffccts are Fairly wcll understOOd.Ve think

that sOmc bulk eFfects rnay also play a rOle,but PractiCttly nOthing

is Publishcd in the Opcn hteraturc On thc subject.Thc best publishcd

iOng…tcrm stabiliv Of the sensitiviり 勇 [5]iS

(5.26)

・ Noise.Noiscis a hmiting Factorin iow-lcvel magnetic rncasurements,

such as in current scnsing.Usu■ ly,1ゲnOiSe is thc mOst dね turbing.

If Pcrttct matcrms and buricd structures arc uscd,1ゲ nOiSe can bc

dccreased by several ordcrs Of inagnitudc, In a gOOd slicOn Hall

scnsor, thc nOisc equivalcnt magnetic inductiOn in the frequcncy

range fl・om o.l Hzt0 10 Hzis abOut l μT[5].

・  Tcinpcrature cross― sCnsitivity ofa Httl dcvice is undesirablc scnsitiv‐

iり OfitS Charactcristics,such as magnetic sensiti宙 v,tO tCmpcrature.

等
= 10-4/ycar
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flhns by vacuum dcPOsitiOn.In 1960,Sakai and Ohsita also studicd Hall

effect deviccs and rcPorted that the vacuⅢ

“

dcPosition mcthod would bc a

key tcchn010g/for the deve10pment and lnass production Of practical,10w_

COSt,highly sensit市e Httl clcmcntsレ ].Then,in 1975,Asahi Chcmた 江

ComPany developed a highly scnsitivc lnSb thin一 fllln Hall clement with a

nOvel device structurc and a sn■ all plastic Packagc using a novcl vacuum

deposition method [10, 11]. In 1974, the arst dcsign Of inagnctic aeld

ampliacation was cstablished.This H■ l element htt bccn mass Produced

and used as a FnagnCtic sensor in the fleld Of cOnsumcr clcctrOnics[11-13].

MOlecular beam cPitaxy(MBD techn010gywas fOund tO bc a kcy tcchnOlog/

fOr gro前ng thin alm of Ⅲ平 compound semicOnductors having high dec…

tron mobiliり [14]・ By using this techn010g/,it iS Casy to cPitaxi■ ly grOw

high electrOn niObiliv single…cryst工 InAs thin alms,。 r morc complcx struc―

turcs such as an lnAs quantum、 vell on GaAs single一crystal substratcs,which

are also used for mtting Hall elements[15].Thc rolc of"IBE in the

dcveloPment Of practical lttall element technO10g/will bc descibed later.

5.2.2 Highiv Sensitive inSb Ha‖ Elements

This scction describes thc PrOPcrties ofpractictt lnSb thin_fll文 n Hall sensOrs

prOduccd by vacuuin dcPOsition.In thc carly days,InSb Hall elcments(Hall

Plates)were Fabricatcd mainly from thin bulk singic,crystal lnSb,mttng
thettl cxpensivc and not suitable fOr mass production.Under the prcssurc

Of a strOng demand ttrお w_cOst,hghけ Sensit市c Httl elements ttt usc h

electrOnic equipmcnt,such as sma11-sized dc brushicss motors,where Hall

elemcnts are used lnainly as rnagnetic sensors for finc angularvelocitycontrOL

highly sensitive lnSb thin…alm H■l elenents w■h a nOvel structure and a

sm工I Plastic Package wcrc dcveloped[11-13].

5.22.l  Highiy Sensitive inSb Ha‖ Elements Produced by Vacuum Deposition

濫 ::瑠 1群 究 ;縦鑑 濡:軍相 驚 督1総 超 鑑 .ζ 獄
grown On thin圧 五Ca Substtates was cstabhshed by the multisOurcc vacuum

depOsitiOn mcthOd with tiine― dcPcndcnt(vaiable)substratc hcating using

lnSb as a sOurcc matcrin.In this uniquc vacuum deposition mcthod,the

CVStal StOichiOmctry is controlled by sequcnti工 evapOration Of lnSb frOm

SCvcral sOurce boats.Thc surfacc of mica is pcrfcctly nat and stabic under

甘郎璃1寝盤撻離苦舞館巻翻略
Cccfficient,and rcsistivity.

糧鉾電:塩 笙ギ TMa驚 孟駆 兵龍 釈 謎 雉 解 :『鍵

range to highcr temperatures, vヽide bandgap sc灯工COnductors arc

used(i.e.,Gttζ up to 175° C).

