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一

瑟 Ef.a�吻口叼′」6J“ 刀石 面 I二瓦石:万
°

。

二一歹

TheDiracDeItaFunctiUn

1.5.1TheⅢ vergenceUfη r2

CUnsiderthevectUrfunc● Un
l︽

▼=万 Γ.

Ateve,1UcatiUn,▼ isdiectedradiaIlyUutward(Fig.1.羽 );ifevertherewasafuncⅡUn山at

UughttUhavealargepUsitivedivergence,this is丘 .Andyet,whenyUuactuallyε arc〞切比

thediVergence(usingEq.1.71),yUuget preciseIy2ε 口U:

▽ .▼ = =U. (1.84)

fYUuwiⅡ haveencUuntered山6pafadUxalread” ifyUuwUrkedPrUb.1.16.) TheplUt

thickenSifyUuapplythedivergencetheUiemtUthisfunc位 Un. SuppUseweintegrateUvefa

SphereUfradiusR,centeredattheUHgin(PrUb.1.38b);thesurfaceintegraliS

(1.83)
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ButthevU屁化 integral,r▽  ▼ˊt,k〞矽,ifWearereaIutUbelieveEq.1.84.DUesthis
meanthatthedivergencetheUrem isfaIse?What’ sgUingUnhere?
ThesUurceUftheprUblem isthepUint r=U,wherevblUwsup(andwhere,inEq.1.84,
wehaveunwittingly山 videdbyzerU).Itis q㎡ teiue山 at▽ .▼ =Ueve叩 whereaεφ 〞
theUHgin,but righta〞 theU● gin thesitua“ Unis mUrecUmPlicated. NUticethatthesurface

integral(1.85)6加 〞‘pε刀滮 Kr‘yR;ifthedⅣergencetheUremkHght°ndit心),weshUtlId
getr(▽ .v)′t=4π fUraη spherecenteredattheohon,nUmatterhUWsmal1.EⅥ dent9
theentirecUntHbutiUnInustbecUmingfrUm山 epUint尸 =U!Th略 ,▽ .Vhasthebizarre

prUperty that itvanisheseve,whereexceptatUnepUint, andyet its 工K:ε思石at(UVerany
vUIumecUntainiΠ gthatpUint)is4π .NUUrdina,funcuUnbehaves likethat. (UntheUther

hand,ap乃 v∫ oεateXampleVUθ∫cUmetUInind:thedens丘 y(mass perunltVUlume)UfapUint

paiicle It’ szerUexceptattheexactlUca● UnUftheparticle,andyet its9Ktε g石atiSnnite一

namely,themassUftheparttIe.) WhatwehavestumbledUnkamathemat㏑ alUㄐ ect

knUwntUphysicistsastheDiracdeⅡ tafunct:Un. Ita㎡ sesin manybranchesUftheUreticaI

phy㎡cs.MUreUve几 theSpec血cprUblemathandahe山 vergenceUfthefuΠ c巨Un9/r2)is nUt
juStSUmearcanecuhUsi妙 一 it k,infact,centraItU山 ewhUIetheUryUfelectrUdynaIn㏑ s.

SUit iswUrthWhiletUpausehereandstudytheDiracdeltafunctiUnwithsUmecare.

=  (Iπ sinθ′θ
)(茈

2π〞ψ
)=4π

.
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16.2 TheUne.Dimen㎡ oⅡaIDiracDeItaFuⅡ ctiUⅡ

TheUΠedimensiUnalDlracdeltafunct㏑ n,δ (x),canbepkmredas
innnitesima1lynaπ Uw“spike一’w丘harea1(Fig.1.45).Thatis tUSay:

an innnitely

嗣=｛ &,狂重:｝
and

δ

。

)σx=1.

Technically,δ°●is nUtafunctiUnatall,since丘 svalueis nUtflniteatx=
mathemaⅡ cal literatureitis knUwnasagenera︳ izedfⅢnctiUn,UfdistΓ ibut︳ Un.

(1.86)

(1.87)

U. Inthe

It is,ifyUu

Figurel‘ 45

RI° )

-l/2-lu  lu
(a)

Figure1.46

like,theJj′ 竹打Ufa∫εσ切t刀εεUffunctiUns,suchasrectangleSRπ (x),Ufheight乃 aΠdWidth
1/K,Ur isUsceles㎡ anglesTrl(x),UfheightKandbase2/K(Fig.1.46).

Ifro)is sUme“ UrdiIⅡ y” functiUnahat is,KU〞 anUtherdeltafunct㏑ n ㏑ fact,just
tUbeUnthesafesidelet’ ssaythatr(x)isε UK打乃切U〞∫),thenthep西 U〞跖ε〞r(x)δ (x)iszerU
eve,Whereexceptatx=U. ItfU11Uwsthat

r(x)δ (x)=r(U)δ o). (1.88)

(This is亡 hemUStimpUrtantfactabUutthedeltafunc“ Un,sUmakesureyUuunderstandwhv
it is tme:sincetheprUductkzerUanyΨ ayθ昭φ〞atX=U,wemayaSwel1repIacer° )
bythevalueitassumesattheUHgin.)Inp缸 jCular

戌rω嗣σx=rΘ戌嗣〞x=rΘ . (1.89)

Underan integral,then,山 edeltafunctbn“ 9cksUut” thevalueUf√ (x)atx=U.(Here
andbelUw,theintegralneednUtrunfΓ Um一 oo tU—

—

°o;itis sufncientthatthedUmainextend
acrUss thedeItafunctiUn,and-ε tU+ε wUulddUaswelI.)
UfcUurse,wecanshiftthespikefrUmx=UtUsUmeUtherpUint,x=a(Fig.1.47):

l尼

聆一ω=｛ &,
EquatiUn1.88becUmes

I搓 :｝咖戌聆一ω′x=L

r(x)δ (x一 a)=r(a)δ (x一 a),

(1.9U)

(191)

(1.92)

andEq. 189generalizestU

ro)δ o一 a)加 =r° ).

系｛所 )研 究室紀錄



Examp︳e1.14

Evaluatetheintegral

克
3曲
x一砂矼

SoⅡⅢt●on: Thedeltafunc● on pickS。 utthev㏕ ueofx3atthepointx =2,s。 theintegral is

23=8.Nojce,hUwever,thatif山 euPper liIIuthadbeenl〔 nSteadUf3)theanswerW。
uldbe

U,bccausethespikewouldthenbeoutsidethedomain ofintegraion.

AlthUughδ itselfis nUtalegiⅡ matefunctiUn,9K;e8石 at6UVerδ afeperfectlyacceptable.

Infact,it’ sbest tUthinkUf山edeltafunctbnassUmething山 at〝 at〃av∫ 加紹
刀磁 ′′9r”x

蜜 紿 ξt竹遵 乂 ξ各二lE錓:翠 :—

—

wUexp㏄ ㏎ “ ㎞ 加 ngⅢ m mnciUns的 ,助 ω

Erω功印x=度 rω Dx幻化 (1.93)

fUrall← Urd㏑〝 、)funct㏑ ns√

。
).

ExaInp︳e1.15

ShUw山放
         δ(t幻 =侖δω,

where北 isany° onzerU)cUnstant(Inp缸 tCuI眠 δ(一X)=δ “ ).)

Soluti°n: F。ranarbitr紅yteStfuΠ cd。n√ (x),cUn血dermeintegraI

(́x)δ (tx)〞x

(1.94)

度
chan」Ⅱgvanables,weletv≡ 北x,s。 thatX=V/比 ,and′x=l/π〞y.If化 kpU鼓tive,the

integration still nlnsfrUm一 UUt。 +°
。

,butif北 is刀 你 arjVθ ,山 enx=°
° impliesv=一 ∞ ,and

琳球群掛蠽磁t茫腦揣
掛l#驟;T將器時㎜縣

dtheinteg【alsw。 uldnotbeequaI
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viceversa,sUtheUrderof山 el山㏕ts is revcrsed. RestUHngthe“ prUpe′ 。
rdcrcostSanunuS

sign.Thus

店
仰 又ω x́=土

皮
肕 弧 刃÷≠

=士
︴
rΘ =告 ra

(TheIUwer signsapplywhen比 is negative,andweaccountfUrthis neatlybyputtingabsolute

valuebarsar。 undthennal比 ,aSind沁 ated.) UndertheintegΓ alSign,then,δ
(比x)Servesthe

samepurpUSeas(l/︳ 比〡)δ (x):

Ijlraㄐ
魛〞x=IjlrlzlI告〢矼

AccordingtUchteHon1.93,山 erefUre,δ 竹x)and(l/｜ 比｜)δ 仕)areequal

PΓ°b︳em1.43EvaluatethefU︳ loWingintcgrals:

fa9茫 (3x2一致-1)δ“-3)〞 x.

(b)佇。Usxδ
(x一π)血 .

(c)佇 x%° +l)山 .

l (d)茫乳In(x十 3)δ (x+2)西

PrUb︳ eml64EvaIuatethefoⅡUwingintegraIs:

(a)′免(2x+紛δ(3x)′ x.

﹉
(b)好 (x3+鉣 +勾δ(l一 x)西

(c)lh,x2δ (3x+l)西 .

一 (d)〃。°
δ
。
一切山.

Prob︳ em1.45

(alSh。w山扯

:π加什USeintegraionbyparts〕

(b)Letθ (x)betheS6epf.nc田on:

x石°㏑)=┤ (x)

(I.95)

三IShUW山 at〞θ/〞x=δ (x).

o
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1.56 TheThree一 Di︳meⅡsiUnaIDe︳ taFunc“Un

It isaneasymattertUgeneraIiZethedeltafunctiUntUthreedimensiUns:

δ3(r9=δ

。

)δ (V)δ (z) (I.96)

(AsaIways,Γ ≡ x女 +v9+z翕 is thdpUSitiUnvectU馬 eXten山 ngfrUmtheUr㎏ in tUthepdnt

。

,V,z)).T㏑ sthre←山mensbnaIdeltafunct㏑n心 zerUeve,whereexceptat(U,U,U9,
whereitbIUwsup.ItsvUIumeintegraIis l:

砥︳叩㏄eδ

3lr9Jt=戌
戌 戌

嗣 翻 嗣 ′x〞V′z=l aθ 砂

And,geneΓ alizingEq.1.92,

(1.98)

Asin theUn← 山men由 Unalcase,integratiUnwithδ pickSUutthevalueUfthefunct㏑ nrat
山elUca“UnUfthespike.                   、

WeaIenUw⋯ apUsitiUntUresUIvetheparadUxintrUducedinSect. 16.1.AsyUuwⅡ I
recaII,wefUund山at山ed”ergenceUf9/r2iszerUeve,whereexceptattheUⅡ gin,and
yet its9K〞ζg超tUVeranyvUIumecUnt缸 ning山eUngin isacUnStant(tUwit4π ).Theseare
preciseIythedenningcUndi由 UnsfUrtheDiracdeltafuncⅡ Un;evidently

=4πδ
3(r). (1.99)

MUregenerally,

where,asalways,名 iStheseparatiUnvectUr:名 ≡ r一 r’ .

(1.lUU)

NUtethatdiferentiatiUnhereis

withresPecttUr,WhiIer′ ishe】 dcUnstant. IncidentaIll since

(︳ .】 U1)

fPrUb.1.13),丘 fUlIUwsthat

▽2上 =＿4πδ
3φ
).

t

砥I艸仰℃一a,d,=只9
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\
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(1.lU2)
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E〤amp︳ e1.16

EvaluatetheintegΓ aI

whereVisasphereofradiusRcenteredattheUHgin.

So1.田 on l:UseEq.】 .99tUrewHte山edivergence,andEq.I.98tUdo山 eintegral:

This oΠ e-IinesoIutiondemonstratessUmethingUfthePoweΓ andbcautyofthedeItafunc● on,

butIwUu︳ d︳iketUshowyUuasecondmethod,whichisInuchmUΓ ecumberSomebutserveSto

iⅡustatetheIne山odofintegrationbyparts,Sect. 13石 .

So︳Ⅲ“on2:UsingEq.1.59,wetransferthederivativefFUm全 /r2tU←
2+2):

〞

\
—

/

〈三

p

/
J
＿

\

▽+
r
方

=
J

π=
2十0π4=

σπ4十
r
J
v
=J

a
′

〈二

p
2十

I
/+

′十▽
↑
一〞

r
ˊ

一=
J

Rπ4=
〞

Rr
几

π=
ψ〞〞〞θn

｛,一

一

r

r
ˊ

=d

,
一

一

r

r
J

加
2+幼砌”ψ=衍你2十砂

Thegradient is

sUthevoIumeintegraIbecomes

▽(r2+2)=2rf,

Meanwhile,on theboundaryofthesPherc(wherer=R),

′a=R2血nθ 〞θ′ψ●,

so thesurfaceintegra︳ bccomes

PuttingitaⅡ together,then,

J=-4π R2十 4π (R2+2)=8π ,

asbefUre

—

—— —
 :  .  .  .  .  .  .
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(a)Alignedmetalljccy】 inders serveasaPotentIaIbarrier tochargedPa←
jc】 es.Thecen tralcyIinder ishe︳ datsomepositjveeIectFicPotentIa】 16andtheouter
φindersaΓegroundedAchaΓ ge,whoset。 taIeneπ〞is less than,1/isunabletoPen-
●叮ate山 ecen tr㏕ 卬 ㏑deΓ cIas“ cal”,butcandosUj抎nmm mechj㎡ cal” ” aPr6c乙s
「Call㎡ 翃 翃 zrglb)TllePUtenual′ ener胛 文㎝ ” 砡 :λI;:Ξ百

.溢︸
禚 j:猛各;」 1】t

:gaPsbeh.,een thecy】 indershaveshrunk tozeΓ Usize TheΓesult is thesquarebarΓier
PUtenuaIUfheight乙 I
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(己)Tunnel㏑ g。f乙 paIiticlethrUughapoten伍 aib乙rrier.(b)Thetransmk由 on
c。 efncientsfUr己 neleCtron祁 乙 funCtionUfeneIgyfUr℅ =lUeV,a=777人 Theresults

aIetypica1oftr已 nSmitt己nCethroughab乙 rrier Noticeth乙 teVenforE>V㎡ thep了°b乙bility

goesthIoughv乙 lueSless th色 nunity;i.e.,somerenecti。 noccurs.

Vl玓

:AnapProxiIn己 ti。 nSchemeused

TI=Tunne︳ ingpΓUbability

thrUughΓegiUn′

T=Π乃

X2
X—
— — —
>

tocaicul乙 teP已 rtiCletunnelingwithenergyE

Λ
〡
—
〡
〡
—

Xl

thIough孔 Sm°°thIyvaryingpotential
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βar止 尤初以拓

分 :〡 :;=i:

編號: θ-Zt
總號 :

丌 ∼  θ
￣

一      Λ侈 〃 加 θ 七 “ 山 σ 多 f力 翃 ●t〞 Uˊ J“ t打 ˊ打 山 〞 ′ 劦
‘
血

√凡 tθ
一
並 鈕 ┘ 上 上 φ

一
」 ∟ 生 ㄎ

＿ ＿ ＿ ＿ ￣ ￣ ￣
′ Γ文 . ′ 一  .〦  - ′ ｝z.
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Figure6.6:(乙 )Tri己n8ularand(b)tI乙 peZ㎡ dalbaⅡ拍rs throughwhich

energy Ecantunnel, Suchb乙 rIiers 乙reenCounteredio m乙 nyelectronic

Thepotentialshapeisdescribedbyanelectricneld E.

己neleCtron with

devicestIuctures

︶
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編號: 6-Zφ口

｜     6.2 GENERALTUNNELINGPRUBLE山 I                  ＿＿＿

ThegeneIal prUblemUfpaIticletunnelingcanbelUUselyclassinedintUtwUcate-

gUIies,bothUfwhichinvolvethepIopaga七 ion ofaparticlewithenergyEthrougha
reg沁nofpotentialene㎎ yˊ (” ),wherein sUmeIIeoonS,theparticleeneIgy拍 smalleI
thanthepUtentialeneIgy 

「
Γhis region isclassicollyfUIbiddentUthepaIticle,but,

asdiscussedin theIntroduction,whentheparticleisdescIibedthIUughawavede＿

scriptiUn,tunnelingc&noccur.In七 henIstcategUryofproblemswehaveasituation,
asshUwn inFig 62a,wherethereisaregiUnUfspacewherethe paΓ ticlecanbe
Iepresented bya ‘‘free”  state ThepaI七 iclecanbeIepIesented byamUmenturn in
thisfreespaceregiUn、 vheretheelectrUnenergyEisgreaterthanthebackgfUund
pUtentialeneIgy,whichmaybeconsideIedtobeunifUrm Inthisexample,thetun＿
neIingpIoblem invoIvesthepaIticlecoΠ lingfrUrll theIeftandstIikingthepotential
barfier, with the paI七 icle havinganniteprUbabilityoftunneling thIough and a
nnitepI。 babilityofbeingIenec七 edback.
InthesecUndcategoIy。 ftunnelingproblems,thepaIticleis initiallycon一

nnedtUa‘‘quantumwell” Iegion ina‘ ‘quasi＿bound” s七 ate,asshown inFig 62b In
thequasi一boundstate,theparticleis prirnaIilycUnnned七Uthequantumwell,but
has&nnitepIobabilityoftunnelingoutofthewellandescaping Thekeydifrerence
be七
、
veenthetwocases is thatin thenIst prUbleInthe、 vavefunctiUncUrresponding
to theinitial stateisessentiallyunbound,、 vheΓ easin thesecondcaseit is pIirnaIily

cUnnnedt° thequantumwellΓ egiUn

┬unne｜ ing┬ hroughˇV｜deBarriers

In many applicatiUns, thetransIn(ssiUn prUbability fUΓ tunnelingis very small
Insideabarrier. the Ⅵ/avefunctiUn isessentiallyprUpUrtiUna】  tUε

一 a∴
 Urθ

一 ︶ δ
,

Ⅵ/hereδ ≡Ξ l/ais thepene亡 ratiUndepth2If乙 》 δ,verylit亡 leUfthe、 vave、vill
..Survive” tUx=乙  ThecUnditiUnfUta“ wide” barrieris thus

、
//2用(%一 功

L〕》 l (5┤ ︳)

Πiswideif乙 is l缸 ge,Ulε 〝muchIess than%,UrbU山
It isIeftasanexeΓ cisetUshUwtha亡 if(5＿ 1l)hUlds,thetraΠ snissiUn prUbabⅡ jty
Uf(5-lU)isgivenbytheapprUxilmatiUn

=
乙
a=

乙

1
一

δ

E
一

%
一

E
一

%
‘

≡T 一nlXI2.,i(σ
U一 ε)/力 jt

(5┤ 2)

Ane｜ ectrUnencUuntersab缸 rierUfheightUlUUeVandwidth l5Π m Wha亡 iS
thetransmissiUn prUbabⅡ ityifitsenergyis(a)UU4UeV?(b)UU6UeV?

2The$o｜ utionwithin lhebarrierjs not

strictiy adecayingexponelltial butc° n＿
tains an exP。 nentj.llly l,,ε ㄏta∫”,g Part

c,+a〔  InmUStcaseS,this part is il〕 conse-
tluentiaⅡ ysn〕 alj

ΞxamP︳ e5.2

田 市

一

苦 由在 ┤├ 足星小加 t田 Ξ乙 ‘古咩
、=EIσ
b-﹁ t﹁ 6●



｜分類:θ＿z彳′
So ╰｜ㄈ〈)n

FiΓStweSeeifcUnditiUn(5-ll)hUlds.

FUrUU4UeV:

V2(91︳ × lU〕 lkg)(UlUσ UD4U)× 16× IU9Jl5× lU9m
IU55× 1U一 ∥ Js

二 18.8

FUrUU6UeV:

、

/紗 (91l× lU3lkg)(U.lUU-UU6U)× 16× lU┤’J
15× lU一’m

lU55× lU一“ Js

=154

In bUth caSes, the barrier is wide, many times 亡hepene亡ratiUn depth. NUw,

nUtingtllatwehavejustcalculatedtheaIgumentsUftheexpUneIltial in(5-12)、

=
乙

一
δ

=

乙

一
δ

%U+Uev=

TU“Uev=

ˊ
｛

、

 

｛

、

o
.
。

4
一

m
 
峏
一m

‘

 
 
 
 

〥

=18× 1U一怕

=18× lU一〡3

ASexpected,fUrbUthbarriers thetransnllssiUn prUbabilityˊ b′ a∫

一

刀gJθ θvθ刀riS

very smal1. Butin manyrealSituatiUns, baΓ riers.nrecUnStantlybUmbardedby

particles IfelectrUnsateitherUftheseenergies、 VeretUstrikethebarrier 1U2U

tiIneseachsecUnd,therewUuldbeasignincant nuxUfescapingparticles Such

highfrequencyiSnUtatallunrealistic;alpha-particlesa〞 ηU∫〞trappedinanatUmic

nucleustypicallyget lU2UchancestUtunnelUuteverySecUnd.Alphadecayis

discussedin thenextsectiUn.

The example iIlustrates anUther impUftan亡 pUint: When transnlissiUn prUb-

abilities are very Small, they vary sharply with energy. BUth prUbabilities are

small, but amUdestD￣ Uga increasein particleenergyresults in atransΠ liSSiUn

prUbabi︳ ityabUutathUusandtiIneslarger.This sensitivityisduetUtheexpUnentiaI

dependencein(5-12),and亡heSmallertheprUbability,theInUreprUnUuncediSthe

variatiUn3

E｜ ec〔 ro ns、月thenCrgiesoΓ lUcˋ/and2Ueˋ árcincldcntUnal)〕 rrlcr1UUc、 h́lghandU5Unm
wldc (a)Findtheir「 esPcc七iVet【ansmissionPrUbabl｜ i〔 Ics (ㄘ )〔｛Uwarcthcsca「陡c〔 cdiΓ thcbaΓ rier
isdoubledlnwidth?

SUlutiUn

(tl)ΓUrthelU＿ eVdectro ns

(2× 91× lU一 ’kg)I(1UU-1U)cV〡 (16× lU ㄐJ/eV)
lU5+× 1U一 l+J s

=16× lUUm﹁

Slncet=U9Unm=5U× 1Ul.m.2﹄ L=(2)(16× lUl()m l×5U× lU° m)=16,
and theaPPr° xim.l〔ctranSmisSion probabIlityis

丁〡=ci心、
I=c n=ll×

1U一

Uncl。 -c\ˊ e｜ cc〔 ron outoΓ 89milliUncantunnclthrUugh〔 hc lU一 c\ˊ barrlcron〔 hc〕 vcragc For
thc2U一 eVclec6Unsasimi｜ arca︳ culatiUngivcsT之 =2+× l°  /Thcsec｜carUnsarcovcrtwice
as likclytUtunnclthrUughthcbarricr

(t)lΓ thcbarhcr lsdoub︳ cdinwidth〔olUnm,thc〔 ransm isSionProbablliticsbccUme

┐〨13× lU┤
一
  丁:=51× 1U┤ +

Evl(len〔 Iy丁 is morcscnsitivc to 〔hc、Ⅳidthofthc barrlcr〔 h.ln to 〔hc Par〔 icIccncrgyhcrc
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分類 :

編號: 6-j′
總號 :

┬he┬unne〡 D｜ Ude

Atunnc︳ di°dci$tlnelectrUniccircuite︳ eIllent、vhU、ere、 pUn‵etU.lpP︳ iedvU︳
tage、

︳sunusua︳ tlndveryhst‘ InanarrUwre」 Unbetweenthedevice、 twUends(leads),

there isachtlnge in the ︳ηateri.lΓ sphysica｜  pΓUPert︳ esthtlt prevcntSsi︳ llpIecUn-

ductiUnUfe︳ ectlUn、 frUlll Uneend tU theUther. In essence, theelectrUnSatthe

耕#Ⅶ早;::︴︴:1:°音:ξ｝lI:Π早咒a:t古∵點;:一甜垘潔‵
s忘

︴括I蚶且職眑∥撼糕攤撒玀:
rateSdiHer.andanetcurrent nU、 vs.

The tunnel diUde may seenl tU have little utiIity, aS an appIied vUltage 、
vil】

inducecurren〔 ΠU、vin manymateriaIs ButUneUf:tsdistinctive｛ tatureSis′ ︳Uvv

thecurrentvaries、 vith VUltage.ItdUesnUtalⅥ/ays increaSeasappliedvUItageiS

increased:at∫ UmepUintSitdecreases(seeExercise9.32) ⅣIUreUver,changingthe

#掉   淤撫裝詩犐羅:排長
舞訂罕║ξ全:驟:lF熬常漧艼甘l:舌ξ栽::::〝::罡╤:
varietyUfrnUderne︳ ectrUniccircuits

-Nete〡 ectron刊 oW

Tunneldi° de

Δy=U‘ ′=U

田市活垂大學物理系 (所 )研 究室紀銀



TunnelinginSernicUnductUrDiUdes

=。

黑H╝輚 i璭≒ξ腳托滯溉 裝驟 T片
枝盤

TunnelingdUminatesatuaS吒
VoItageisclampedatVzH

∥

∥

跨
拔

FiguIe6.1l:(a)Schematlcofhowban&to＿ b乙ndtunnel㏑ gt乙keSplace.(b)TunneIng
in ap＿η diode 已Cr。SS which abias is applied Also shown is the useofareverse一 biased
P一

死 di° defoI己 V。 ltage一 clamping circuit Thecurrent satur己 teS t。 avalue determined by

theexternalcircuit resistoI, while theoutput voltageisclamped atthediodebIeakdown

V°lt乙ge TheciIicuit is thus veryuseful asavoltageregulator

bands in aseΠ 】iconductoI acIoss whichsUme bias is applied ElectIUns frorll the
valencebandcantunnelacrUss thefUrbiddenbandgapandgo into theconductiUn
band SirnilaIly,electΓ ons in theconduc七 ionbandcantunnel into thevalenceband
providedtheIeareholesin thevalenceband Asshown inFig 6.1la,七 heelectrons
seeatriangularbaIrierandthetunnelingprobabili七 yis

T=exp｛率 ｝
whereEis七 he丘eldacrUss theseIlliconductUr.
Theband＿ to＿bandtunnelingisexplUitedto maketheZener (liode

ap-η junction is reverse biased (i.e, a negative voItage is applied tU 七he

(6.18)

When
p-slde

AppliedFieId:

國立清華大學物理系 (所 ｝研究室紀錄
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鈕】dap㏄ih晚
。
netUthe肛㎡dΘ ,ast.U㎎ d㏄ t㎡cndd杺 p℃duced㏑ the山 ode

junctiUnΓ egion,asshown inFig 611b.UncetheIeversebiaSvoltagereachesa
ceI七 ainvalue,V:,thetunnelingpfUcessbecUmesdorninant Λtthis point,thediUde
resistance becUmes negligible The vUltageacross thediUdeis then clampedat V:

IegaIdlessUfhU、 vhigh 七heeXteΓ nal biasbecUmes.This vUltage＿ clampingpIopeIty

oftheZenerdiUdeisveryusefulin manyciIcuit applica七 ionS

ThetunneldiUdealsUexplUitsband一 tU-bandtunneling,butcouples itwith

cleveΓ energy bandalignment tUcIeatenegativedineIen七 ialIesistance Thetunnel

diodeisdesignedfrUmveryheavilydopedη andp sides.Thehighdopingensures
averylargeelectricneldin thejunction so thatband＿ to＿band匕 unnelingis pUssible

atallbiasingcUnditiUns.

TheoperationUf匕 hedeviceis shUwn inFig 612 AtasmallfUIwaIdbias,
someoftheelectrons on the仇 -Sidecantunnel into theholes on thep-side Asthe

bias is increased, 七hebandalignment is suchthat moreandmoreoftheelec七 ronS
nnd hUles tU tunnel intU and the current increases asshown, Beyond thepoint

rnarked B, the erllptystates on thep＿ side mUvehigheΓ  in energy with Γespect tU

theelectIonenergiesasthe庇 -Side.Eventually,at pointC,theIearenoemptystate

(hUles)av釦 lablefUrelectrUnSto tunnel into.ThiscausesthecuⅡ ent todecΓ easeto

aΠlinirnurnvalue EventuallythecuΓ rent incIeasesbecausetheelectIUns乙 ndhUles
areabletoUvercomethereducedbarIieIdueto theiItheImaldistributiUn.
Thenegativeresistance Ufthe 七unnel diUdeisan impUItantfeaturethat

allowsUnetUuseit in microwaveapplicatiUns(eg,radardetectors)

EXAⅣ IPLE6.5Calcul色tetheband一 to-bandtunneⅡ ngprobabilityinInAs(E夕 =U4eV;
呃
.=UU2mo)乙 ndG己AS(E。 =143eV;佛

￣
=U.U7田 o)under乙 nappI站dneld。 f

5× 1U5V/cm.
Theexponent in thetunneⅡngpIobabilityhasthefo11owiΠ gv乙luef。 r工nAs:

=-49U32

Thisgives

T=7423× 1U￣ 3

F。rG乙ASWeget
T=exp(-6勾 =1.18× 1U￣

27

、
VeseethatwhⅡ eb乙ndtunnelingc乙 nberesponsibleforbreakdown inInAs,it is not the

causefoIbreakdown in GaAs For GaAs, the value of6Γ can incre小 e With higher nelds,

buttheIeareothermech色niSmSthat己reIeSponsibleforbre己kd。Wn.

國立活華大學物理系 ｛所 )研 究室紀錄



分類 :

編號 : 力‵

總號 :

∠L′刀at

勿εt’‘tt ˊ〞′〃〃勿

乃名刀σ′ ′t′ 4′.′ 5「

︙
/

SEMICUNDUcTUR

蚐

一

Potential pronleinanohmiccontact ThecontactdependsuPon thetunneling
ofelectronswithverysmalleneroes(E勺 U)thr。 ughthenaⅡ owtriangularbarrkI

the︳ nterface

lV=depletiUnwidth

Ⅳt=dUnUΓ density

擇

涵

METAL
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一
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UHMICCUNTACT

ElectrUns tunneI

潞臨糶器

91-TYPESEMICUNDUCTUR

Ev

Figure6.8: B乙 nd diagr乙 mS° fmetal＿ η十 ＿η c° ntact. Thehe乙 Vy doping re‘luces

pletion width to such 乙n eXtent thattheelectrons cantunnel through thespiked
e乙SilyineitheIdirection.This leads toahighlyline乙 ICuIIent一 voItagerel乙 ti° n.

易

升<
├

ω
｝
舀

thede＿

baIIler
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編號 : θ 一�η
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Tl】us

〣小為 (617)

TheresistancecanbereducedbyusingalowSchUttkybaIIierheightand
dopingtheserniconductoIasheaVilyaspUssible Thecu!rent-vUltageIela七 iUnUfa

goodohrniccUntact ishighlylineaI,a竭 ShUWn inFig 68

EXAMPLE6.l AssumethatthePotenti己 l pr。 nle。 ftheb乙 rrierin thesemiconductor side
必describedby乙 neleCtrk neldE.calculatethetunnelingprob己b山tyI二 =1U6V/cm;ψδ

=U5eV乙 ndtheeIectron maSSin thesemiconductor isUl爾 o.N。tethatifthetunneling
pI。 b乙bility乙ppr。achesunitytheelec七 Ionscangoacross thejunctionwithout ‘‘feeling”  the

b乙rrier.This is乙 requiIemen七 ofgoodohmiccont乙Ct
Thetunnelin8probabilityisgⅣ enby(cho。血ngtheelectroneneIgytobe神 U)

T=

(2m.)l/2=

ψγ
2=

Thisgives

1U8V/m

T=exp(-841)∼ 2.2× 1U￣ 4

EXAMPLE 6.2 ConsideI己 met己l-Si inteIfaceon s山 condoped&1U18 乙nd 1U2l cm￣ 3.

The Schottky b己 rEier height is U66 V C己 lCul乙te the tunneⅡ ng prob乙bility forelectrons

withenergiesneartheconduction bandin thetwodopingc那 eS. USe乙 nefEectivem之海S。 f

U34mo foIelectrons in thesemiconductor. Theielativedielectricconstant ofSi is 119

Let us nrst calcul乙 te the depletion width corIesponding to 乙 SCh。 ttky b己rIier

he圮ht。 fU66V.Thedepletionwidthis

k邙
 ψ
m
 
D

×

 ”

7
 

一

4
.
1
=
/
 
×

p
 
 
.
2

︙
,
2

、
＿,
′

I
�

 ∞
 
 
 
=

〞
一 
盯
〃

一一 
=

e
∼

E

呦一lUlBan┤b=｜ 2× (119× 884× 1U一 I4F/cm)× (U66V可
φ

(1.6× lU￣ 19C)(1Ui8cm-3)

照屁=㎡↘Ⅲ﹁ =   =叫 7A

Theelectronswithener8yjust乙 t七 heconductionbandedgewiⅡ h乙Vet。 tunnelthroughan

approXimately triangul己 rWell WecanusethetunnelingprobabⅡ itythroughatriangular
well, usingan乙 VerageelectIicneldin thedepletionIegion

它(n=1U18cm-3)

它(η =lU2】 cm-3)

ThetunneIngprob.bilityis now

畾 =23× 1U5咿m

72× lU6V/cm

田 市 j工 垂 女 壆 物 理 系 r所
、
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↙
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Energybands inatnetal Metal一 vacuum一 metal 霍

(a)

｜
｜

一一┘

:(c)

/八
｛
v｛

‵
\v/ˋ
ˊ

代

、
v′
ˋ
ˊ
ˋ
ˊ

代

v於
\ˇ′
‵

、

Aˊ
〝

、

戶\Emitter tipS

PhUsphUrscreen Fieldemitter

dev】ceSfUr
display

technUlUgy

WUrkfunctiUn

ElectrUn

ernlsslUn

PUsi巨Un

(a)Schematt。ftheelectroΠ ice平早roes in°
sUlid一 statemateria1.(b)Metal一

vacuum一 metaljunctiUnunderappl㏑ dneld (c)Schematk。 f己 d站 Playde㎡ ceb乙 Sed。n

neldeΠlissiUn tips
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F︳ gure5.12 EIecttUns iname亡 al
(a)behaveasthoughinannitewel】 An
eIectricneId(b)alters the“ wall,” so that

tunnelingmayUccur

〡nd〡 v｜ dua〡 p〡 xe〡

一 一 一

Red     Green     B〡 ue
Subpi× e｜   s∪ bp〡 xe｜   Subp︳×e︳

phosphUr

Hessuve              Microups
切餅
 /c引vmn ne

r︳gure5.13 Unepixelofaneldenlls＿

siondisplay.Applyingapositivebias
tums onanyofthe山 reediferentcolors
Ufsubpixel‘

(b)

FieIdenllssiUn is nUwbeiΠ gtriedasthesUurceUfilluΠ】inatiUn inanewknd
Ufnat＿ screendis°lay,theaptlynamedFieldEmissiUnDisplay(FED)shUwn in
Figure5.13.Its pUtentialadvantagesUvertheliquidcrystaldispIayscUmmUnly

usedin laptUpcUmputers incIudewiderviewingangleandquickerrespUnse

B〡ue
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Ⅳ
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Ene
Incontrast tUth                              t° supercUnductUr.

neIingisaⅡ
。
we                              ure’ ‘̄,nUtun-

characteristicas                                       cuIrent-vUitage
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〞   Vt〞 :iΠi刀吐  ●nVl力 ′力加 p刀士

輔輾韡攡蕼無   城雜
Ttec° PPeΓ p︳ates(a仙 c
(a“日Chedt° theb° tt°m
cauSeSthec° PPeΓ P︳日●eS

m°Veme田︳︳Πduceseddy

特翠::jI獄∴辯漧盟阠辯 垚日Ced° VeFtLeou6rfmmeofthemkΓ。㏄。Pa

〞Uγ

T、vUstages, UrsectiUns, suspended
fΓ om springs,nestIewithin thestain-
less-stcelcyIindΓicalframeUfthemi-
croscUpeandprUtectthetunnelinggap
fΓ on】 vibratiUn.Bothstages,tΓ iangular
incrUss sectiUn,aremadeUfglass rods.
The secUnd stage slips intU the nrst
stage, fΓ UΠ1、vhich it is suspended by

threesprings.Thenrst stagein turn is
suspendedfrUmtheouterfΓ ame,also
bythreesprings ThesecUndstagecar-
riestheheaΓtUfthemicΓ Uscope:itcUn＿
talns both the sampIe and the scan-
ningneedle.
WhentheentiΓ ernicΓUscUpeslts ina
vacuum,air resistanceis miniInaIand
the nrst and second stages could, if
they were distuΓ bed, bounce up and
dUwnalmUst indennitely.TUstUpthiS
mUtionwere︳ yUnthephenUmenUnUf
eddy-currentdamping.WeletcUpper
platesattachedto the bottUmUfthe
nrst and secUnd stages slide between
magnetsattachedto theUuterfΓ ame.
As each plate slides up and dUwn,
themagneticneldcausesthecUnduct-
ing eIectrons ofthe coppeΓ to m。ve

arUund,inducingasU-ca1lededdycuΓ -

Γent. Thereact1Un betweenthe eddy
currentandthemagneticneldretaΓ ds

the motiUn of the plate and thereby
pΓUtects themicΓ UscUpefrUmeventhe
sma1lestvibratiUns.

國立清華大學物理系
(所 )研 究室紀錄





八
二

編

一總

類

一號

一號

UncethegrUssvibratiUnshavebeen
stUppedthesamplecanbepositiUned.
This is dUne with a specially devel-
Uped drive that carries the sample
acΓUSSahorizUntaImetal plateon the
second stage. The body Uf the drive
consists ofaslabUfpiezoelectricmate-
rial that expands Ur cUntracts when
vUItageisapplied.Thedrivehasthree
metaIlic feet, aΓ ranged in triangular
fashiUn,thatarecUatedwithathin lay-
erofinsulatingmateria1.Theycanbe
clamped tUthemetal platebyestab＿
lishingavUltagebetweenthemandthe
metal plate.