5.2 High Electrom Mohiliw Thin‐Film Hali Elements

5.2.l  lntroduction to Thin‐ Fiim HalI Elements            .

This scction describes thc Fab五 cation and charactcristics in practicn and vcly
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Table 5,1

TypicaI Properties of inSb Thin Film Formed by Vacuum DepOsl'on(at 25°
C)
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inSb thin flim on

Mica substrate

Thickness O.8wm

‐80 中40  0  40  80  120

Temperature rC〕

(a)

10000

1000

100

10
-100 0       100

Temperature[° CI

(b)

Figure s.4 Temperature dependenco of properties of inSb thin¬ Im formed by vacuum

deposhion(thickness t=0,8 μm):(a)electrOn mobility,(b)Hall coomcient,

and(c)resisuvity.

The temperature dePendencies oF yrr at COnstant vottage d五 ve and
constant currcnt drivc arc shOwn in Figurc 5.9(→ and(b),resPCCtiVett the
tCmpcrature dePcndence Of thesc lnSb Hall clcments is 2.00/0/° C[H-13].

孤総 却 糀 獣 1鰍 凱 :胤 n解 諦 盈 群 補魂 !紆 r翠

Ｔ
＞
雨
Ｅ
皇

う
一一一Ｏ
ｏ
Ｅ

Ｅ
Ｑ
ぢ
ω
面

30000

25000

20000

15000

10000

5000

The lnSb thin alrns dcPositcd byvacuunl dcPositiOn on lnica substratcs

showed sevcr工 new and important proPcrtieS・ Thc tcmpcrature dePcndcnce

Of thcir H■ l cocfflcients、 vas simitar to that ofsingle― clystal lnSb.Howcver,

the clectrOn mobihり showed a very smali temperaturc dcPendence near

room tcmpcrature,whiCh was diffcrent FrOm single‐ crystユ InSb.In the case

Of single_clystal lnSb,thc elcctron mobility increases at ioW tcmperature

becausc oF decreasing lattice scattering. InSb thin alrns gr。 、vn on Hica

substratcs are polycrystユ and havc many defccts,and thc scattethg oF clcc_

trons by crystal boundarics or dcFects is indcpcndcnt of tcmpcrature and

docs not decrcasc atlowtemperaturc.ヽ 4orcovcr,this sPccial elcctrOn transPort

策 鰯 争生党 孫 解 器
弊 純

ポ &相 叫 訛

tO the discovery of a ncw lttall elemeF

a slnall teinPeraturc dcPendence,that is,thc l■ all clerlcnt cnablcd us to

dr市c it at constant voltagc accOrding to(5,23).

A new dcvicc structure of the lnSb thin― alm H■l cleincnt ha五 ng a

high scnsit市 1り Was■so dcvcおpcd.The lnSb thh alm was temovedと om

thc thin mica substrate and sand、 viched between a ferrite substrate and a

獣 量 錠 淳 亀 漁 魅 境 Fc聴 雪 1裁 :応瑠 称 男 好 t温 脳

tO the original magnetic ricld applicd to thc Hall clement,Exact calculation

Of the mphacation factor is comPlex. Bccause the lnSb thin fllln in thc

獣 認 辞菅 寵まly繁 辮 f嵐雑隆i炊試山捉てゞ 締 ∬吼 駐

5.5.

Figure 5.6 is a PhOtograph of the H■ l element chip.

Thc standard PrOduction process for fabicating thesc Hall clcmentS

is shOwn in Figurc 5,7.

5.22.2 Typical Charactettsucs Of Highw SenS面 Ve inSb Hali ElementS

棘鰈i琴撫熱と磯雛モ鉾軒琴
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Electron Mobility,μ,  日ectron Density,,  Thickness,rDopant

insb  None   20,00030,000 cm2/vs  2・ 1♂
6cm~3

0.8 μm

inSb thin呵 Im

Thickness O.8μ m
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Figure 5.6 Photograph of inSb Ha‖  element chip(Asahi Kasei Elec甘 onics: InSb Ha‖

elements HW se前 8司 .

Hgure 5.4(condnued)

inSb thin llm

(t=08μm)
Ferrite chip       lnsulating iayers

Au wire

/
Electrodes insulating on ferite substrate

Ha‖ element pattern

errite substrate

Figure 5.5 The highly senslive inSb Hall element(crOSS Secjon).