We mUve the drive in the fUIlUw-
ingmanner.Suppose,for instance,we
clampUnlyUnefUUtandapplyavUlt-
age tU thepiezUelectric body sUthat
itcUntracts.TheUthertwUfeetwill
moVc Slightly. Wc then clamp thUse
twUfeet,releasethethirdfUUtandre-
mUvethe applied vUltage sU thatthe

bodyexpandsbacktUitsUΓ iginal size.
ThedΓivehasjust movedonestepThe
stepwidthcanbevariedbetween1UU
and l,UUUangstrUms. Sincethedrive
can rotate about each 

。
f its feet, it

can walk alUng the plate in any de-
sireddirection.

Whenthedrivehascarriedthesam-
pleto the、 ántedtunnelingpUsition,
we begin scanningthesurfaceUfthe
sampIe.WeusearigidtripUdmadeUf
threepiezUelectricsticks tUmUvethe
tip Ufthe scanningneedle. Whenwe
applyavoltagetoexpandorcontΓ act
oneof山 esticks,theothertwobend
sIightly.CUnsequentlythetip mUveSin
astraight lineUveΓ distancesasgreatas
上U,UUU angstrUms. FurtheΓ mUΓe, this

mUtiUn is quitesensitiveto theInagni-

tudeoftheappIiedvoltage:avoltage
UntheUrdeΓ Uf.上 volt resuIts inaInU-

tiUnUflUangstrUm.TheprecisiUnUf
the trlpod’ s drive is s。 gUUd that at
present onlyvibration liInits theveΓ ti-

calresUIutionUfthesampIe’ ssurface.

This resUlutiUn at present is in the

range 
。
f appr。xmately a feW hφn-

dred你 UEfl且。
gstrUm.
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ThelateralresUIutiUnUfthesurface
is l虹nitedbythesharpnessUfthetip.In——

田16㏑stancenaturehas been kindtU
t℃ vacuum tunneler. It is relatively￣

￣̄̄￣̄￣̄ ￣

惢寄盟羇士T:主#气。埤找E—
——

辦默:瑞淑‵就I;s盟ε喂——
tH:早

:丐是ilt代 a㏑ter田 resUlu㏑ n㎡
t,JU angsiUms, hUwever, the needle
musthaveasingleatUm sittingsecure-

已 :llf:I:」茫:扎 古｜lhε:出品 從 罡
ItIsdisl° dged byhighelectric fields

thatarecausedbyapplyingavUltage
d」EeΓenceoffrom tw。 tU1UV°ltsbe-

●〃eenthe sample and the tip. Since

卄 ℉ ξf品括 幫 盅 毛野 掙 ︴艼 旨
bombarding it with a high-energy
beaⅡ1。fiUnsThiscausestheatUmsUn
thesurfaceto sputterawayinahighly
contrUlledmanner.

TheprUbeturnedout tobeeven lnUre 一
lUcal than their fondest hUpes  Em-
pl。”ngstylus伍psw比hcurvatureradI————
UntheorderUfathousandangstrUms,

individualatUms Butwhentheystar仁 ＿＿＿＿
ed scanning, they certainly did see
atoms ‘〝VehadthUughtthis kindUf—————
resUlutiUnwUuldrequireabigefUrt,”
Binnig told us “Butwe got atUmic￣

￣̄ ￣

scaleresolutiUnmUreUrleSSasagift” .＿＿＿＿

lUUU＿盟翠現智Ξ拙批器紫電＿＿
smallerscale,、 hthaccidental protuber-
anceSServingas tips onlyafewatomS一
〝hde 
、

ViththeseprotuberancesdUing一
theprUbing,thescanninginstruments
achieved a horizontal resolutiUn of 一

穿
°
rt文
Aξ
堵主甘忘瑙苦瓏珵職＿＿

ZurichgrUuphasbeenreplacingthese
fortuitUus probingtipswithmonatoΠ 垃c 

￣ ￣

tips carefu1ly created by neld一 i° n mi- ＿
croScopytechniquesdevisedbyHans＿

、

VernerFink. TheendUfthetip is the＿ ＿＿＿
wUrld’ s smalleSt manmade pyΓ amid:
threelayerscUnsiStingrespectivelyUf￣ ￣̄ ￣̄

seven, three and nnally Une single
atom Puttingthelast singleatorn in一
place is “a Iniracle,’

’ says RUhrer

Thetungsten prUbeoΓ ascanning

tunnelingmicrosc。 Pe

一—————— ㎞ ga㏕
豔諱 :b器守七

一
———————————   hUrizUntalre｜

not nearly gUUd enUugh to resUlve
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TUNNELINGTHRUUGHMULTIPLEBΛ RRIERS:
RESUNΛ NTTUNNEL工 NG

In the previous subsection weexamined tunnelingUfapaI七 icle thIUugh asingIe
barIieI Asseen inFig 64b,whenE<ㄐ ㎡thetunnelingprobabilityrnUllUtonically
incIeases aseitherEincreasesoΓ thebarrierthickness shrinks. Thereis no inter一
estingresonant featurein thetunnelingprobabiIity.Ifweexarninethetunneling
ofpaIticlesthroughapotentialIegion madeupofno七 oneSinglebaIIieI, buttwU
(。Im。Ie)barΓieIsasshown inΠg.614,wenndthatthetIansmissiUnUrtunneling
cUefncienthasIesUnantfeatuIes.

AtypicalIesUnant tunnelingstIucturehasafUImshown inFig 614 Itcon-
sists ofregionsAandBwheIethepaIticleis ‘‘free,’’ enclUsingaseIiesofpotenti&l
baIriersandwells.An impoItantIesonant tunnelingstIuctureis thedouble＿ barrier
resonant tunnelingstructuIe, whichhasthefUrrn shown inFig 614b This struc-
ture is used fUr manyirllportant device applica七 ionS As shown in Fig 6 14b, the
quantuΠ1wellenclosedbythetwobarΓ ieIshas “quasi＿ bound” levels.IfthebaIIiers
wereinnnitelythick,theselevelswouldsiInplybetheboundstates inaquan七 um
well, as discussed in Chapter 4. However, becauseUf七 he nnitebaΓrier thickness,
thequasi＿bUundstateshave、vaveftlnctiUns that ‘‘leak’’ outofthewellIegiUn,but
the wavefunctiUns arepΓ irnafilyconnned t。  the well region 

、

Vhen the eneIgy Uf
aparticle(say,apprUacllingfIom reglonA)appI。 ach㏄ oneofth㏄equasIbound
energies, thetranslnissioncUemcientapproachesunity

ThegeneΓ al probleIll oftheresonant tunnelingstruc七 urerequiresnumeIical
computation,butifweassumethatthestructureis lnadeuPofaseriesUfregions
°verwhich七 hepU七entialeneIgyiscUnstant,it is possibletUgetanalyticδ lIesuIts
TheapprUachis quitesirnilartUtheoneweusedin thelast subsectiUn—

—oneη/Iites

Quasi-b。 und
stateS

↓
￣￣
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Figure6.14:(a)Ageneral potenti㏕ profllewhichwⅡlshowreson乙 nt tunnelingbeh乙 Vi。r

(b)Ad。 ublab色 rherIesonant tunnel㏑ gstructure InthewellfUImedbetweenthetwo
barriers,oneh小 quaSl一 boundst乙teSW北henerg泛sE1,E2,E3,‥ .AsthePaIticleenergy
approaches theseeneIgies, the七 ransmissioncoefncient己 ppr。 achesunity

out thegeneral solu匕 ionsfUrthe wavefunction ineach region, m乙 tCheSboundaIy

conditions,eliΠlinatesthecoemcients involvingthewavefunctionUftheintermediate

regiUns,andthenobtains thetIansrniSsionandrenecti。ncoefncien七 S.

In optics,weknUwthatflightpassesthfUughmultiplemedia,interfeIence

efrectsallowtIansrnission peaksatceItainfrequencies AsirnilarefrectUccuIs、 vhen

paI七icles impingeon rnorethanUnebarrier.An inteIestingbarrier is七 hedUublebaΓ＿

riefstructuΓeshown inFig 615 whichcanbefabIica七 edfIUmtwUsenlicUnduc七 Urs.
Asshown inFig 615,theconductionbandpronleUfsuch乙 StIuCtufeprUducesa
quantumⅥ/el1ofsize Vγ enclosed bytwothin baIIiers ofthickness a andbarrieI
helghtㄋ名
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ⅣVema｝ thinkUfthequantumwellfUImedbythedoubl〦 baIr沁Istructure
ashavingquasi-bUundoIIesonantStatesatenergyE1, E2, E3,etc., aSShown in

Fig 6.15 Ifthe barIieIs were very thick the electrons in the levels El, E2, E3

wUuldnotbeableto‘ ‘leakout” Ufthewel1.HUweveI,sincethebaIIiershaveannite

thickness,theelectrUnwaVefunctiUns leakUutthrUughthebarrier NowcUnsideran

electronwithenergyEimpingingUnthedUubIe-barrier structure(Γ es。nant tunnel

ingstIu㏄ ure)aSShUwnfrom theleftI七 heenergy° ftheelectrUnal站nswiththe

、
veIlenergiesE1,E2,E3,etc.,theelec七 IUniSabletU七 unnelthIUughthestIuctuIe

withunit prUbability.Utherwise,thetunnelingpIUbabiIityisveΓ ysmaIl This leads

to sharp structuΓ es oI resUnances in the tIansrnissiUn pI° babilityversus electrUn

energycurves, asshown inFig.6.15.

ThetunnelingpIUbabilityfUIthedUuble＿ barrier stΓ ucture isgivenbyan

appIoach sirnilafto theUneused in SectiUn 6.3fUI asingle-baIIieI. HUwever, in

V中 幻 李●
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rierofheight V乞 andwidth

γ=青
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whichis theresult obtainedinSecti。
n63.1

baΓrieI, AIsU,as inSectiUn631,wehave,fUrthefenecti° namplitudefr° rll tllenrst
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(耐 +γ
2)sinl】 γa

、
vi七 haIenectiUn probability

wheIe

ⅣVernaydenne (as

、
vaveduetUtherenecti° n

(t:一 γηsinl1γ a+j2七 lγ cUsh叩

只lB=rlB｜
2= 吇 血lll12叩

r̄G+4E(吨 一E)

in op七 icS)thephasechangeθ prUducedin

frornasinglebarIieIthIUughtheIelation

rΞB=兄 1Be￣
2iθ

tanθ =

咐 ㎡Ill12
(631)

theIenected

(632)

(633)

Theangleθ isgivenby

These resultshavebeenrepeated heIe,sincethetransrnissiUnpIUbabilitythrough
thedouble＿ baΓ rier structuIeiSexpIessedin teIms of屁 1B,TlBandθ ,givenabUve

For thedouble一 baIriers七 ructureshUwn inFig 615,thetIanslniSSion pI° b一

abilityhasshaIp IesonanceS asafunction ofthePaIticleenergy 工nthe caseofa

syrllInetIicbarrieI,、 vegetthefUllowingIelatiUn:

(634)

wheIe 屁1B and TlB are the single＿ baIrier IenectiUn and tunnelingpIobabilities,

and θ is the angle denned in Eqns 632 and 633. FroΠ 1the fUrm ofEqn 634,

、
vecanseethatthetransrnission probabilitybecomesunityatcertainwell＿ denned

par七 icle eneIgies AwayfIUnl these ΓεεUη aηteneIgies, the transrnissiUncUemcient

canbecomeveIysmall Thusthe七 Ianslnission pIUbabilityhasveIysharpfeatures

動=├帶曲\h〃一州
┤

29l1E

為
2
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6.5.1  ΛpplicatiUnExamPle:ResUnantTunnelingDiUde

SellliconductoIdiUdes incUIPUIatingthedouble＿ barIieIresUnantStIuctureareknown

as rεεUη aη t t也ηηε而ησ 〞●U〞εs Resonant tunnelingdeviceshavepotentialfUrvery-

high一speed&pplicationsandaretheIefUrebeingstudiedingreatdetaiI Theopercn-

tion ofaIesUnant tunnelingstructuIeisundeIstUUdcUnceptuallybyexallliningFig

616aFor smallappliedvoltages(caseAlnFlg616althetunnelingprUbabili妙 。
f

electIons 
、
vitheneIgiesnear the FefΠ li leveleneIgy is verysmalland, as aresult,

veIylittlecurren七 nUWSthrUugh七 heS七 IuctuΓe A七 pUintB,whentheFeIrnienergy

linesupv/i七 hthequasi一 boundstate,amaxiInuΠ lamoun七 ofcurIent n°wsthIough

thestIucture,SincethetunnelingpIUbabilityIeacheSunity FuIther increasing七 he

biasresults in theeneIgybandpIonle(p。 intC),wherethecuΓIent thIoughthe

stIuctuIedecIeaseswithincIeasingbias ApplyingalargerbiasIesults inastIong
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〡

TUNNELINGINSUPERCUNDUCTINGJUNCTIUNS

In Chapter 4, Section 466 we have brieny described holv materials can act aS

supeΓ cUnductUΓ s InthesematerialsatlU、vtemperatuIeselectIUns pairup tofUIm

Cooper pairs These pairs aIe bosons andnot feIIllions Thelowest energy state

wheIeelectrUnpaiIsaIebosons is separatedfrorn noImalelectron stateSbyasmall

energygapwheIeno statesareallUwed.Thisgap is onlyabUutalnillielectronvUlt

andplaysaveryimpoItantIoleinhUⅥ électIons tunnel intUsupeIconductoIS.
LetuscUnsiderathin insulator sandwichedbetweentwUmetals,asshown

inFig617a.NoImalmetalsarecharacteIizedbytwUimportallt prUp㏄ ti㏄ :i)the

Fermilevelis in therniddleofthebandandelectrons occupystatesesSentiallyup
tUtheF㏄ mileve1.There拍 noenergygap㏑ thiscondtct沁 nband;ii)Inn° rmal
metals,electIUnsactasferrniUnsandastheytraveltheysulTeIscatteIing

Whenabias憶 appl抬 dtU七hemetal封 nsulatUr一 metaljunctiUnelectronScan
tunnel from one side to the otheΓ and current nUws At small applied bias the

cuIIent一 voltagechaIacteristicsaIeessentiallylinearasshU、vn inFig.617a

NUwletuscUnsiderajunctiUn inwhichan insulatUIis sandwichedbetween

twUsupercUnductUrs asShUwn in Fig. 617b Inthis case weIerllindUurselves Uf

two impUItant propeIItlesofsupeIconductoIs;i)CafIieIs move㏑ p㎡fsofchaIge

切 in thesupeIcUnductingstate;ii)thep血 路 Sufferη U㏄ attθ 而 η夕 dtlhngtIanspUrt

Thus lUng-rangephase cUheIence is maintainedin the wavefunctiUnofelectIons

ThisallUwsustUdescΓ ibethecarrier transpUrtandcuIIent nowby.simplysUlving

theSchrδ dingeΓ equatiUn.

For七 heSupeΓcUnductingjunction iftheinsulator is thinelectrUnpaiIscan

匕unnelthΓ oughthebarrieI However,unlikethecasein noImalmetals七 heSeelec七 ron
paifs can move aΓUund a clUsed wire tU cUmplete the cuIIent, since there is nU

scatteringpathΛ saIesult,current nowsε 究η jη t加 a杺仰 ㏄ 好 aησ apPlj㏕ 加“
Whenabias isappliedthecuIΓ ent isfUundtobecUnstant up toacΓ iticalvoltage
Vt BeyUnd七 hiSvUltageelectIUns tunnelacΓ oss thesupercUnductinggapandnoΓ mal

Uhrnicconduction occurS. ThecurIent一 voltagerelationsfUrasupeIconductUI aIe

shown inFig 617b Thehighlynon一 lineaIcuΓIent一voltagereIationsareveryuseful
foΓ devicessuchas mixeIswheIetwodi且eIent micIowavesignalscanbe ‘‘rniXed” to
producesumanddifeIencefIequencies.
ThedetailedanalysisUfthecuΓ rent inasupercUnductUr tunneljunction

(calledJ° sephson junct沁 n)is sUmewhat lnvUlved,but心 ghenbelowfUrcomplet鈴
ness LetuscUnsidernIst thecasewheIenUpUtential isappliedacIoss thejunction

賦免 C。nSideIthesirnplecaseinwhichthetwUsupeIcUnductUIsareidentical

Letψ lIepIesent thepIUbabilityamplitudefUItheelectron paiIsUn onesideUfthe
junc七 ion,andψ 2theamplitudeon theotheIside ThetiIne-dependentSchrδ dingeI

equatlUn而θψ/a=孖ψcanbeu㏄ d七 odeScribethecUupl㏑ gandtim鈴 dependen㏄
oftheelectIon paiISonUnesideacIoss thejunction.Theequ&tionsforψ l andψ 2

國立清華大學物理系 (所 )研 究室紀敘
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INSULATUR
【NSULATUR

EF

(a)
(b)

Figure6.17:(a)Aschematk of乙 metal→ nsulator一 metaljunctionwiththeb乙 ndpr° nleseenbyelectronsandthecuIrent一 vUlta8erelat站 n (b)AschematicofasupeIIcoilductor一
inSul乙 t。 r一Superconductor junction.

are (ch。 UsingtheeneIgyofthepaiIIsaszero)

兩警=π╯ψ2
碗等=勸仇

║五機I絲裝::重

一

:fξ :日兜拌盆s╕ll作呼豔:翠T::::生::::::早〃tunnelingprobabilityacross七 hebaIIieI

Wri七 e  Ifη
land冗 2arethepaiIdensitiesUnthetwo sidesUfthejunc七 ion,、vernay

(6.36)

(63列

一

ψl=Vtε
jθ l;怮 =Vㄞε

jθ
2
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Tl】 isgives,frUΠlEqn.635,

等=瑞神午
警=劦↗2穻

妨等一扣12ψ 2

奶等一知屾

(637)

(638)

(6.4U)

Sirnilarly,wehave

lVemul七⋯ IyEqn637byv偏 予
īθ ltUUbt㎡ n(wedenneδ =θ 2一 θl)

言等+仙 1警一青拖加祊
t

吉等
+斻 2警

一 青
葧 V坑 1n′

瑐

EquatingtherealandimaginaryteImswithineachUftheseequatiUns,weget

等=穻麻 ㏕;等一縉ㄅ晒由nδ

警一午(午)v2c㏄δ;警一午(剺)v气sδ
lVenUwassumethat nl和 n2,Whichgives

警=警→賽=U
and                        

θ冗2    θη1
θt     θt

ThecuIrent nUwacI。 ss thejunction is

JⅨ
π丁 =一等

碗警=蹋ψ2一ε呦
而等=蹋ψl+ε yψ 2

J=JUsinδ =JUsin(θ 2一 θ1) (639)

ThepIefactoI JU is pIopUItionaltUthecUuplingmatΓ ixelementUrthetunneling

prUbabilityofthepaiIsacΓ oSSthejunction.Λ n inteΓ estingfeatureofthiSresult is

tha七 tKε rε 石saε 也Γ●eη tβ Uη aε TUss t方 εo包 m&jUη ●η t方 eaδεεηce好 aπ aPP‘
jetvUttaσ ε.

ThecuIrentdensityIiesbetweenJUand-ˊ U,dependingupon thephasedifreIence
θ2一 θ1.
Letus nowconSiderwhathappenswhenasmallvol七 ageyisappliedacIUss

thejunct沁 n.Asaresult ofthisvoltage,there沁 anetenergy山 frerence。f2eVas
aCoUper paiΓ  crUsses thejunction As aresul七 , one Sideofthejunction has an
eneIgyof一 eV 已 ndtheotheIhasanenergyeV.TheseteImsleadto七 hefUllowing

equations:

｛ 一‵
一 ●〡

—————————
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PIUceedingaswedidfUrtheˊ =Ucaseweget
〡一

(6.44)

等=穻 v羾吻蕊n山 一等知而㎡nδ (6.41)

≡音旦(青手)l′
2c。

sδ
;

一 等
一
學 侍 )v2cUsδ

仰 勾

Unceag㎡ n,using仇 1∼ n2,Weget

θ(θ2-θ 1)＿
θt

Upon integIatingthisequation,weget

啊=Ⅸ的一罕
ThecurIentacIoss thejunctiUn is nUw

J=元血
lJ(Ul一竽 ) (643)

T元eU也ΓFeη tUε tJ化北 SVσt方 arrectεηUσ

T㏑sobseIvat沁n拍 usedfUr prec拍 emeasufement of青 .Iftheappl拍 dvUltagek
inCIe路edbe9℃ nd色 CIiticalvUltage,a白 ShUWn inFig.6.17b,thecuIIentIeveIts toan

UhmicbehaviUI,sincethepaiIsaIeabletoexciteintUthesingle＿ paIticleelectIonic

spectIawheIethetIanspUIt is notbyCoopeIp血 Is.

The tunneIingpIUpeIties ofJosephsUnjunctionscan beexploited, alUng
withtheuseofma,gneticn可ds,tUpIoducelow＿ poweId㏒ it甜 lUocdevicesand
eXtremely sensitive magneticneld measuIement instruments. These applications

aIediscussedinAppendhC.

婉
一&弛

一a
一
〃
一為=

θθ1一
仇

=
鉐

一a

2εy
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鵠緊驟窘攏蹓£S;t早:錦卦潪
p°tent︳ a︳ energy.┬ he︳ r tr司 ectUr︳esare

i渽晷騮帤眾tt:mw㏑°neexpeds

┬unne︳ :ngasastatiUnaⅣ
stateprUb︳ em

丁het︳ me-︳ ndepghdent prUb︳ emcanbeused
tUca︳ cU︳ atethetunne∥ ngbehav｜or of

驟琣fFt:∥塔慰::卄臼ξ鬥:卷有略:早:坪
驟
。
:f吊ξ︳諯●免:驟gε:盟沁到

deve︳ UpedtUsU︳veSuchprob｜ emS.

┬unne“ ngofpartic︳ eshasmany:mportant
app∥ catiUns︳ ntechno︳Ugy.┬ heSe︳ nc︳ ude:

;灩&限 ║#l:ξ !︳另:召〡:t〕:早3ξ琵 繳 蚤
ud田 ng

.PrUduc︳ ng︳ Uw＿ res｜ stanceUhm︳ ccUntactsfUr
sem︳ conductUrdev︳ ces
.丁unne｜ d︳UdesfUrm︳ crowaveapp∥ cat︳ ons.
.「︳e︳dem︳ ss｜ Undev︳ces.
.日 ad｜ Uac｜ tvema!eⅡ a︳sfor medica︳ and
anthrUpU︳ Ug︳ca︳ uses.

Whenpart︳ c︳estunne︳ throughmu︳ t︳ p︳e
barⅡ ers,Ihetunne︳︳ngprUbab︳ ︳︳tyhaSstrong

器糮 子忌:揣留｜γξ景:黯資畔
dev︳ces.

Summ乙Iyt色 ble.
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.AbiUlUgist isdevelUpingamUdeltUundeIstandhUwcUckIUaches mUvethIUugh
thesewersystem FoIsomerea.Son thescien七 iSt d° es notWant t° spend 匕he llext

fewrnonthswiththesecritters TechnologycUmestUthereScue ThewUIld’ s lnost

adaptablecIeatuIesaIei面 ectedwithat〞ε,whichsendsUut signals tha七 canbe

tIackedfIUrn thestreetsabUve.

. Children playing in a lush fUrest somewhe【 e in Africa come acrUss a stIange

jawboneUfananima1.TheyhaveseennUthinglikethisbefUIeandstaIttUu㏄ itas

apIetend weapUn ApassingpaleUntolUgist seesthemat playandasks toboΥ rUw

theboneAfewdayslateIaworldwidepIessIeleaseannounces:J╯4ⅣBUⅣEUF人
身θ 9rJZ乙JUⅣ ΥEA屁 UtDDfzlrU∫ 4́乙ㄏED召 UU刀兜 ED
.Λ high-densityseΠ 】iconductoΓ rnemofymanufactuIingplanthasdevelUpedanew

U加 tat9Uη PrUεεεεthatwillbeusedfUIgigabitInemoIychips HoweveΓ ,theengineers

nndthattheyieldUfthepΓ Ucess isextremelylow AteaΠ 1ofIeseaIcheIs staIts to

lookatthe pΓ ecise aIIangement ofsilicUnandUxygenat° msUn thesuIfaceusing

a‘εaηη石ησt也甩ηε了斻σm● UF.εεUpε  TheydiscUverthatwheneveIthestaΓ tingsilicon

atornsare ttη ε方εd也PinaCertainwaytheprocess fails.ThiscausestheengineeIs
tUbemoIeprecisein pIepaΓ ingtheirwafeIsandtheyieldshUotsup.
.Ahigh-precision machinetoolcompanyisdevelopingadvancedmateIialsfUΓ ball

beaIings that don’ t weaI° ut s° S。°n. Special ba11beaIings afepIepaIed with a

t也 j‘t-● n tja夕甩U“’ε tUUt As rnicroscUpicweaIoccuIS in the bearings duringuse; a

signalis sentUutgivingtheexactlevelofdegIadatiUn
.ScientistsatareSeaIchinstituteaIefUllowingaproⅡ lisingleadto

cells individuaⅡy TheyhavedevelUped a方 U仍 j屁σm。 leculewhich

itselftUtheofrendingcells.UntUpUfthis rnUleculethereseaIcheIS

anaTmθdatUmwithazaP＿ θ也η!UnCethehUrningInoleculeattaches

cell,thezap-gun kills thecel1.

InUther ins七itutes,scientists

plexbiUlogicalreactions,bloodn° w
deIs SirnilaI techniques are being

scientists,anthIopUlogists,etc.

attackcanceIous

goes and binds

managetUplace
to thecancerous

aredeveloping七 raεεrtechniques to studycUrn一

thIUughdamagedarteries, andthyrUiddisoT一

exploited by chernical companies, agIicultuIe

ˊ

國立清華大學物理系 ｛所 )研究室紀錄



分類 :

編號 : 刃
一

總號 :

段
=出
+I十

一

;::::::︴

一

║:︴｜:I:║ :｝。【∥:片枝∥┐
°
:∵ S罕玷〝

一

i︴
briIliantI〕 li〔 i、 l〕 tl、∥()I)︳ ly、 i(i、 〔$lcI)hcn II:lwkiI】 片P｝

()p°
、
c(lthtlt l)∥ lck︳ 1()｜ c、 :lr(:

#抖∥∥i∥

一

#｛魽∥｜∥∥∥︳｜∥∥i一║｜∥︳∥#茫
一 一 一 一 —— —

— — —
—
—

—— — — —
—
—
— — — —

— —
—
—
—
—
—
—  5Abric〡  I〕 ｛ 1‘ )(｜ l⋯ ｛i.Il｛ o︳ )｜ :l(k｜ I〢 (、  

、

 ︴ ,ltil(︳ iIl(:｜ i〡 ㏑ ｜ (｜ W｛ Ⅲ 〝 〈 〝 l｝
 一
Ill( k、 I〕 :li‵

、

lIl((、 (∥ (λ .!lt.●
l｜

ReIafi、 tγ∴P╮｛｝

StcI)｜ lcnW II:lwkir】片 (I｛ )‘︳2-
),:l｜●ri｛ i卜｜】a‵〔roP｜】冷ici、 l,

｜】:t‵ n〕 :t(I(.n】 ;li()I(()ll tri｜ )〔 l〔 i()n、
i°
Pr()︳ )!(:IlI、 inC()、m()Iogy,︳ !】 -

c｜ u(Iin片  〢】c 〢】coI｝ oI ︳)!:Kk
ho｜ c、  (” r,1r′ vivra′】ηj ilf〞 ,r,〃

、′)9� t,t rl,‵ )

FUr「 cadab｜ caccountSoFt(ln:lcling〔iUInl)｜ ackholes,

S W Hawking,“ Tl〕e。 tl乏 ln〔um、Iechanicsof
H()!es,” ∫打 A9,,,Januarvl979,PPt｛ ＿｛();andJD

cnstein, 
“
BIack-hU｜cTherΠ】o(lynaIη ic$,” r’ ,I｝∫ 殈 ”

tla●  198U,PP 2￣ l￣ 3l Thesccondti tlcis$omc、 vhat

advance(l,andcontains ldditIonalreItrences

、
()〔h.lt｛ h(:likc｜ il】 ()f9(l()〡  :t llIlll〕 CiinH(〝 cll〔 ini〔 i〔 llI、  l】 l:l) b( (ˋ ｛l(、 1,lC︳

、
 
、
l】 I.ll︳  As

lhc ︳)I〔
、
ck l╮ ()︳ c cn〕 il、  P〔 lrticlc、 , ︳】()、、

,CVCl, i︳

、
 n〕 tl‵
、
 ::Il(l 
、
i′ c 
、
︳(‵ l(:i︳｝ (lcclc:lse,

l】〕之lkingitcn、 i(∥  Ik)rl〕 l()lc I)tlI︳ iClC、 t() ｛〔Ⅱ】l】╰〢 ()tlt Il】 〢】i‵
、
v:l｝
 (、
ll】 i、

、
i()I〕 c｛ )l】 liI】〔les

.1tan(:vcr illclc〔 l‵ il〕 gr:ltc, 〔ll】 tilc、 cnl又 lal!ythcl)︳ tlckI╮ 〈)lc r:l(litllc、 i〔

、
cⅡ otltUf

cxistcnccin tlIlcxPk)、 ivcc︳ illIitx｜
′
l、︳lus,II〔 l、vkiIl片

、、
(cl】 :lIi()︳ c〔 t(l、 il〕 cx()l ill)lytU

tl】 c(lcca)’ 之1n(I Cvcl】 〔tl〔λ︳ (l(。 l】】i‵ c ()ftl n｝  ︳)l:lck l】 ()lc (Il︳ cIl︳ :l〔 i()n、 in(li(:ltc ｛hata

片〝片卜1十∴坪:七∵Ⅲ::潔 i獄∵汁︴:i片 H一壯〝潔∵:#機
bil｜ iol╮ tUnS:ln(!lough︳ ｝thcsiˊ c()IlPr()t()l〕  (、 llch:Ilil╮ il)lack︳ 〕()｜ c、 a「 cbc︳ ieved
t()havcbccllIbl、 mc(liust&l、 tc1.tl〕 cBigB之lng()rigil〕 (∥ lhcUlli、 (:l、C)、 h° uld
havcaln】 o‵ tco ll〕 PlCtcIye、 aPoΓ之l〔 C(l in ︴hc 】U ︳)i︳ li‘〉l】 ｝cnts ｛l】 a〔  ︳Υl、 c c︳ aPsed

sil〕 c(: thctin】 c(〉〔crc∴｛ioll

國立清華大學物理系 (所 )研究室紀錄



八二
編
一總

類
一號

$

ThePUtentlal

FnergyUfthe㏕ 仕ogennucIeus

咒:i忠
°㏑Udas由 cal9斑 able

Tm,Uarrange-

mentsUfthenucleiUftheaIn
mU㎡a(NH〕 mUlecule′ each
classicalIystableˊ Placetheni-
trUεennucleusabUveand
belUw,resPectivel力 thePlane
UftheequmateraItriangIe

fUrInedbythehydrUb.ennucIei

一＿ ＿             ＿立 ∟ 血 ∟
努
多 幽 ㏕ 初

矺 u＿ ＿ ＿ ＿

二
/J幼左‘tp t汩「╭′́/tIㄌ′ 勿U╯p′

i()IiI〕 :l︳

〡
.(、
)

(NitI° gcn nl1,1ll)

●

SⅥ】l｜ l】 (:｛ ry

P㏑nc

(b)

+rj     t()‵
yn】 l〕〕ct!)′

P｜
:ll╮ c

↙

(c)

國 立 沛 畢 入 學 物 理 系 (所 )研 究 室 紀 錄



P°tent｜ a︳

bar「 Ie了

U

Distancefr° mp〡aneofhydrogenS

Thc p° tenti‘ 1︳  cn-

一
 
�＿

一
＿
一

A schc!natlc dia-

pIaneUΓ ︳╮ydrUgcns

器汻群阠出1器 :早粽技眾

:::t描 i單帘無潔︴║思F

ˊ

由

一

一 :車 宙╰-├ EΞ 6愉 輻 二ㄈ 6Ξ﹂ :殛
「
E●女 土口↑專



分類 :

編號 : 刃 ′
總號 :

乙t X工 」‘θ一49
〃 ω

口一刀  ′＿＿＿＿￣￣￣￣

-

￣
                                     V′t出口

國立清華大學物理系 r所 )研究室紀錄



兮 ′9:〕≒!:

編號: 6一 ?ˊ
總號 :

hv。 StablePUsii。ns(PUten＿

thatthewavefuncⅡ ons
(a9Ur(cltheant治ymmetⅡ c

= 
一
r眨 十悅

— — — — — — —

┘ 6一 一 一
孚

〨
上

一 彭

。

」
生

)        r

二∠

6U�

ˊ

國立清華大學物理系 (所 )研 究室紀錄



分 類 :

編號: 〃＿夕Z
總號 :

(a)ThenUnstatIUna〃 StatefUrn】 edf)-om thesuPerPositi。
nUfthcgrUund

.1ndnrstexcitedstateSreprescn﹄ thenjtrogenatUm initIally】
Ucalizedin therigh:side

I::i︳:︳:::〨晷全︴::I:!;::j!:##I:i卡 :二一i:ll｝ :║:｜!｝i:｜:
hasundergonelnverSl。 n

Sincc｛ hc｛｜()︳ )I)il〕 片IlcqlIcncyi‵ in ︳hcllli(r()、 v:lvC「 :1ngc,〔 l〕 c:ul】 l】 l()Ili:lIn()︳
-

eculc c:ll〕
 
、
C｝� (｝ :lS :1n :ll� ㄐ)︳ i｜

icΓ II)「 l】 】icr()、 v:lVC 
「
1(liati()n Tl╮ c r.′ 91｝ηr999ja 〃l rt‵ 〞9

撼｜:#║∥║!║i索∥｜｜｜║｜i!!｜〡#∥甘∥∥千〡I亡:#｜
ingUPP()‵ ilc(〢 cc︳Γi(:(｜ i︳ )° lcl91on〕 cnt、 ,tl〕 c‵ c、︳:1︳ C、 a!cca‵ ∥y$cParatc(l︳ )yPas、-

ingthcvtl︳ )()l、 ｛l〕 l° llgh:l nonul〕 iIk)ln〕 clcc｛ ricfic︳
(l Il╮ this、v.ly,.1l】ⅥIl。 nitlvalDor

canbcPrUd〔 lcc(l、vi〔 hll】 ctⅡ〕u、〔l:lⅡ yI:ll、片cc° nccn!rati()n、
()fcxcitcdl】 】o︳ cctl!c∫

neede(l｛
()cIc:ltCthCI9Ul,,tta〞 Ull′ ,lvtr,↑ 9U9lnccc、

、
八lγ n)rnΥ lscroPcI.ation.AsPUn一

taneUtls (lccxcit.‵ li()n l() 〔hc 蹲rolln(! S〔 atc ()l、
()nc !n()IcctlIc rcIcascs a (lllicl° -

W斜 e)p】 〕〈)｛
。

n,Wl〕 ich,il】 ulrn,indllccs()〔 hCrl】 119lCClI︳ c‵ l()(lccxcitcTItr←

sult——I┐ llICl╮ ︳ikc :l ch:lil�  rc:、 c〔 i()n——P!()‘ lt〔 c、 :l ph()〔
()l〕  Cn、 Cn(lc: al╮  il】 tcl╮∫c

burStU「 c()hcrcI】 〔 n】 icl又 州 :lVC一l(!jali()nT︳ k()Pcr:1〔 i° ll〈 )!nm∫ crsand㏑ Scr、 is ＿＿＿＿ ＿ ＿ — —

山郎㏕㏑mm〢㏕ ﹂血 ╘ 一山中 ‵一———
Thc N tllUI,n iS b° und !o thc n〕 U】 ccu︳ c sU
rSt〔 llc‵ 〕iθ xxcⅡ bcIUxx,thcccntr」 ︳I,n〔 lxiI9nvn〕 o1

｝對:磁
〡
寸淋硌踹茁屮:法牌℉:、#:Ξ :║:::::::::::∥兜忍法｜::

Γigure向 -3︳ l, ┐
「
l〕 is iicqucncy i、 (】 ui〔 c IU、vcUn� ptlFed with thUscUI l〕 ╮o‵ 〔 n〕 U︳ ccul61「

vjbmtiUns、 tl iItcllh之 ll:〢 lowedthcNtl〔 UI,ltunneIinglrcq〔 lcncyinN〕 ┤〕tUbetlscdas
thcs〔 tl ndtlId in thcnrst rJˊ U〃 l1‘  (′ U6人,, dcvice‵ th之 l〔  I�

。
林′prUVidc the 

、
vor︳ dSStan-

dardfU「 pIccj$jon til╮ ╮ckccPing

、﹄
↗
ˊ

鬫 十 店甚 大壆物 理 系 (所 ｝研 究 室紀錄



類
一號
一號

分
一
編

一總

┬

。

P︳CSS┬∪D｜巨D

巨︳ect了
。
nS︳ n︳
「
eeSpace

CrySta∥︳nestrvctvres

C「ystaⅡ ︳nesemicondVctUrs

「
errUe｜ ectr︳ ccrySta︳ S

Sllm m〔 LIvt【 Ll)︳ c

KΞYUBSE日 VA┬｜
。

NS

.匚｜ectrUnshaveanene「gyξ =h2〞  +ˇ U

.Dens｜ tyofstatesde︳ inethenvmberUfa∥ Uwed
sU︳ u∥ Uns(Urene「 gy︳ eve｜ s)pe了 VnⅡ VU｜ umepervn∥
energy Dens︳tyUIstates isaveⅣ ｜rnportantcUncept

andisdependent on thed｜ mens︳ onsUftheSystem

.┬hewavefunctionhasap︳ anewave┤｜kebehav︳ or
‵′∼Vkθk.rwhereVk｜ spe「 iodic
.┬heener9yo｛ thee︳ ectron｜ snUtcUnt︳ nuUus.
AⅡ Uwedener9ybandSa「 eseparatedbybandgaps
.Anewparameterk｜ s︳ntrUduced 

「
UrmUst

pvΓposes｜ 99kac!sasamomentumofthee︳ ectrUn
ins︳ dethec｜γsta!