釈暮粥4:超胤it継越 く嵐〒誕躍i雄正極野守ど雰:

売・解=洗。御   6羽
For constant currcnt diving,it is■ sO der什 cd FrOm(5,11)and(5.15)

or(5,17)and eXprcssed as

Figure 5,7 Production process of inSb Ha‖ elements

1 ″γ打  1 幼
(5.28)

γ汀 ノ
「

η グ

「

Early Hali cleincnts lmade using singie― clyst工 InSb plates wcrc d五ven

at constant currcnt to avold breAkdown due tO exccss current becausc they

監 艇 群 ″ 郡 離 脇 紙 無 雑 催 挺量:露淀

inSb thin lim

Thickness O.8wm

inSb vacuum

inSb thin nlm

Die

ElectЮde

VVire

hSb thin HIm

Ferite

hSb Ha‖ elements
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Table 5.2

Charactettsdcs of inSb Hall Elements Formed by Vacuum Deposhion

(a)Electncal and Magnedc tteld Charactettsucs
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Figure S.8 Magnedc¬ eld characte両 sdcs of high‐ senshivity thin‐ 荀lm inSb Hall element

at constant voitage d百 胡ng(γμ
‐B Characte前 stics′ Asahi Kasei Electronics

HW‐ 300A).

Figure S.9 Temperature dependenco of Hall output voltage at(a)conStant voに age d百 胡ng

and(b)cOnstant current dttving.

整整基幸挙縛継娘執辮郎陶
tcmperaturc depcndcnce ncar rooni tcmperature.Bccause thc temPcrature

dependencc Of yttis the samc as electrOn mobiLげ,as shOWn in(5.27)and
Figure 5.4(b), thcn this new diving tcchniquc reduccs the tcmPcrature

coefFlcient Of the Hal1 0utput voltage ffOm-20/0/° C to± 0。 10/o-0.20/0/°C
ncar rOOm temPeraturc,as shown in Figure 5,9(al.ThatiS Onc ofthe mOst

important pracictt m孤 ts of thcsc highサ senS■持C InSb thin‐nlm H■ 1

総譴
t愁

哲電:鷲;濯濯訂埋思:¶呂41電猟ぞ1紀

Driving Voltage,

略m

Ha‖ Output Voltagef
y,(β 〓0.05T,

0暫set Voltage,
y。

■(β =OT) Resistance,打 in

<±7 mV150-320 mV 240-550ΩinSb   lV

D『iving Current,′ θ Max.20 mA

Driving temperature

Storage temperature

-40° C to+110° C

-40° C to+125° C
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element was as a magnetic sensor for music record(audiO)player motors.

Since thcn,Hall elcinents havc been mass Produced,and reccnt largc… scalc

雷駕毬鵡 龍獣解猟翠緞 :承1縣挽脳

辞財寵黙lチ4だ鷲r配品縄鷲甘t亀I沖脇靴r群輩昇溢乱距f

5.2.3 1nAs Thin‐ Film HaW Elements by MBE

The only prOblem with the lnSb Hali clcments is thcir narrow operating

謬糀Цttl瀦藤報 簡`屋電線躍Ч織辮穐
慧承鷲椛『震畔C酵粘1滋詠輩鴫配重繁電き郎局離

解絲略搬絆I鷲解寄r鞘宝鳥評耀私器摯ゝ縄
MBE[15,17,18].

龍tぶ報騨筆掛鷲聾部鶴韓
scmiconductor On GaAs substratcs(sec[14,15,17]).

5.2.3.l  Properties of inAs Thin Film for HaW Eiements
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tempcraturc instabilitics. Howcvcr, thcrc is a wcll― known largc lattice ris―

match bctwccn lnAs and GaAs(about 7.4%).Thc ttbrication Of high―

scnsit市 iり Hall elcments,using epita五 ally grown lnAs thin alms by Lquid

Phase cpitax/,waS PreviOusly ProPOSed.Latcr,by optimizing grOwth Paraine‐
tcrs in MBE,a condition was fOund to grOw high― qunity lnAs thin alms,

and thc large lattice mismatch did not resultin any problcms in Hall elemcnt

郁
駕 牝 :Ft益 胤 re Ⅳ甲針詫s∫ 齢 ドd md undOド dlnAs hh

alms grown directly on(100)GaAs substrates(2 dcgrees off)are shOWn in

Table 5,3.