.Pelec!per︳ od｜ c｜tyeX︳ StSin thea「 rangemen!Uf
atUmsU「 rno｜ ecu｜es—

—
producedbyp︳ ac︳ ngabas｜ s

Un｜ at!｜ cesites

.Sem｜ cUndvctU「sSVChasSi,GeandChavea
d｜amondstrvctu「 ewithanvnder｜ y｜ n9︳ cc!att｜ ce
.Sem｜ condvctorsSuchasGaASand︳ nAshavea
z｜ ncb｜endes!「 vctureWithanunder｜ ying｜ cc｜ att｜ ce.

.Svchc呼 sta︳ shaveabv∥t.ine︳ ectr｜ cd︳ pU｜ edVetU
thearran9ementU｛ pUs︳ tive｜ yandne9at｜ ve︳y
cha「gedatUms｜ ntheStrVctu「 e

匚︳ectrUns︳ nape「｜od｜c
po!entia｜

田 市

一

垂 大壆物 理 系 (所 )研 究牢紀綴



類
:
一

號
:
一

號
:

二
編
一總
D-

鈱器驟鬧恕犤踹:甜㎜ 峊攭︳d
.┬hereareaseriesUfaⅢowedene「gybands
separatedbybandgaps.
.巨

一

ctrUnscannUthaveen° rgies㏑ thebandgap
reg︳Un.

多黼 蹦 簪
省窩跱!讄驟n毛 r

蕊攏.h㎏
hestbmd治 paⅡ k封V肌djametal

.┬heh︳ ghestUccup︳ edband︳ nasemicondvctorat
UK︳Sca∥edthe昭如e刀εθ°θ19d

」纓糯:鶚七

一

:%召驟驟品措評
︳szero.

Summ己rytable

一 
一

田市 j舌 菙大學物理系 ｛所 )研 究室紀敆



分類 :

編號 :一 D一
總號 :

�  c。 r。 ΘvΘ︳

- c。

「
Θ｜eve︳

H︳ ghΘ st occVpiΘd
bandis paㄇ ︳aⅡyⅡⅡΘd

HighΘ s!occup｜ odband
iscomp｜ o︳ o︳ yⅡ∥od

║︳:::辨楉掛::t坪I趴║出‵℉#::║
tlle㏒㎞°cc∥ p杺山㏕砒咪杺p麻uⅢ y
workfunct︳ oIl Inπ se:nicon｛︳llctor it｛ ,UI(,t︳ le

︳liε hest occlIpied b.lnd iscomp︳ etely Fl︳ led witlI e︳ ectroI】 s 〦n(! tIle next I)孔 Ilㄑ ! is co【 npIete!y
empty The sep孔 【〦tiUn l,etween tIle 七Wo b位 ndS iS tIle b.LIl(㏒ 元p ε

。
 
′
ΓIle (:lcct【 on 狂mIlity

rln(l work Γll nction 孔re:L心 os“own

田市活華大學物理系 (所 )研 究室紀錄



MUB〡 LECARR〡 E日 S〡NMETALSANDSε M〡 cUNUVC了 UnS

METALS
tv“‘

f
ε日

I
‧

〡
—
—
—
 
 

′.
‘

〦
′
一

口
一

E︳●ctrons in the
conductionband
canca“ycurrent

〡

Fi‘ure4.27: (孔 ) ΛSChe:n.ltic
mctπ︳s;(b)IΠ saI〕︳condl!cto【

,

I)孔 n(lC孔 nC.FLrry cl:Γ rent

｜‵︳lowi田 gm。 b︳︳ec〦 rricr(c孔 p扎 b︳e
oⅢ Iy electro:ls in the condllction

ofclrryinε  cllrrent) i︳ l

bπ n(l lloIes iΠ  the v孔 l︳Ie

SEMICUNDUCT○ RS

一  ε

▲
T
｝

〡
 
>
˙

‘
」
ˊ
四

 
 
↗
/
了

〡
〡
l
\
、

Mohi︳ ccnrr︳ crdcn〝 ity

=,I+r,

INTRINSICCΛ RRIERCUNCENTRATIUN

FΓon】 ourdiscussion on me匕 tllSandsenlicor】 ductofswesee七 hat inameta︳ ,cuΓ ren七
一 — — — —      nUwsbecauseoΓ 七hee㏑ ctrUⅢ P喵 en七 in thehighest(p缸 tially)nll㎡ bandTht

is shown schematicaⅡ y in Fig 4.27a. The density oΓ such eIectrons is Very h咕 h
(∼ lU22cm-3) InaSemic° nductoΓ ,on theothe【 hand,nocuΓ rent日 owsif七 he
vaIencebandis nⅡ edwi七 helectronsandtheconductiUnbandisemptyofelectrUns
However, ifsUmehow emp七y states oI holes are created in 匕he valence band by
iemovingelectronS, cuΓ !ent can now 匕hr。 ugh the holes. Sirnilarly,ifelectrons are
placed in the conduction band, 七heSe elec匕 rons can caΓ Γy current This is shUwn

schematica∥ yinFig 427b If匕 hedensityUΓ electΓons in七 hecUnduc七 ion bandis 屁
and 七ha匕 ofthe holes in the valence band is p, the tU匕 aImobilecafIier density is
η十 p.

IIowdoholesappeaΓ in thevalencebandandhowdoelect!Uns occupythe
cUnductionband?InapureseΠ】iconduc七 or,at nnitetempeIatureSthetheIrnalen＿
ergyUfthecrystal knocks someelectΓ UnsfΓ om thevalencebandin匕 otheconduction

一一┘

國市

一

菙大學物理系 (所 )研 究室紀錄



分
一編
一總

類
一號 -J

band ⅣVhenthishapPens,anelectron一 holepalr is produced IIlthepuIesemicon＿
ductor, theelectrondensityisequalto theholedensityandisdenotedbyn. and

Pj,thesubscIipt ㄛstandinε fUr intrinsic It is乙 lS。 P°ssibletocre乙 teh° les in the
V色lenCebaⅡ daⅡ delectrons in thecoⅡ ductionbandbyusingimpuIity色 t。mSWith
speciol pIoperties This pΓ ocess iscalleddoping,andwewilldiscuss this in theⅡ ext
chapteI.＿   ＿  ＿＿  ＿  ＿＿  ̄  ̄  ̄  ̄    ̄ ￣—— —

IE9
︳

几 Eε

￣ 与

一

Figu!e4.28:A                  
。
fs七乙七esof七 heco

.ⅡdⅣharethee                    °fst乩eS AlSosho

theoccupatioⅡ p                    Ⅱs The工 esult㏑ ge

areshown For                     t。 I π =扔 slnce
coⅡ ductioⅡ b乙ndleavesbehind已 hUleiⅡ thevaleⅡ ceb乙nd

卿
\
川用馬〣

∞

乎

一

跍

國立清華大學物理系 r所 )研究室紀銀



/A尸 p︼λ�j′t∠ ..
了 t

Rq甲IA.Freedman

PatlI又 H田〕Sm乏 1

/)′ V,tt,t,〞
6〃′6｜/〃/● 、

′‘、
｛ ,′′,I〃 ,、 t/、  V/ ( ‘t′｛/‘”v′ tt′

、
‘t〃′‘t′ ;‘〞l1‘′,〃

綰
THESCANNINGTUNNELINGMICRUSCUPE

｝〕cba‵ icidc.loΓ (︳又lan tlll1╮ !lnCCh.lnic‵ ,tI〕 atI)al〔 ic｜ c‵ l】 avcI)】 ()｜)cl tic‵ ()f〝
,avcs nnd

、
icc 
、
crBa、 i‵ tlln o ng t︳ 〕c strangc、 t｛ btl nd tll)、

、、
h(l( in scicn(c Bc(auS(. ()f this

‵｛r‘lngcllc‵ ‵.之ln(lI)cci1〔 l、 Cq tltln〔 又ln〕  I╮〕cchtll〕 i<‵ lllo‵ l︳ ) (Ic.ll$、vith〔 l〕 c、 cl｝
,‵〕l)〔 lll,j〔

n〕 igh｛  ‵ccn〕  l() l〕 a、 c ︳i〔 t︳ c Pl‵ ttc〔 ic.t〕 之ll)I)︳ ic〔 t〔 ion ′‵
、、、
c 
、
V∥ ︳ Sho〝 ,ill tl】 j‵ c‵ s:l｝ , h°

、
‵cver,

on(, °f th(:b.l‵ ic ｜)︳╮cn(〉 nlcn:l()〡  qtlan〔 t!nI 】91(.(l1.、
lli(‵——〔hc 〔lll╮ l〕 Cling()r r)tlΓ 〔ic︳ cs——isat

〔l】 c l】 c〔 ll〔  ()I 〔l 
、
(一 !) I)l、 :l(tictl〡  (l(、 i(( 〔｜161｛  i、  ()nc (〉 I ｛l〕 ( ll╮ ()、〔 ︳)(八、

Cr｛ u︳ ll】 icl()‵ C()︳ )c‵ cver

︳)〔 li︳ tΠ】li‵ dc、‥((.、 dk v〞 ,1,.ll′ g′〃〃,′ t,ˊ 9,｝g〃′〞9r,,r rl/,r,oI,、 7╮ f.(.lI.lI)l(、 Ph)〝 i(i$〔、
〔()l】 Iake

l1｜ gl〕 l｝ (l(‘
〔.lilC(l ill1.lHε :、 ()〡 ‵ul1;｛ (╰ 卜

、
vi〔｜l lc‵ ()︳ llIi(〉 l｝  ((〉 l〕 l︳ )乏 ll:lI)!(〔 ()｛︳〕c‵︳′(.<)｛ :l $91lg〃 ,〞 !U,,,

Su(hin1.igc‵ ｜)r()n〕 〡‵
(.〔 oΓ C、 °lt｝ ｛i()l〕 i′ ( ()ll! tIl】 (︳ (.!、｛:lI× ling()〡

、
｛IlI(｛ tIlC‵ :ll〕 d︳ )I()(:(〝

、
C‵

。
n

｛︳l╰ ,:ll()I〕〕i(、 (:llc

l、 c｜｛)l(.(li‵ (ll‵
、
i!】 H〡 l()、、

 l｜ I( SI、

、
1 
、
‵(,lk、 ,、v( Iil卜 ｛ ｜()()k:l｛ 〔ls八 l〕Ⅱ)｜ c()｜ 、、

h:l｛ ｛llcSπ
￣

、
1(:〔ln

(l()Λ l】 i!ll:lg(n):!(︳ (l吵 :l‵ (:lllIliI｝ glll!｝ l〕 (:lilIgmli〈 !()‵ (()｜ )(()Ill｝ (汍 lΓ I● l((Ⅱ〢:l︳ )i╰’((.(〢 g‘ )︳ d

︳‵
、
l╮ o、 vn jllIΓ ig〔 lΓ c︳  

、

V)u(:I!l(’ :l‵ il)‵ (’ (、 ｛︳｝:Il｛ ︳l(mllI:I((.︳‵llol〢 l〕 i〡｛)l nl︳｝〡l:l｛ 、｝)〔 l｛ isa

ΓW｜ m:∥Ⅶ片H片 :｝HH片〡∥#｜︴〡║︴∵｜∥
=｜
淵:｜卜︳F)β::

(:h (:(〡 〡)(! :l!IdI: ‵〡〈〢｜ 
、
〃〢ll“  
、
“ ｜｜︳ ;t〡 、｜

、

｝卜〢

0
 

一
)
ˊ

一

一

256



(
l
〝

l
t
〝

Ⅲ

一

㎏

批

m

｜
、、
\、 lHE、 ( \\\｜ \(; ltˋ \EII\(i、 ∥(｜ (()、 (()︳ )l 257

l ｜

F︳ guΓ e 3  (:l) Γhc 〝:lu｛ lIl〕 (-

ti〈 )ll()｜ :l)〕 (1cc｛ l()Il il〕 lhc‵ uI｜ :tcc

()I thc nIt〔 cli〔 ll ｛() ｜)c 
、
〔〔!(｜ iC(｛

Tl】 c ‵〔l、 (〢
、

Il】 cti〈 )n (:xtcn(l‵  〡)c-

、
°Il(l 〔︳lC、 tll｜ :lcc︳ l〕 〔｛〉｛l╮ C(、｜】】

Pt｝

「
cHi()n (︳ )) 

′
Γh( 
、
lna︳ P ti｜ ) °︳ 〔l

C° l】 (︳ uCti l╮ g I)ro〡 )c i、  l)ro(lgh｛

c︳ (〉

、
c｛ othc、 t1Γ lItCC Thc、

、
tl、 c-

〔tlncti(〉 n ()f :l 
、
tl rlhcc c｜ cc｛ l(〉 !l

Pcnet!.ltc、  ︳nt() thc 〔iP. ‵o Illlt

thc c｜ cc〔 l〈 )n C.ll┐  
“
tunncl” f「 on〕

stl「 lhccto tiP CoInPare〔 hi、 ｜ig-

�lrc to Figure(12d

n
 
d
 
a

Suc￣

hrerI

Figilre 2  ()!l( (｜ (、 iHn ｛i,1 ‘l 
、
(:l!Illi!〕‵ ｛｛!!︳ !ll〢 ｜n片 IIli(!“ )、 ((Ⅱ )l (S!、 ︳)  Ih( 、

:lⅡ lP｜ (. ｛(〉 ｜lt’

stu(li(、 (｜ i、 ｜】I()〢 l〕 ｛((︳ ()II:l｜ )｜ :I｛ (.i!l ｛㏑.(〉 ｜iI〕 (｜ ｜i(iI｜ (li‵ ︳l Ih← 〡)I(〢 ll (ˋ ｛(ll(!、 l)(.Il(、 〢｜l 〡〡l(

left〔 !iP｛ 〉(｜  Ihc｜ !!i(I(,ml(｛ (l:｛ 〔｛:l〈 ｜l(◥ ! ‘｝｛h( 
、〡
)Ii｜ lHi、 〔l、〈.(l｛ 〈)｜ )(〝 iIi(ll｝ ｛hc、 :lIll〡 )｜ (

serics(Ⅱ Ic〢 :l((、
、
(｜ )八 l:l｛ (.(!︳ ) ‵k1)、 ｛︳l:l(:llc｛ )I〢 y()l\::l｛ (川 llhi片 ︳l (:(IⅡ (:(° 〢 lI片 :l｛ i〈 )Il、

can｜ )c‵(cn in｛ h(｛ (、 ｜I(l((,、 .(‘ l〔 I‵ C(l｜ 卜 、
ll｜ )〢 cl(、 :l〢 :lnH(:nk.IIl‵ (〢 ｛hC片 ()｜〈l∥ ｛｛)I】 l、

、、
h:l｛ ｜】l:lk(.、 lh(卜 I、 !、 ,I(﹁ il:lIk:I｜ )｜ (、 ｜

、
｛hc｛ ilk.lπ、咻〈)｛ 〔hc(︳ (.t!i｜ 〢l:Ⅱ (.l!l〡 )(:、 (、 CniIl

iΥnages、〢(h il、 ⋯ig〔 Irc ｜  Ill( ,.,,rll〃 〃rlll in 〔｜li‵ iln:l‵ (.— ｛̄hilI i‵ . (!lc 
、
i/(: (,! ｛｜I(: ‵｜l).l!︳ (〝｛

de〔 .li︳ tl!:ll(:l〢 ｜〉(.(li、 ((.!n〈 〢——i‵ :I｜ *〉｛｛｛2、 (t× Ⅱ) 
Ⅱ〉n〢  ll〉「

:ln〈 )︳ (｜ ilI:lI〕 Illi〈 IoM()I)(,

thelc、 o︳〔l〔 i｛ )︳】 i、 ︳i!ll｜ lc〈 !〡 )、  ｛hc、、
:l、 c｜ (﹁】H〢〕(〢 ｛l〕 c、、

:l、 (、

、
l!‵←(｜ ｛(〉 ll】 tlk( ｛h(:︳ ∥】:l片c ︳l〕 lI‵

an。
Pti(:l〡 Illi(!()‵ 〔〉｜)(.｜ l:l‵ :tIc、°︳lI〔 i()n〈 )｛  Il()｜ 〤Ⅱk”  〢Itl〕 t｛ )｛ )｛ ) \.:l｜ )()〔 l｛  ｜〕i〢︳｛h( 、

v:l、 (一

lengt︳ ╮()l、 i、∥)｜ (.｜ iHh｛ 、‘lll｛｜、
()(()ll︳ (｜ Il(、 (、 r、 h()〝 ｛hc(k、 〔:li｜ (li、｜)｜〔l｝ c(｜ inIFigll!cI t｜ (:(〔 I〈 )I〕

micro‵ c()｜ )(、 (:li︳ h:l、 (:ll(、 (〉 l｛Ⅱi〈 )n(〕〡?、 ︳)yll、︳IlH(、｜(、〈:〡 I｛ )｜〕
、、
〔t、〈
、
(9︳ 〝:l‵ .｜ (’ nH〢 l !‘

、

°l
shUrter ΓI()!l〕 ｛㏑C(l(〢 6｜ ()H｜ icIi)rlIlll｜ :l八 =方 ′

/,,l︳
】cck(｛ r〈 )Ill〕 l()Il】 Cn〔 lⅢ nl,r((︳ lliI(一 (!｛ φ

givethi、
、、
:l、 c｜ (l〕 g〢 〕 i、 61｛ )()cV//‘ .(()Ir(.‵

I)()I】
(Iin片 ｛():lI】 Ck.(〔 !｛ )l〕 

、
｜)c(\l v=/,/′ 〞,( =

18× l｛” !】 ‥́
、
 lk:｜ (.(ll° Ⅱ‵Ⅱn、 c｜ in片 八｛〢】i、 higl〕 ‵Pcc(I、、

()ukI｜ )cnc〔 r:llcin〔 (〉 〢π、ink.ri()r

ofthe I)i(一 cc °｜ 片il〡 (｜ in ︼︳glIlc l, i!!l<｜  
、
° 
、、
()tl︳ (l gi、 (. !l() il〕 !t)「 nItti()I】  tl︳ )。 ut in(!i、 ︳(lt1.l｜

surfacettto lI〕

、
TheiIΥ \嘿 cillFigll(.l、、tl、Ⅱ〕il(!(〢 )、 (λ .r(lI‘ iIlnig,I︳ cinIicllRo︳ lll1.〔 ln(｜ (oⅡ :l〡 )oItl〔〈,1、
:弋:i:λ芒

=｜

:∵::j就〝:i〡 ;lt:1｜):I:潔｛║:l｝∵琵(i｜:′║iH∥l:︴:

幸∥掛
卄忍｜:::::∥︳●｜:l::持i潔t羋甘:H︴︳中代叫l:Ξ :

Une(les暗 n lk)r〔 ll╮ ST、 Ii、 ‵19o、vniIlF咕 uΓc2 Thcb.1‵ ici(lc:tbehil〕 (l its〈 )Pc「 ati° ni、
ve3simP︳ e,&sshU、

、
n inΓ igtl rc3 AcUnduc● ngProhewi〔 havc,′

、
harI)tiPisb「 U〔 lght

neai‵ 〔hcstlrI︴ lccto︳ )c、 t tl(liCd Bcctl tl、 eit i‵ a〔 tl lctC(lto theI)osi〔 i、 (:i<)n‵ in thc‵ ttrI● tce,



CrLkPTER6 TUNNELINGPHENUMENA

anelectron in thesurfacehasalow.,ertUta〕 ener田 thanwouldanelectron in thcemp中

sPacebetlA,eensurfaceandtjP Thesame thjngis truefUranclec〔 rUn in the dP In

classicalNe1.i七 Unianmechanics,eIecjonscouldl〕 ot movebehvcenthcsurf公 Ceand心 P
becausctheywouldlacktheener盼 ’t° escaPeeitl╮ eΓ Inatcrial Butbecau$ethee〕 ectrons

Ubc)’ quantummechanjcs,theycan‘ ｛unncl’
’
acrUss亡hebarrjerofemP● ’sPacebcΠ

、
.een

thesurfaceandthetiP LetusexPI。 retheUPeratI° noΓ thcSTMin termsUfthcdiscu‵

sion oΓ tunnelinginScction6】

Foranelectron in tl〕 caPParatusUΓ FiguΓ es2and3,aP︳ otUfthcencrgyasafllnction

。
fP。 si〔 i° n〝,ould〕 Uok likeΓ igure62b Thc〕�orizontalcoordinatcin thisFlgurcrcPre-

Sen tsclcc亡 r° nPUsitI°n NowLis tUbeinterPrctcdasthe〔 lis七anCC︳)c〝vcCnthCsurf-ace

andthctjp,sUthatcUordinatcs︳ ess〔 hanUrcfcr toP° siti°ns in$jdcthcsur｛ jccmaterial

and cooldina〔 csgrcatcr than Ivrefer 〔o P。 sitions insidc tl╮ c tiP 〕
、
l】 c barricr l〕 ejght

I/=〃ψis tl】 cpotcnjala〕 cr田 di“trcnccbc〔、
vcCnanCIcctron ol!出 i(lCtIlcmatcria】 and

anclcctrUnin thcmateljal That js,ancIcctron in thcsurilcc(,1‵ tiPhtlsP° 〔cnti:l︳ encrg
一 σ con�

P之
tI((lwiul oncin、 .:lcuuIn ●Λtztrca〝 ll m lIlgk)rdlcnK)n╮ cn〔 d】 t1l tlk stlr伍 ce

〔ln(I tiP.trclIl:l(lc()f〔 hcs公 n〕 CInatcriaI 
、

Ⅳcwi∥ c。 l】 Ilη Cnl(〉 n tl〕 i‵ :tsmⅡ】lPli° 了｝‵h。 Γtly)

ThckiI】 cticcncr肸  UIanclcctron in thcsurfaccis∠ Γso th〔 l｛ an〔 lI】】。
tl了 l〔 ()IcncIgycqual

l。 (tl一 4F)IYl tl㏎ ︳)Cgivcnk)ancI(ctIon〔 ()rcIn° VcitIⅨ )IIlㄩ〕c‵ tIrI:lccThlls(V一 f)is

thcwol kIIInc｛ ion oIanclcctron ill t︳ 】c‵urnlcc.

】.〈 )l-〔 hcI)U｛ cl╮ ti:llcncrgγ cul1.c° i Figurc62b,onccol】 l(lcxPcct tt‵ lll tIChlunnc〕 jng

IioIll〔 llc$urItlccin〔 ()thctip tl、 in thc()I)P° silcdi︳ cction.In〔 lnSTNI,lI〕 c(︳ ircc｛ ion in

、
vhi(。 llc︳ cctrons｛ cnd〔°cross thcb:lrricr iscont1.()l︳ c(l｝ )y〔 lPl)】 yin片 :lv。 Itagc〡 )ctwcCnthe

‵〔Il‵ fhCC tl l╮ (l thc tiP 

、
Ⅳi〔 h PrcIc.Γ cn titll t〔 ln n(:Ijr〕 片 II。 n】 thc stlr︳ :｛ cc i】】l<) thc tiI), the tIP

‵:llt〕
P︳
C、  〔hc (li‵ ∥ibution 

。
i c︳ cctI()l� 卜jn :lnd :l︳ )ovc 〔】)csurItt(c l1cc:lll$C ()I tl】 i‵

“
bias’
’

、
()lt.lg(:,t︳ lc、ⅣorkIunctions oI、 urllcctl n(l〔 iI)tlIc(li∥ trcnt,givi!lg:、 I)rcIc.I﹁ cd(lirccti。 n

(〉 ︳ tlⅡ 〕l｝ c︳ il】 g t、 hi‵ i卜 t〢 s() :lll)° nlt｛ l｜ (a∥ y 〢!(. (:l$C iI ｛h( ‵urIIK(.:tl】 (｜ li︳ ) :l)( IIltl(︳ ( (〉【diΓ

ft「 cl】 l!〕 1.t｛ Cri.l｜‵ 】Il tl(IditioI〕 ,t｜ lc【 ()P()I ｛hc｜ xtrricI in FigllI( (9之 b、〝i︳ l ll(,lI〕 c f︳ :ltbut

〝ill b(. ti｜ 〔cd 〔() rcrlcc〔  〔hc c︳ c(〔 ri( 〡i(〢 d l)c｛
、
‵(.Cn 〔︳!c ‵ll「∴l(( :llld ψj(. l︳ P II th( ︳)arrier

c∥ 〢 肸 Γ i‵ ︳〔lrgcc()nlI):tlc(lX● it︳ lt︳ k(liI【 t:I(、 I】 a.︳ )ctwccl】 〔l】 (.ml「∴｛((:lll(l〔 iPw()「 kiunc-

｛i()I】
、
,l︳ ()、‵(VCI,al】 dif〢 lcl)itl卜

、

()!〔 tlgci泌 n】 al︳ ((〉 I】 】︳)aΥ
、c(IⅥ⋯〔l】 ¢ll=tˊ φ.w(.atl｝ ignUre

lhcsc(()l〕 lP】 iCtl｛ i° n、 i!】 ourca︳ (t∥ tl〔 iolls 
′
Γhcn:ll︳ 〔I】 (.I(:‵ u︳ t‵ Ik)I:l‵ (｜ tt:lI(l):lI｝ iCIgi、

,en

=l::c｜

:::Ⅳ〕:::︳片i片 :｜ ::I卄 H::I:I〡︳︴甘｜】出;︴::(代∥︴ㄗt↑〔片l:E片
〡 Υ
(.rM)“ m】 din tl,cNol乂 lP「 i付 ︳CCtll】 (oIBil〕 IligaI〕 (lR()︳Ⅱ(.r(卜(.(Stlgs“ ●〈)nsfUΓ .

〕Γur〔 hcrRc〔 l(lillg)

Tlkc︳〕〔l「 aacIi、 ti(ka︳ col︳ cngthk叮 tlln nclingi‵
、
lll)y〢 l(、 w(汀 k〡 lll〕〢i()n(σ 一E)

IΓ (〉 It1● 19ic八︳Vt1l〔 lc(〔
i一
口∵)=4()cV.〔 hi、 sctt︳ C()〢 cnK〔︳〕︳卜

91‘

δ =
︶
‘
2〃 tc(〔

.一
′Γ) ︶

r2,′
t(╭
ㄓ(〔 ;一 ′。)

刊 ㏕ ┤ ㏕

:∥ ∥ ● ｝ :〡∥ ∥ ｜｜:無 E∴ ︳#｜ #∥ :#∥ I｜ ║ ︴ !I｜ ∥ 髆

I〕 I()l)lcⅡ 1 5 Ik)l- γ:〕
、
｝〕c cur】 cl〕 ｛ ()〡 clcct!<,1l‵ tⅡ l〕 nC︳ ing〔 l(Io$‵ tl〕 cl)tlΓ Γi(一 I i‵ ‵i︳ nP︳ ) PrU′

I)〈
)】 〔i()n.ll lo 7: 

′
ΓlIc 〔╰lIⅡ 】CliIlH (tⅡ 〕cl】 〔 (lCn卜 ｜〔〉 (::｛ n l)( Sh(〉

、
vll 〔() l)(

,=侖 �”δ

Ill 〔l!i、  (.ˋ〡)l╰
.‵‵i()l】  ‘ i‵ ｛hc (l1.llg(, ()I t︳】( (︳ ((〔 !(丌｝ :l︳】(︳  

、
 i‵  l〡】( ︳)i:l‵  

、
()︳ ttlg( 〡)c〔

、
vcen

‵〔llI:((i｛ I〕 (l〔 i︳〕

bet

cu1

●ㄗ

cur

cre

be、

Lj∫

1S Sl

In

aP:

”

狙

。n〕
︙

哪
翔
c
a
l
〕。

σ出γ

is「

.
∞

。
g
Φ

.
o

η
‘
.
四

「
扣
‵a
「

、
己
之
一
:



(.!!、
l)｛
y

〡il) I!、

.lll(l ti｜ )

((ll〈 )l〕
、

)(｛ 〝CCn

(li、 c〔 ls-

ul、 c〔 l。 n

clcl)rc＿

、
｛ll lt、ce

l〕〕:l｛ Cr● .1l

l hcight
,!itl!tt!】 d

ll(,!、〢野
、
、
ll1〔IlCe

‵h()Itly)

Hy(-q�tnl

一t)is

lllI、 Cling

\〔 lon ln

、、
ccnthe
〉,ll〕 ctip

li‵
.l)ias’ ’

lirccti° n

｛c°〔(li︳

∥tltbut

(. ︳):lrricr

︳)lk「 tl nc-

tl】 lgnore

I(.rglvcn

htlt rcsult

〕
、
In.land

‵!i〈 )nsfUr

(「 一 E)

、、
( (.l!〕 .( Ill〢 I 〢li、 ｛\P‥〝

、
i(Ⅱ】 ｛h‘ ll 〢k.、 Γ

、
︳ i‵
、
(.l、  
、
.l〕
、
i｛ i、 ( 〡()〡 h( 、(P‘ l!‘ lI∥ ｝lI /

｜,1〢〝╰(Ⅱ ｛l｜ ).Ⅱ I(〡 、
｛Il｛ :l((. !｜ li‵ i‵ ｜91‵ :l〔 l*、 ()｛ 〢l(.c0｜ )° i】 cn〔 i:l｜ (｜ (1〤 .Ⅱ (!(.l╮ ((.() ｜｜l← ｛｛lnⅡ C｜ il｝‵

C〔 Ill(.Ill l)Il′ ｛｛︳I!、 i、 Il】 ll(｜ l!ll〈 )!CiI】 〕｜)〔
)〢 ‘lIl｛ 〢】:｛ !ll｜ l(、 ︳ ＿́(!(.〡 )(.l〕 (l(!l(c) \、 〝.、 :l、

、
(tl!｜ l(!、

tyI)ictlⅡ
、
澪
一
 ｜｛) 

、

 ︳I(｜ l｛ (.〡 n(l(‵ l‵ iI〕 g｛ hc(︳ i、｛:ln(c′  〡)v〡 tlM｛ ).l 

、

(allM、 ｛hc｛ lll】 ⅡCil〕 ‵

cll「 r(、 !ll｛〈)〡 )(.m｛ I｜｛︳
l)｜
i‥ ︳｜)、  ll;〔 (I()I�

!｛ ｝｛Ⅱ )̀｛ I｝
、
｝‵ ｛)︴ )卜 :｛ h‘ l｛ i、、〢l((l｛ !l(、｝】｛(｜ (.

C!(.tl‵
(、 〡)、 。

一

一 、l(｝ I:ll╮ ‵.〢〕:lI、 nl(‵ t‵ IlI:t〡 )l(、 Γ()I(｜ i、｛:lIl((.ˊ 片 l(、 :l｛ (、 l｛ ｜】iIl︳ ｛)\｛ ｛｜l:l｛
、
.

l)(:、
(〉 Il(｜ .t︳ t〝

、
:l〔 ()!】 li( (!i:l!n(〢 (、 I、 ｝.(〝

、
cnIi:l∥ > 〡︳〈｝｛｛Il〕 Il(｜ inHI‘ lkc‵ 〡)｜ :I((. I｜ li、 、

(n‵
i｛ i、 i｛

、
 I()

Ii、 〢l〈
.h:l、

i、 ()l〢 I( (l〡 )(、｝:l｛ i〈 )!〕 ll︳ 〢l(、 卜I、
、
︳:Illl)ni｛ ()Iin‵ 〔h← 〔tln｜ lcil〕 ‵(l〡 l｝ (!l｛ 〔l、 ｛｜lc｛ i〡 )

is‵﹂lIⅡ l(.(｜ ()、 (.l｛ ︳〕c、〢〢:l(c‵ i、 (、 il‵ (:Il‵ i｛ i、 (.IⅡ (.:l‵ tIⅨ﹁〢｛｜l(.〔 o｜ )〈’Hl:l｜ )︳ )、 (〉 l｛ ｝I(.、 ll｛ :l((

In 〔l〕 i、 wil、  〢\.S′ I、

、
I(:ll〕  ｜】l(::l‵ ｛Il(、 ｛︳lcl)(.i片 h〔 〈)｛ ‵(I〢 h(c｛ k.tl｛ ll!(、 l(〉

、、
i〢】il｛ )｛ )︳  ╰、〈)!

aPPI()ˋ inl:l｛ c〡
、
 〈〉I〕 (:()!】 C〡 lul╮ (lI((∥ h()︳  :l｜ l ilI()Il｝ i( (!iilⅡ 〕c｛ (「

I1｜ (.、
′
Γ
、
︳t〢
、
()｜ 1〝 (ˋ (cⅡ cIl｛  ｜八I(.!〔 ll!C、 〢ll〔 i()Ⅱ ,〢｝〔l｛ is.lc、φ｜ll｛ ion(〢  Ic〔 l｛ (ll(、 iI! 〢π

Pltll〕
c(〉 l｛ hc、 ll︳ ︳:l(﹂ I︳〕i‵ i‵ 〡)((:l〔 !‵(〢 〡l(.〡 i｜ )‵ l｛‵(.(!ilI(﹁ v,,)‵｜】:lI〡 )ill(!(.(.(!.、 ｜)i(il｜ ︳、

()I!、

an〦 〔(〉 lI〕 rll｛
、、
()Wi(lc.l〢 〡l(.i!(.、 ｛l(.Il〕 C(.!l(! I︳ lll、 ｛lI(｛ i〡 )、 :l!】 I〡 )!｛

、
〢l(.、 lll∥ l(Cc｜ (.(｛ l()】

、

Ul〕 lvil1.l、 c!、 ｛ill、 ｜(.gi()I】 ‘l︳ )｜ )!()ˋ ilⅡ :l〔 (〢 yt 0〝 i(︳ (.,itll〈 l、° (iln..‵｛c⋯
、
(i、 ｜i!l(.(｜ (.ltIi︳  

、
hll

nligh〔 〢〕ink｛ 〡l:ll!l】 :lki!〕 片‵tI(h｛ i｜ )‵

、、
()｛

l〡 (!〡 )((ˋ 〢●!lll〢
、
6li〢 i(l!︳ ｛.h〔 I｛ i!l｛ :l(Iil’

、
!c｜ :l｛ i、 (、

etl〝 : 、Φ〢I(ⅡⅡⅡ
(、
ilI‵
｛ 
、
｜Ⅱl!P(.ni!l∥  ｛h( ｛iP 〔〉l】  :l ｛il* ‵I Il(!il〕‵ ‵｛｛Ⅱl( ｛(〉 ! (、 (n 、、

i｛ h ｛〡l!(

Stl!※ !｜ 9.l〡 〉(﹁ )i、 cn()｛ IHl)〔 ll(:I〢 V 〢
、

(.｛
i｜ ):〢 ()” 〝 〡(ll← 〔I!I:lllH( 〡

、
〔〡1.I!I、 .｜

、
c、 ‥〢()‘ l!I.l｛ ()〢 li-

c:lⅡ｝‵︳1.l!I〉
(｛ )〕 ｛i‵Ⅱ!:I｛ i(〉‥ ｛I!、 (｝ ll︳ i!】 (｜ ｛hi、

、
ⅡIP!i、 i!l‵ 、

、

()lI. (. l()｛ ‘〢〈)n(. 16iIⅡ ｝I‵ :lIl(︳ I文 (lh-

rcI、
、
(.I(’ !l〈 )︳｛

、、
.Ⅱ PIi‵

(.(!〝 ｜｜｛｜〕〢｝(、 (̀｜ i‵ (°
、
(.I(’ (l︳ li、 ｝

】l� ╰、I(:lI(｛
、、
()ll(9(!(、 ｛)〡 (｝

｜)(.I:I｛ i()｜ l︳
i〉 〡︳｜lc、 l、 ｜

、
‵｝l(,、
、
IIIlFi‵ 〔Il( ︳ !n｛ 〡I(‘ ‘,〃

、
′6′ ′〃

t tt/9′
’1了 〃〃9r” ,(Ii片  ｜:l)、 ‘l(()!!、 ClI(、 !〕 l〈 )〡 ×、!:I｛ il〕‵

、

()｜ ｛:l‵ ( (｛ >P(:l∥ ｝ ｜,1l〝 ((!I」 l】 l\ :l!l(!t\╮

is〡 iI、｛(〝｛:l︳ )｜ i、｜〝
‵(l｜ 〉(I〝 ((.I〕 ‵｛Il︳ :l(c:l】 l〈 !｛ iP ｜︳l( ｛i｜ )︳

、
〢 l(、 !l｜ ,I(,lIH｜ l｛ (︳ ()‵ ( (〡 l()｛ IHh｛ Kl｜ l〕 (

stlri︴ 1((.(,｛ )︳ 〉｛:liIll!l(:l、 llI:l︳ )｜ (一 ｛｛!lll】 (〡 ｜｜l片 (lI!l(I】 ｛ Ih(｛ i︳ )i‵ 〢lt l〕 v:lIlIl(.〢 (〉

、
(.!〢 l(、 llI︴ :lt1.

｜
、、
\、    IIl1●

、
(\\\｜ \(‘  ｜〔\\III\(.\Ⅱ (l<()、 (()!’ l ::F9!)