Thc temPcrature characteristics of thc ln△ s thin al=ns are sho、vn in

Figur恥

:・ :どとiとど:!el:ⅢlpcraturedependenccoftheHalloutputvoltagefor

lnAs Hali elements at highcr tempcratures,N一 りpe impuriり doPing(1.e,,Si

絲 F熾 淋 s冊 脇 ,幣樹 津 1温撤 ntta:盈 1亀攻

shoNs thc cffect OF dOping on thc tempcrature dcPcndencc of ytt and input

resistancc near roora temperaturc,

From(5.28),the tcmperature dePcndencc of ytt at constant currcnt

dr什e is equal to-1/″ ・♭物/ノr.Bccausc the dn/dT may be a ttnction of

椎 た紺 恥 薔 亀 魂 撃 繁 1耀 f逮 淋 蔦 胤 F!s齢 町 むみ

無挽∴経幣縄 :智訛 納撃紙羞4:∬せユ鷲!協浮縦庭
tempcrature dcPendcnce of the resistivity ρ of lnAs thin fllFnS and input

F::鉢落ξBて瑚
l elel.cnts.The input resistancc ofthc H工 l clcl■ ent

買in=ρ
上

∇レ
ア
・ ヶ

(5.29)

Table S.3

TypicaI Properties of inAs Thin Film Formed by MBE(at 25° C)

Dopant     Electron Mobilitv!μ ,    Electron Densilv=″     Thickness,r

inAs

lnAs

None
Si

9,000 cm2/v.s

ll,000 cmクノV・ S

22・ 1018 cm~3

8・ 1016 cm 3

1.2μ m
O.5μ m
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_01 50 -100 -50   0   50   100  150  200
Temperature(°C)

(a)

_01 50 -呵 00 -50   0   50  100  150  200
Temperature(°C)

(b)

Figure 5.10 Temperature dependence of inAs thin¬ Ims:(al eleCtron mobility and(b)

resisd前 ty.

Thercfore,thc temPcrature cocmcient ofttin is equal to that oFρ .For

a simple mOdel of N一 vPc cOnduction fOr thc act抒 c laンcr of a Hall element,

ρ=1/ι″μ打,where F is the clcctron charge.TherefOrc,a simplc calculatlon

shows thc tempcratute coefficicnt of ρ to be givcn by

カ 1 カ 1 みπ
(5,30)
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That silnPle result givcs us an idca Of how tO reducc thc tcmpcraturc

depcndcnce of thc inPut resistancc and γtt Of lnAs H工 l clcmcnts.As scen

in Figure 5,10(al,thc temperaturc dcPcndcnce ofclcctrOn mobiliり is drasti一

cally reduced by Si doping. Thc rcason is thc uniquc electrOn transPort

mcchanisa1 0bscrvcd in lnAs thin flllns grow/n dirccdy on GaAs substrates.

Such lnAs thin alins havc a師o■ayeflikc mObility structurc in the depth

dircction,Ncar the intcrfacc region oF thc lnAs iayer and GaJる substratc,

thcre is a 10w mobiliv laycr,and ar from the intcrttcc region,there is a

high electrOn inObility laycr.By Si doping oflnAs,electic■ cOnduction is

ユways dominatcd by thc high clectron mobiliv laycr without any transition

from the 10w to high elcctrOn mobiLり layett thcrcfOrc,thc Si… dOPcd lnAs

thn alms show a very small tcrnPcrature depcndcncc for clcctron mobint/

[15,20].ThuS,thc H工 l output voltage γtt oF Si― dOPcd lnAs thin―alm Hall

elementsshO、vs avcrysmaliten■ Pcraturc dependcncc at constant drivcvOltage,

as scen from(5.27)and Figurc 5,10(al,Morcovcr,bccause bOth tcrコ ns on

the leFt side of(5,30)are reduccd by doping, thcrc is alsO a vcγ  srnall

tCmPCrature dcPcndcnce rOr rcsistivity and thus lor input resistancc of lnAs

H工l elcments.Thcrcfore,Si― doPcd lnAs thin alms are suitablc for practic江

Hall elcmcnts.Thc rOOm temperaturc electrOn dcnsiv and tt10blliり OfりPical

:1群 斧 鴬 招 ;101陣/哉:lc酷訟 島 .旺
h・Iall dcmcn`鉗 e

獣 ぶ 子絆 潔 評 4愁 ど 思 撫 糟 鴇 ざ絆 諾 遠 謎

form Hall clel■ cnts by a specinly dcveloped PrOccdure and asscinbled in a

maSS PrOduction linc.The fabrication process is shown in Figurc 5。 11.

a lea烏為:・

12 is a PhOtograph of an lnAs Hall cicment chip bonded on

5.2 3 3 Typicai Characte両 sjcs of inAs HaW Elements

Tablc 5.4 Lsts thc standard sPccifications of lnAs Hall clcmcnts[15,16].