F⋯
9︳
Γc“  
、
(:lⅡ Iin‵ ｛〢l〕 !l(.i!】∥ !︳ !〡 (l(〝 (｛ 〢八、

(:In〡 )(、 U︳ )一

(.I:ll｛ (︳ in(.i｛ ｜l(.I(:l｝ ｛｜〕c((｝ II‵ ｛:I!I｛ (ll〢 (、 IlI!!I〈 )(〡 (()】 ｛〡)) ｜〕(

((〉 Il、 t:lll｛  〡l(.i∥ !l｛  lIl｛ )(lC Ih( iIll:lH(‵  ()! 〢l(、  ‵!l〢 ;l(｛  ｛〉l

H:l｜ )｜ li｛ c〝 (.｜ (.!ll:l〈 !(〢 ,｜<(h:II(l、 〈)｜〕I〕 (.I!l〈 、(!:〢 ｛｜】(〔 Ili

、
(.!、 i｛

>｛
)｜
(ll︳

i｛●”︳〕i:l:llS:ll】〔il︳ ●:l〢 ):l!:lI︳ I〔︼ l ll〕
、
l:lIl｛ ︳l(、 iH｜ ll

nl｛ )(｜ (.、

、
:l、 ｛iI、 ｛ lI、 6.(〡 〡)、﹁ 0I｜ I、 :II】 ｛.I) ｜)｜∴

一

‵IIli｛ ｜〡.lI】 (l

(: Γ (亡Ⅱ:l｛ (, 199/,/ v́,ㄚ
、
 t́γ  ́︳卜:卜 :ㄘ t 〡!｝卜｛;

(tl｝ ((｝ II、｛:l!ll(〢 〢(〢 lII｛ )〈 〡｛

、 、

〡
=
〡

>
′

)
一

′
 
〕
t
1
=
一

v
=
)
的

一
日

∼
〕t
.
.
。

ψ
.
.
v
∞

。
一
‵
t
一
.
｝

′

nsIniSSi° n

n()tSmεlll

cresuIt。 f

mPlyPro

cbc●veen



CHAPTER626U TUNNEl╯ INGPHENUΛ IENA

、、
hjIc the tunnclingcurrell tJis 】ηcasurcd AItcdbacknc●Ⅳork chal� gc‵ thevcrtical

P° siti° noIt〕〕ctiI) z,〔°kecPthctlln nc︳ ingctl rIcj┐ 〔conStant,t〕�erebykceping〔 hcscp＿

aratjon r＿ be〝vccnSurfhcc,ln(ItiPconstant Λn ill〕 agc()f｛ hc‵ tlrijccis n〕 adcl)yPlotting

二
、
℃ I〝ⅡS︳ a｛ c〕

..l︳

P(〉
‵jti° n(x,n) Th(siIllPIcs〔 scl〕 Clη cfk)rP︳ ottjngtl╮ cjn〕 agcis sl〕 °〝.n in

tllCg「之lPh︳ )c〕 〈)、
、
 th( ‵c〕 〕cll、 llic、 i(.〝  丁︳〕chcight二 i、

P︳
()〔 tc(lVC｝ ‵lls thcsc之ll〕 positionx

ˊ

、

n in〕 之lgcco】 〕sist‵ ()In〕 tlⅡ iI)lc‵ can‵ (lisPItl(cd｜ ,ltclal︳ y︳ ●〈,)╮╮cach()t】 lcrin t︳ lc)(lirccti。 l〕

Γh(,c()l】‵l tll】 tCtIricn1ll〕 <)(lC、 Vl、 lli‵ I()lic之 lⅡ｝ 〔hcrj1.$〔 〔()I)Ctl‵ c(l tli� (Il〕 a$thct1(lvtli� t〦ge

〢ll｛ ︳〔c:ll╮ ｜)ClI‵╰(lt(〉 t】 a(k‵ uΓ IIl((〝 th:l｛ arcno〔 t｛〔()ll╮ iCtll︳ y｛ !tl l(a‵ il】 Fjg j) 
′
l、 l)(,itc(｜ back

l╮ ChV° lk, l】 o、 vcV(「 , ︳C〔︳llilc‵ ｛︳ltlt ll】 ( ‵(al〕 ning｜ )c (｜
()llc 
「
cI:lti、 c︳｝

,s︳ (、 v︳｝ ′0‵ :｛ l、
(〝 ll︳ ｛, the

‵:l〢 Ⅱ)lcl)(.ing‵ (tl l〕 l〕 (.(l】】ll!‵｛ ｜)(︳ k〢
(︳ 〡︳x(,(l in︳ )la(( Ik)! rc｜〔l ti、 k〢 >︳ ol】 gtil〕 !c‵ t()I)l(、、

cnt

︳l】 1.!├‘(.(li‵ ｛()rti()I】

0︳ l(.〕 n:lti、 ,cl｝ 、i!】 lllc ‘Ul19ˊ rl ll′ ′́〞9g/l/91lU〃 r′ (Fig 1︳ ))、 ｛ll( 〔iPi‵ ‵(ttl〕 i〕 Cd之 l(l、 (〉
、
‵l︳ lc卜 lllI︴ lCe

:I｛  (()n‵〔:ll〕 〔
、
()︳〔:lg(.:li｝ (l l〕 (:〔 lI︳ ) (° n卜 l:llⅡ lIc｜ ghl、、

hil( l︳ lc(〔 ll︳ CⅡ li‵ lⅥ ()n itoI(.(l h╮ thjs

(:t‵ ( Ih( 〡k:cd〡 ):l(k Ilcl、v(9Ik ︳(‵ P° l】 (｜‵
()l】｜
) l tlPi〈
∥｝ (Ill)｛ !gh ｛(｝ kcc︳ ) l｜】( ttvc「 :lgc (tIrlcnt

(()n‵ l:lll〔 ,、 V︳ l︳ (︳】 l∥ can‵ ｛h.lt !l｜ ( li〡 ) lll:lil〕 ∥liⅡ
、
 〢l( ‵:lnl(. :l、 (Ⅱ :l片c 

、
(l):l｜ :lIi(” l Il()ln the

‵｛l!〡 :I((. 
′
｜〡l(. ilⅡ :Igc i、  t︳ l(｜ I :｛  Pk)I °〡 (uI｜ cIl1  ́

、

(!‵ ll‵  ︳:lI(‘ l:l｜  P(〉
、
i〔 ︳°n (x,n), as

卜｝l(,、 v!l ︳ll 〢lt,片 !:lI)︳ ｝〡〤‵l(〉
、
v〔 lI(.‵ (︳ k﹁ l｜ :lli< Λ g:l︳ l】 ,l!】 tIll︳ ｝)k ‵(:lIl‵ tl｜ ()I｝ gx:llc(li‵

I)l:l｝
cd

l:l〔 (.I:l︳ ｝)(︳ i卜｜)｜ :l(((l ilIl｜ ｝
(n(liI(、 (li()!I Il〕 (iIl｝ :l片<‵︳l(lx‵

、
l︳ (、 (!｜ )‵ ltll lI︳ :t｜

、
:lΓ itlli〈 )Ilo〡 〔tlI〕 ＿

Il(｜ ill片 (｛ IlI(l〕 〔:l、 〢 I(、 〔iPP:l‵ ‵(.、 ()〝 ’!、又III;l((〡 t:｛ lll〡 C、 ‵lI〈 ︳l:l、 iI｝ (｜ i、 i(l〔 l:I〡 :Ii()lll、

!｝︳( (()〢
、
〔:l｜ !｛  lI(、 i片 h｛  !l!〈 ｝〈l( :ll︳ ()、

、、
 !lllI(h 〡:｛卜l(｜  

、
(:l!)llil〕

H l,1 :ll()!l｝ i(:l∥〉 ｜︳:l｛ ‵(ll llCeS

(｜ ｛〕〈)li｝】｜(.、 ｜:l‵ l(I〢 I:l｜】1︳】((｛〉ll、 l:lI〢 (l〢 !(.ll〔 Il】〈)(l().-!｜ ((｛ ｜l(.liP〔 ｜(×
、
I】〈)｛ ｜l:｛‵ l()l)e

IlI(〝 (<l tI〡 ) :l!l(｜  (︳ ()、

、
l〕  ()、 0.! ｛｜｜c 

、
lI〡 ｛:〡 ((、
 ‘
｛(.!I:liIl 

小
 I〡 li、  l:t、 ｛ ‵(:ll〕 l︳ il︳ H Ⅱ】(、 ln、  l︳ l:l｛  ll1.lking

:l!〕 i〡 ll:lg((〢 :l、 (l〢 :l(< l((〡 l｛ iIc、 ｛,I〢｝:l‵ h° ll、
.(ˋ

PllMⅡ
( li!!!c.、 l卜

 !l!:lkil】
g:l‵ c(︳ llcⅡ (c。 f

、
ll(｜ l il!l:lH(、 .lc、 c;II(h(I‵ I!!;l｝ 〡)(.:l〡 〢C｛ °

、
l｛ l(l)iⅡ I(il卜 l︳ Il‵ Pl(ll(’ ‵‵C卜 il】

、
Vlli(〢 l｛ h(‵ lli l;lces

l(il 〡il lH( ｛lI(Ⅱ l、 (︳
、
c卜一 iⅡ (I︳｛.｛  IlI:l｜ <i!lg:lll卜 I、 I.!m(l、 i( 

‥

IⅡ (liˋ i(︳ lI:ll :l｛ ()｜】!、 ︳!:I、 0 ｜)((﹁ I i!⋯ :lu(〈 ｜ (,｝  :l 
、
i〔 !︳ (｛ ) (l〡

 ‵t｜ !I︴ l((、  i!l(︳ Ⅱ(!il〕 H 〢｝()‵ c 〈)｛ ‵。
-

(:l｜ 〡(.(｜ 加

、

‘,‘γ/9′′〃/t”‘t/、 il〕 〝｜!i(｜ I:Il()｜ l】 卜:l(Ⅱ :lI｛ Ii!〡 〡｝ :｛ ｜I:ll!g((li〣 (l｛
、
v(〉 (｜ iI〕 K!!‵ i(9Il:l〢 :l｝ (:1.s

Iigulc╮
、
hφ〝
、
:ll〕 (ˋ :lⅢ 〢〉〡

( 〈〕︳ :l｛ (〉 ｜l〕 ‵ ()｜ !()lI(’ (〢  l｝ I(.、 c｜ :ly(!c〈 I ll｝ :!l(＿ I︳ :l〡 ‵ ︳l〕  lh｜
、
in!:l‵ cit

i、 ｜il、 (iIl:IliI!‵ ｜｝()｛ lll｜ 〡)｛
(〉 卜((︳ !l(li、 i(!lI:l〡 ;l｛ 〈〉I!l‵ hl!〔 :I｜ ‵()〔 〈)Ⅱ 〈)I<｛ ll:l｛ ‵()!l｝ (:l〔 〈)I〕 小 〔l1.e

〡⋯｜‵‵i!!g 
、
P((i︳ i(:l∥

、

、 lh(.｜
( :｛ I( ｛hI(.( :l｛ (9｜ l︳

、
ll!i、‵iⅢ sII(” ㏑ ︳ig｛ l!(.Π  (∴ lIl)()lI〡 iI】 (〡 〔he

P〡
tl叭〝 〝 h(.!c〢 l(.｝ 〡,(｜ ()l〕 g′

├ ｜nm ┤

Γigurc5  h〢 :〡 g( (〢 :｛ l〈 )Ⅲ ｝
、
()I:l、 llI〡 :l((.(〢 ｛:l｜ l｛ :t｜ 〔l〢 〡(｜ i、〔｝Ⅱi(｜ ( (Ia‵ �)iIl!n〕 (I‵ ((｜ il〕 ｜｜quid

lil〡 ()‵ ( 】 ｜ ｜lIⅡ 一 ｜｛｝  lⅡ (｛ (｜ 一 Ⅱ｝ \ ︳｜l( 〡i‵ lⅡ ( 〡、〡!(⋯ Ⅱ
(: (: ∫｛)lIuh、

、、
 
、
〝 
、
︳(ˋ tIil〕╮

l< \  ( ()〡 ( I!!tl〕 ︳  ︳ㄘ  ︳)!i｛ k(  :l〡 l(l ︳、  l<  ︳ l:ln、 !I it  ′
’
l′╮、
  ′i‘┐  lㄘ ﹉; l:!｝ !) ︳  ︳︴｝卜｛9

咖
〔

ngurc

An
thesl

thesP

take〡

Thks,
1n】 t,i‘

asan 〕

Water

WateΓ

心

obtai】╮

fUr jol

Were s

cUmes

this pa

°nthi

Plated

surq。

seeing

、

〝
.li

ha1,eI＿

Ⅵiths｛

nngs(

hnga

:theth
theuP

Iiedir｛

口hem

●een 〕



I:、 S0、 IIHE∫ (∴ \\\︳ \(: I〔 \\lElI\(:、 Ⅱ(:RU卜 (:()P! 261

Ⅱ
〡
)
一

‘
㎎
m
〦

叭
吽
呔
恤
Ⅲ

lCe

｜lis

cnt

the

as

、
ed

un-

tCCS

, be

、lnε9

C °f

lces

｛$σ

、
crS

‵clt

、 .lre

、 the

┤〢5民 ├├

Figl1re 6  !l〕 Il片 c ()I 〔lgr:ll)〡 li｛ (、 (:lCC〔 I〈 )(︳ (. in tln clc(｛ !oly｛ c ll、 C(l ｛I)t s∥ v(:rr)latil、 H 
′
Γh(

Πg又 lrCi‵ ｛1()lIl I文  S()!ll〕 (、 I〡 ｜t〢 (l:lIl(lI｝ 
、

(h:l!(｜ ｛  ｛l,1,/ V́∴v、  ′〃〃 ︳
、
):l!72, I︴ )卜｛

、

AI〕 ()t｜ l(:「 !(IIlttl k:〔 ｜)︳ (::l、｜)(.(〔 °I｛ hcSI、 l il!〕 :lgcil〢 fiHllI(.〕 i、 Ⅱl:l｛ iIw:l‵ ()｜ )｛ :li!I(:(l、
、
i｛ h

theslll︳ ;l((.:ln(｜  〔iPiIll︳ !l｛ .｜
、
C(l ill ︳〔︳lli(l!!i〔 !()Hcll 

、
vc:l‵‵llnk.(︳ 〈.:l!!i(Ⅱ  iI〕  ｛h︳

、
(:、

、
ly｛ h:ll

thcs〡):l(c｜ )(:｛
、
v(.cIlt︳ 〕c卜 ⋯!｛ :l((.ilIl(l｛ i｜ )!!ltI‵ ｛｜)C(.ll〕

P｛
y,｜ )ll｛ iIl｛ h(｛ 〈:I(.(〔 l(ll╮ tⅡ l〕 n(:!in仟 (:ll〕

nkel)｜ n(( !l〈〉︳ ill、〔 ｛︳l︳ ()又 lgh 、
Il(lll!Ⅱ l ｜)(∥ :l｜“)｛｜lΓ ()tl窯 Il中 ts(:‵ 〔tl〕 (l ｜i(｜ tli(!、＿＿cvC!lW:l〔 (:︳

Thi‵ ‵(.cⅡ l、
、
.(、 !y、〢lI)「 i‵ i!lg‵ ill((.、‵:〔 hil】 k()︳

、
N.l｛ c!,(〝︳)c(i:lⅡ y、wⅡ c! wi〢 l‵ :l｜ l‵ (︳ i‵ M〉 Iv〈、(︳

in︳ 〔,a、 :t(〈 )︳】(I〔 I(〔 (川  1‘ 1lI、 v:lt(:li、 (,!】 ｜v:lIl lrl〃 ” ((〉 Il(l〔 I(｛ 〈)l h)!c｜ cc〔 I()Il‵ ,W:｛ ｛(一 rl)(:l】 :lv(.、

aSani!小 lI｜ :l｛ ()l ill‵ ｛〔l、 ∥l(lIllⅡ 〕〡)(.h:l、 (〝 :l、 :ln il】 ‵ll｜ :l〔 1,I 
′
︳
、
l〕 ll、 〈.｜ C(tl()Il‵ (:ll】 ｛lUW〔 l)ll〉 (l片 h

Water()Il!y〡 )ylⅡ ︳ll】 CⅡ IlH,、 v｜ l︳ ch I】 l:lkc‵
、
(a︳ lniIlg｛ lInn(,｜ il〕 gI】 li(︳ o‵ (o︳ )y｜ 〕()‵

、
∥)︳ c‥ l!n(〡 cI

water 
’’

ASanC又 tI】 lP｜‘:,F︳ gIlrc(9‵ l〕 ()w、 ill(l︳ vi(l〔 I:l︳ (:l〢〤〉!〕 〦〔()Im‵ ol〕 :lH︳ :lPhilc‵ l!rI;lcc Itw:l‵

obt.lil┐ cd〡 i)r:l、ⅡII︴ l<;(｝ inll)lcr、 c(｛ il】 :t‵∥vcr1)〡 :l｛ illg、 ohIti()I╮ ,、 Vh︳ Chi‵ ︳】igh!>′ con(︳〔lc｛ ivc

fUrk)n‵ ｜)l!｛ l)(.｜】.1.c‵ :l‵ t｛ I】 il1‵ ll︳ :l｛ ()I｛ i汀 (｜ (.C｛ I()!】
、
(.I、 ︳lc、 i(︳ c卜 (〉 〡〔｜lc(()︳ 〕(︳ 〔lc〔 il〕 HPlr’ ｜)(:

wercshctl〢 l1.(Iwi｛ htl nollc()Il(lll(l()l,馭 〉〔ll:l｛ 〔｜lc｜ )lc(｜ °!tlil〕 :lIlictlIrCnt int()〢 〕(,I〉 r()︳ )c

c。 me‵ li()n、 (〢 ccⅡ 〈)Il‵ ｛llIlnC!in片 il╮〔()｛ hc〈 :xPo卜 c(!｛ iI) Γhc(︳ (:‵︳gl】 ()ISI、

、

【〔I、 cd〔 o ltl〔lkc

thisPartic〔 l∥ 11.inl〔 t片ci、 ｛hc(Ⅱ】c、 h°
、
VIl il〕 Fig 2)S° l】 Ⅱ(:l】 lc.l(l tll〕 (lSCh:lrdto｜ )‵ cnc(ltltolIl、

°nthisgr:tPhi｛ (:‵｛lrItlc(: ｜)cIk)l(: I)︳ :t｛ ill片 it$′ i〔 h 
、
∥
、
cr｝ :lI｛ cr、

‘
i、 I〔 ln(I、、

’
()｛ 
、
iIvcra〔 o lt〕 ‵

、
vCIC

Plated<)nt() Ihc $ur!Ilcc, 〔ll】 (l 〔lI｛ cr 〔hc ‵i︳
、
cr、 vtt$ C︳ CC〔 rochcn〕 ic〔 lⅡ y$∥ iPPcd fiUlI】  〔｜lc

surfacc t、 ︳lci【 
、
vork i︳｜〔I、｛l〔 ltCS ︳hC Pl、 on〕 i‵ c ()｛  thc 

、
c〔 ll】 ning ttⅡ╮nc︳ ing lnicr()‵ coPCl。 r

seeingPloccs、 c、 tl】〔lt takcI)︳ tt(c(〉 n〔 1I】 a〔 ()nI︳ c、 ctl｜ c

、

月∥Iethc()ligilI1lST、 I、 wclc()nC一 ()f一 :kin(｜ l〔 l!)()t〔 lt()l〕Idcvicc‵ ,c° !nⅡ〕crci子
、
lS.tⅣ【s

havereccntIybccorI╮ ctlV〔 l∥ tl｜ )︳ c Fig(lrc7i$〔 l!┐  iIn之 lgc()｛ 〔lgΓ〔tPhi〔 c、 tlr｛hCCin tlir ma(lc

叩
thsllchlc(〉 n╮ rnclcia｜ STMN(〉 tcthChi宵 hqllalityU「 th︳ $inIrlgcandthcrecUgnizablc
rlngso〔 carb()n iltUn】 s 