Theりpical Htt1 0utput voltagc(or Sensiti宙 tyl of this Hali clcment in a

magnctic flcld is 100 mV/0.05T/6V。 「Fhc charactcristics are shown in Figurc

5.13.

GOOd hneariv Of Hall Output voltagc fOr sensing a magnctic Fleld is

obsclvcd.The temperature dcpcndcncc of thc Hall output voltagc is shown

in Figurc 5,14 and that of input rcsistance in Figure 5,15.

Bccausc thc inPut rCSiStance ofthc lnAs Hall elemcnt does nOt change

much、vith tcmpcraturc,practical aPPLcatiOns ovcr a、 vide tcmperaturc range
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・  Sidoped inAs 0 55 μm
o undopedinAs1 47 μm

・ Sidoped inAs 0 55 μm
o undoped inAs1 47 μm
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inAs on S.I.GaAs by
MBE

Table 5.4

Typical Characte市 sucs Of si_Doped inAs Hal十 日ements Formed by MBE:

Electncal and Magnedc tteld Charactettsucs

Plaung of Cu/NVAu

Cu/Nilayer etching

Arion m‖

“

ng

Source:Asahi Kasei EIectronics HZ‐ 302C

PCVD

|

| by reactive ion etching
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Figure 5.1l Fabrication process of inAs Ha‖ elements.

6V
5V
4V

3V

2V
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0 0.1      02
Magneuc flux denshy B(T)

0.3

Figure S.13 The magnedc neld charactettsucs of s卜 dOped inAs Ha‖ element(Asahi Kasei

Electronics HZ‐ 302C).

Figure 5.12 Photograph of the inAs Ha‖ element chip.

are possible.The temperaturc characteristics and stability of lnAs IIall ele―

ments dcPend on the electrOn dcndり in thc act持 e layer pO,21].Thc higher

OPCratiOn temPcrature(near 150° C)is attainable by optinizing Hall clcment

design and Si dOping.These Si― doPed lnAs Hall clcments alsO wOrk wcll at

iOwer tempcraturcs.It is alsO possible tO fabttcatc a small Packagc suitable

fOt many lこ nds Of aPPhcauons.

The cxcellent charactcristics Of high stabiliげ ,10w OfFsct driA,and 10w
1/デnOisc PrOperties are sPccm featurcs of the lnAs Hall elements.By using

the thュ _alm lnAs H■ l element with heav Si doPing(electrOn densiり of

5,lo17/cmЭ ),a vcr/smali magnetic aeld of O.003 mT was dctected and

耀継t灘;二胤篭:輩路吼経;紹稲協地跳
of heaviけ doped lnAs H■l elements was very sm■ 1)effcct什eけ ncar zer。

Driving Voltagef

略n

Ha‖ Output

Voltage!
y,(β 〓0.05T)

orset vOltagef
yμ

(β 〓OTl Resistance!打 in

InAs    6V 100 mV <±16 mV 400Ω
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(b)

100 150

Figure S,14 Temperature dependence of Ha‖ output voltage forinAs Ha‖ elements(Asahi

Kasei Electronics HZ‐ 302C):(al COnstant voitage driving and (b)COnstant

current driving.

Over awide tcmPcrature range(frOm-40° C to+160° C)[20].TheSe cxCellent

PrOPCrties oflnAs H■ l elcrlents are promising for currentsensor applications,

magnetic fleld incasurement,and othcr apphcadons such as contacdcSS sen…

sors.

5.2.4 inAs Deep Quantum Welis and Application to Hali ElementS

TO achieve evcn higher scnsitiviv fOr lnAs Httl clemcnts,an CVen highCF

dcctron mObniv and higher shect resistance arc required for thc lnAs ttt市
C
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Figure 5,15 Temperature dependenco of input resistance for inAs Ha‖ elements(Asahi

Kasei Electronics HZ‐ 302C).

ltth That mcans an dttathn lnAs act抒 c layer前 th a hi♪ cr dCCtrOn

mObility of quantum wcll structurc is rcquired. Ncxt, wc dcscribe the

cxtremeけ high POtcnd工 Ofquantum wcl structurcs as magnedc scnsOrs,To

Obtain a highcr clcctrOn mobihv,InAs dccP quantum well(D岬 9 struCtures

were studied, One ncw vPC Of insulating iaycr is a quaternar/ matcri江

incofPorating Sb having the same latticc constant as lnAs and with a large

bandgap energ/ oF abOut l,O cVo This cOmposition wOrks wcll as

a high Potenti工  barrier tO fOrm thc lnJる quantum wcll. For cxample,
A1/G乳 _χAsノ Sblッ (0<χ <1,0<ノ <1)億 as前 tablc cOmpOttdon fange.

This layer absofbs many ttnds Of dcfccts produced by thc largc latticc

mismatch(ア .4°/o)between the GaAs substratc and the lnAs,MOrcOver,the

defccts are electically inactive, and thc laycr acts as an insulating laycr,

pinning electrically active deFects.

Thisinsulating laycr was used to form a DQWwith a conductivc lnAs

channel laycr(i.e.,InAs DQW9 and applied tO a H■ l clcment[22-24].

Figure 5,16 11lustratcs aり PiCユ I肥監 DQW Hall elcment structurc.

A15-nHl_thick lnAs、 vell was uscd as an activc layer,and a structure

comprising AIG留氣Sb(35 nm)/1nAs(15 nm)/AIGaAsSb(600 nm)/GaAs(at
χ=α6mdノ =α O動 聰 s yoⅧ

七 泌 穏 承 認 輩 F齢 舟 と,h♪electrOn mobility Of 20,000-32,000(

Theりplcal Hal1 0utput voltagc frOm that DQWwas 300 mV/0.05T/
6V,as shOwn in Tabic 5.6.

Thc lttall OutPut V01tage was also prOPOrtiOn工 to thc magnctic aux
density of the apphed inagnetic flcld.Thc output voltagc and temPcraturc
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・ undoped inAs Ha‖ element
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Figure 5.16 1nAs DQW Ha1l olement sttucture tcroSS Secdon)

Table 5.5

TypicaI Propetties of inAs DQW(at 25° C) Figure S,17 Temperature dependence of Ha‖ output voltage for various kinds of Ha‖

elements

Dopant    Electron Mobiliv,μ ,   EIectron Density,,   Thickness,r

InAs

DQW
None   20,00032,000 cm2/vs  50・ 1016 cm~3    0.015 μm

eicments shOw ultr祉 五gh scnsitivity tO magnetic aelds and have resulted in

fev01utiOnizing dc brushicss mOtOr tcchn010gy,The lnAs Hall elelnents have

practicn charact話 sics of high senttivlり and temperature stabttv sdtaЫ e

fOr new applicatiOns.In thc future,the lnAs DQV Hall element will prove

its useFuincss with its ultrahigh scnsiti宙 り and stability over a wide rangc of

OPeratiOn tcinpcratures.Thcse thin―alm〕Hall elel■ ents will open new arcas

Of appLcations IOr rnagnctic sensors and wll contribute tO the advancerncnt

Of electrOnic systems.

This section desc五 bed Only a selectiOn Of practical thin― flLn Hall clc…

mcnts that have been deve10ped by Asahi Chernic工 Industry Co.Ltd.Thc

GaAs Httl clcment was not described,but it alsO is important for practical

applicatiOns,MOreover,important early apphcatiOns Ofdiscrctc IIali clcmcnts

as contactlcss sensors(except frOm dc brushlcss mOtors)arc sunimarizcd in

[25,26].These applicatiOns may bc stili valuabic in futurc.

:|

Table S.6

Typical Characteristics of inAs DQW Ha‖ Elements

depcndencc oflnAs DQW Hall Clemcnts are comparcd前 th various Lnds

5.2.5  Conclusion

鶏擁躍礁堤温押比熟燿絆茸雛蠍r郡:電子留∬

5.3 inteurated Ha‖ Sensors

5.3.l  HistoFiCaI Perspective

The histoγ  offully integrated H■ l cffcct scnsOrs closclyparallcls the deveiop‐

赫:熾監識澱鴇計獄野tt継ど憲:監蜂浮淫離:

prOccss.Thc Hall elcment can be fabicated in hnear bip01ar silicOn with

InSb Ha‖ element by vac.depo.(HW‐ 101

inAs DQW Hallelement by M

S卜doped inAs Hall element by MBE

GaAs Ha‖ element

B〓50 m T

Vin〓lV

S.I.CaAs substra俺 (350μm)

Ha‖ Output

Voltage!

町 (β 〓0・05T) Resistance,Pin

ofrset vOltage,
yμ (!F OT)

Driving Voitage!

略nty)

250 300 mV    <± 16mV 700ΩD(lW   6V