、
又)u︳ naybc:ll)!cto scctha〔 〔h「cco1thc、 ixcarbonatomSineacl1

rlngapp紹γ｜()Wcrth之 tll t｝╮cothcr〔 h】 ccAⅡ ㎡xato n�
、
arcin ilctatthcsamcleVeI,but

f技駐拉像##ijiI｜ i︴工蚌:惙彈(球腳 ΞIi堅I
them F。 r the hi                         o〔  tI╮ e elcctron                 have

#:I!｜:︳:i｜i｜:              :i:｜｜:i:i:拉一         詈:::
｜lquid

N缸呼,



262 CHAPTER6 TUNNELINGPHENUMENA

FiguΓ e 9  Il】〕:lgc oI tlgr9iI)l〕 iIc surllcc in :li!, o︳〉ttinc(】  wit︳】 〔l (:()Illn〕 (:Γ (i:ll S一ΓM: 〔1.e

Nano‵ㄍ)PcⅡ i╮

。
Inl〕 igil;｛ ︳!nMrt!nlcnt‵ inGo︳ c6t,(IlIiIt汀 Ili:l

′
Γh(::l、︴li∥ l︳ )i】 i〔

、
,()I (<)l】 】ll〕 (﹁ (i:l︳ il】 ‵l!lIl︳ 〕(﹁ l〔

、、
︳l()〔 l︳ (l、 I)c((｜ ｛︳l( ｛!、 ( ()I、 (、 lIⅡ lil〕 H｛〔!l〕〕〕e:

ingnlicIos(oP｝
 il】
:l、
.aIi(.l).o︳

:l︳ )︳ )lic:lti° l〕 ‵ 
′
I、 ｜】c、 ciⅡ (llI(k.(︳ l:lI:l(〔 CliZil】 g(〢 c(〔 I(〕 (lCSfUr

十F∵I片︴Γ檔〝戈∥∵∵║〔

一

片℉︴卄
’
品｜║〝9叩∴〝#:〝′fl

bi()︳ ()gi(.t｛ l‵〔ru(｛ ul(:‵

PcIhtlP‵ t︳ lcI’ 1()‵〔rc!lI.l!ka︳〉lc｛ hingtl〡 )()ll〔 〔h( 卜(anIliI｝ g｛ lⅡ〕l〕 C︳ il!HI〕 li(Itl卜 (o︳ >( i‵ that

i〔‵ ()I)cr:l｛ i(〉 n i‵  btl‵ (一 d on :l (︳ u:lnl〔 ll】】 Ill((｜ l:lni(:ll Phc!｝ (〉 Il｝ C!】°n——)ll!〕 l】
(:｜ iIlg——〔h.lt、 vas

wc︳ ltⅡ】dcr、 t()()(｜ in ｛l】 ( I!｝ ?()‵ ,>(tthcst、
、
l il、 cⅡ
、
vt!‵ l〕
、〔｜)(li｜ t lⅡ

、
〔iIthc ︳!｝ 8●卜 

、
γl〕 al。 ther

〔l｝ )I)li(::lti()Il、 ()I(lll:t!】 tt!IIl!】 】C(h:ll】 i(:‵ nl:l｝
)′

(.｛ l)(.、

、
.:li〔 i!lg〔 (〢 )(,(Ii、 ((〉

、
(.I((l′

su啟尹s└°nsfUrF.r山 erReading

Ihnl� ig,I1 】弋()︳ l了 (:I.(;h (i.l︳ )(一「.:lln(︳ Ii 
、、

’
cilx〢  了’/′γ

、
 ′↓.｝  ′́,〃  16):╮ 7. ｜6)卜 t 

′
ΓhcΠ rst

卦:IrI#。 I∴〕︴ :I#一∵,:｜ i(｛::1七甘:∥∵

一

｜︳

lf片

:::汁 ∥ ::I〢 ︳只i° n°｜｛｜lc田
M

.lndit、 tlPI’ licati。 n‵

CFQualc,′ )方” 9b〃φ,Λ〔lg〔 l‵｛19S6,P26Λ novc〢 i(.woi〔 ll╰〢 i(.︳ doI‵ (:lll】 〕iIlgtun-

P:絲 ︳::∥ ∥ :Ⅲ ｝:↓｝卜粉 片 :胖 i群 ∵ H,卄I片∥ HI⋯ .、 t,lthe
“
‵t〔 l)C()I t〕 〕c〔 tr〔

’’
in‵ c:lnl】 ing〔〔lI】 nclingIl】 i(ro‵ coP)

(: l〕 innig:ln(IIl I又 ΦllrcI、 ′↓π, Λrr,rr ′,9.、  馬︴｝:(;〕 5、  !｛ )87 T︳ 】(.IcXl()f〔 h( ︳(.(lll︳ (.gi、 (.nUn

tlIc()ccasion<91〢 l(﹁ )Ic‵ cll｛ atio】 lo〡 〔hcl986\ol)(〢 P「 i/t inPhy‵ i(、



TheScanning〞ΓunneⅡngl田trUscUpe
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byGerdBinnigandHeinrichRUhfef

Ubserveinsects.Inthelate l9thcen.
tuΓyA1】tonyVanLeeuwenhoekdeveI.
oped the opticaI n9icΓ oscope, which
revealedthee〤 iStenceofSin8IeceIls,
pathUgenic agents and bacteria AI-
thUugh Uptica】  mjcrUscUpy has de.
velUpedintUasoPhiSticated,versati】 e
technique,aphysical liIni!hampeΓ s jt:
theUpticaIrnicroscopecannUtresolve
atUInlcstructureS ThereasUn ls that
theaveΓ age、vaveIengthUfˇ isiblelight
isabout2,UUUtiInes、8reater thanthe
diameter ofa tyPical atom, Ⅳ́h:ch is
abUutthreean8s trUmunits (Uneang-
strUn〕 unit is oneten-biIliUnthUfaIne-
ter) In other wUrds, trying tU pΓ Ube
atUΠlicstructureswithvisiblelight is
liketryin8tUnndhairlinecracks ona
tennis couΓ tby bouncing tennis ba〕 ls
Ufr its surface.

The nrst successful exp】 oratiUn Uf
atUmicstΓ ucturesgre、voutUfabaSic
discUveryUfquantummechanics It is
that Iight and Uther kinds of energy
exhibitcharacteΓisticsUfbUthparticles

andwaves.In l927 Clinton J I)avis＿
sonandLesteΓ H.GermeroftheBel】
TelephUneLaboratUriesconIirmedthe
wavenatuΓeUfthee】 ectrUn.Theya!so
fUundthatahigh＿ eneΓgyelectrUnhasa
shUrteΓ wavelengththanalow＿ eneΓgy
electrUn.AnelectΓ UnUfSumcienteneΓ -

8yexhibitsawavelengthcUmparabIe
to thediameterUfanatUm.Thisfact
ledtUtheinventjUnUfthee】 ectrUn mi-
CΓ USC°pe VVith electΓ Un mjcΓUscUpy
prUjectiUnsUfatomicrUwsandeven

atUrnicUΓ bitals in thincΓystaIlinenlms
havebeenobserved.

S猛 ∵fh封 熬 :】艦 苗 :另王:擂
was it necessarytodevelUpanewkind
UfInicrUscope?AlthUugheIectrUn mi＿
CΓUSCUpyhaspΓ ovedtUbeextΓeme︳ y
successfll】  in Ubserving the bulk fea-
tures Ufcrystalline materials, it can＿
nUt resUlve surface structures except
under veΓ y special circumstances A
hj8h＿ speed electrUn penetrates deep
into matterandsUΓ eveals littleofthe
surfacestructuΓe.AsIU、 v一mUvinge】 ec-
tΓUn iseasiIydenectedbythecharges
andtheelectricandmagneticnelds° f
the samp】 e In the 】95U’ s EdwinW
MⅢ leΓ madesomeprUgresswhenhe
inventedthefield＿ ion micrUscUpe,an
instΓument that is hjghIy sensitive tU
surfaces UnfUrtuna!ely its ran8e of
aPpIicabi】 ityis narΓ ow:asamplemust
sit onanneneedletiPthat isUnIyafew
angstrUmswideandthesampIemvst
be stab】 e against the high electΓ ic
neldscharacteΓ isticUfthetechniqUe
The principle ofUperatiUn Uf the
scanningtunne】 ingmicrUscUpemakeS
it pUssibleto avU:dthese dimcuIties.
Themaindifrerencebe⋯veenthescan-
ningtunnelingmicrUscUpeandaⅡ Uth-
er mjcrUscopeS iS that it uses nofree

partjc】 es;cUnsequentlythereis nUneed
forIensesandspecial lightUrelectΓ Un
sUurceS. Instead the bUund electrUnS
already existin8 in!he sampIe undeΓ

“
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Pauli’ s frustratiUn M/as based Un the
sunplefactthatthesurfaceUfasUlid
seΓvesasthebUundarybetween itand
the Uuter 

、
′or】 d Whereas an atUm

with㏑ asolidis suΓ roundedbyother
atoms,anatUmatasurfacecan inter-
act onlywithotheratUmsUnthesuΓ ＿
face,withatoIIlSbeyondthesurfaceUr
withthUseirnmediatelyunder it The
properties of the surface Uf a sUlid
theΓ efUredifferradicaIlyfrUmthUseUf
the㏑ teriUΓ  ΓUr instance,to minimize
energy, surface atUms Uften arrange
themselvesdifrerent】 yfrUmtheUther
atoms ina solid. The resulting com＿
pIexities Uf sUrface structures have
Iong thwarted eJUrts tU deriVe pre-
cise experimentaI and theoretical de-
scΓiptions ofthem
AttheIBⅣIZurichResearchLabo-
ratUΓ ywehavedevelUpedadevicethat
makes it pUssibIetUcharacterize ina
quantitative 〝/ay such surface cUm-
plexities: the scannin8 tunneling nli-

crUscUpe.Uur micrUscUPeenablesUne
tU“ See” SurfacesatUmbyatUm Itcan
even resUlve featuΓes that aΓ e Un】y

abUutahundredththesiZeofanatUm
Such a tUol has impUrtant impIica-
tions, for example, in the micrUelec-
tΓonic industry. As the silicon chiP,
whichis thekeyeIement incUmputer
architectuΓe, decreases ln slZe lts suΓ -

faceaΓ eaincΓ easessharplyin relatiUn
to its ⅣoIume. Therefore the surface
becomes incΓ easinglyimpUrtantin the
chip’sUperationandin its interactiUns
w︳ th Uther lUgic elements. The scan-
ningtunnelingmicrUscUpewill prUba-
blycUntΓ ibUtetUtheunderstandingUf
UtherphysicaI,chemicaland biUlUgi＿
calphenUmenaaS、 veⅡ .
Scanning tunneIing micrUscUpy is
thepΓoductUfcUnsideΓ abIeeVU】ution
∼IicroscUpyappears tUhavebegun in
the l5thcenturywhen simp】 emagni︷
fy㏑gglassesM/eremadewith、 ⅣhichtU

的
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investigatiUn serve as the exclusive
sUurceUfradiatiUn.
TU undeΓ stand this pΓinciple imag＿

inethattheelectΓ UnsbUundtUthesur-
faceUfthesampleareanaIUgUustUthe
waterofalakelUckedinbytheshUre.
Just as sUme Ufthe lake water seeps
intU the surrUunding land tU fUΓ m
grUund〝 /ater,sUsUmeUftheelectΓUns
Unthe sample’ ssurface leakUutand
fUrm an electron cIUud around the
sample.AccUrdingtoclassicalphysics,
noelectrUnclUudexistsbecauserenec-
tiUn at the sharp boundaries Uf sur＿

facescUnnnes theparticles. Inquan-
tum mechanics, hUwever, each elec-
trUnbehaves likeawave:its positiUn is
“smearedout” ThisaccUuntsfUrthe
existenceUfe】 ectrUnsbeyUndthesuΓ -

faceUfmatter.TheprUbabilityUfnnd＿
inganelectronbeyondthesurfaccUfa
cUndtlctUrfallSrapidly, infactexpo＿
nentially,withdistancefrUmthesur-
face.SincetheelectrUnsappeartUbe
digging tunnels beyUnd the surface
boundary, the efect is traditiUnally
knU、 ńastunneIing.
The firSt experimental verincatiUn
Uftunnelingwasmadeaboutaquarter
UfacentUryagUbyIvaΓ GiaeverUfthe
GeneraI Electric Company A thin,
rigidinsuIatinglayer、 vasusedto sepa＿

ratetwUmetal platescal】 edelectrUdeS

The 8ap between the electrUdes was
small enUugh tU al】 Uw the eIectrUn
clUudsassUciated withtheelectrUdeS
to over】 ap slightly Apotentia〕 difrer一

ence between the electrUdes, induced
by applylng vUltage tU them, causes
electronS tU now fΓ om Uneelectrode
tUtheUtherthrUvghtheUverlapping
clUuds The nUw isanalogoustU the
nUwUfgΓ

。
undwaterbetweentwUad-

jacent lakes when Une lake ishigheΓ

thantheUther.

W:;i:限 搽 蒜 :::︳::早g?窩
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sic changes in the standard tunne】 一

ing cUnnguratiUn. First we replaced
UneUftheelectrUdeswjththesample
wewanted to investigate Thenwe
Γeplaced the Uther e】 ectrUde with a
shaΓp,needlelikeprobe Finally、 vere-

placedtherigidinsulatin8layer、 /itha

nUnri8id insulator such as liquid, 8as

orvacuumsUthatwecouldscanthe
needle tip alUng the cUntUurs of the
sample’ ssurface.

TUscanthesurfacewepushthetip
tUward the sampIe until theelectrUn
clUudsUfeachgentlytUuch.Theappli-
catiUnUfavUltagebet、 /eenthetipand

the sample causes electrUns tU nUw
thrUUghanarrUwchannelin theelec-
trUncIUudS.ThisΠ UwiscalIedthetun-
nelingcurrent.SincethedensityUfan
electrUnclUudfal】 sexpUnentiallywith

distance, the tunneling current is ex-



tren〕ely sensitive tU the distance be-

tWeenthetipandthesurface Achange
in thedistancebyanamUuntequaltU
the diameter Ufa Single atUmcauses
thetunnelingcurrent tUchange by a
factUrUfasmuchas1,UUU
WeexplUit thesensitivityUfthetun-
nelingcurrent tUprUduceexquisiteIy
precise measurements Ufthe Vertical
pUsitionsUftheatUmsUnthesample’ s
surface.Asthetip is sweptacrUss the
surfaceafeedbackmechan〝msenses
the tunneling current and haintains
thet:patacUnstantheightabUvethe
suΓ faceatUms.Inthis、 /aythetipfUl-
lUwsthecUntUVrsUfthesurface The
mUtiUnofthetip is readandprUcessed
by a cUmputer and displayed Un a
Screen。rapl° tter Bys╮Ⅳeepingthetip
thrUugh a pattern ofpaΓ aⅡ el lines a
three-dimensiUnal itna＿ge Uf the sur＿

faceisUbtained AdistanceUflUcen＿
tirnetersUntheimagerepresentsadis-
tanceUflUangstrUmSUnthesuΓ face:
amagnincati°nUf1UUmilliUn.

H啦 漲 F盟 粌 瑞 拑 究 結 :
inga8apbetweenthetipandthesur＿
facethat is less than】 Uangstromsand
achieveastabilityandprecisiUnthat ls
betterthan langstrom?First,themi-

:i;:ξ ::E蹀 瞣 』嘿 E茻 岊 ::︴r訂
theairandbypeUple、 álkingarUund
inabuilding SecUnd,thedriVesofthe
needlemu忘 tbehig】〕】yprecise Finally,
thetip mustbeassharpastheliInits of
ΓigidityandstabilityaⅡ o、v.

T、vo stages, Ur sectiUns, suspended

fΓUm springs,nestlewithin thestain＿
less＿steelcylindricalframeUfthemi-
croScopeandprUtectthetunnelinggap
frUΠ〕vibratiUn.BUthstages,triangu】 aΓ

incrUss sectiUn,aremadeUfglassΓ ods.

The second stage slips intU the nrSt
stage,frUm 

、
/hich it is suspended by

threesPrings Thenrst stagein ttlrn iS

SuSpendedfrorll theUuterframe,aIs。
bythreesprings ThesecUndStagecaΓ 一
riestheheartUfthernicrUscUpe:itcUn-
tains bUth the sample and the scan-
ningneedle.
ⅣVhentheentiΓ emicrUscUpesitSina
vacuum,aiΓ resistanceis rniniInaland
the nrst and second sta8es could, if
they 
、
/ere disturbed, bUunce up and

dUwnalInUst indennitely.T。 stUpthis

mUtiUnwere】 yUnthephenUmenUnUf
eddy-currentdamping.Ⅳ Ve】 etcUppeΓ
p】 ates attached tU the bUttUm Ufthe
nrst and secUnd stages slide between
magnetSattachedtUtheUuteΓ fΓame.
As each plate slides up and dUwn,
thernagnet︳ cneldcausesthecUnduct-
ing electrUns Ufthe copper tU mUve
arUtlnd,inducingasU-cal】 ededdycur-
rent. The reactiUn between theeddy
currentandthemagneticneldretards

SCANN!NGNEEDLET︳ P
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the mUtiUn Ufthe plate and thereby
prUtects themicΓUscUpefrUmeventhe
smallestvibratiUns.

UncethegrUssvibratiUnshavebeen
stoppedthesamplecanbepUsitiUned.
This is dUne with a speciaⅡ y deveI-

Uped drive that carries the sample
acrUssahUrizUntalmetal plateUnthe
secUnd Stage. The bUdy Ufthe drive
cUnsistsUfaslabUfpiezUeIectricmate-
rial that expands Ur cUntracts 

、
/hen

vUltageisapplied.Thedrivehasthree
metaIlic feet, arranged in trian名 ular

fashiUn,thatarecUatedwithathin lay-
erUfinsulatingmateria1.Theycanbe
clamped tU themetal plate byestab-
lishingavUltagebe小Ⅳeenthemandthe
metal plate

We mUve the drive in the fUl】 ow-
ingrnanner.SuppUSe,fUr instance,we
clampUnlyUnefUUtandapplyavUlt-
age tU the piezUeIectric bUdy sU that

itcUntIacts TheUthertwUfeetwill
moVe slightly 

、
Ve then clamP thUse

t〝,Ufeet,releasethethirdfUUtandre-

mUvethe applied vUltage sUthatthe

↑

bodyexpandsbacktUitsUriginal size.
Thedr︳ vehasjust mUVedUnestep.The

籽】冊 :具:s軞無智拷芾
、
盟

can rUtate abUut each Uf its feet, it
can M/alk alUng the plate in any de-
sireddirectiUn.
ⅣVhenthedrivehascarriedthesan】 一

站鄰嬿蛢驟批
threepiezUelectric sticks tUmUve the
tip Ufthe scanningneedle ⅣVhen、Ⅳe

mξ:Ft:毀強ξ絆:澆 F:;:F｛ :早f:
slightly.CUnsequentlythetip mUves in

istancesasgreatas
FurthermUre,this
itivetUthemagni-
voltage:avoltage

UntheUrdeΓ Uf.lvUlt results inamU-

tiUnUf1.UangstrUm.TheprecisiUnUf

發遐我拇::︳ :｜ :●i蕊︴::撒:
This resUlutiUn at present is in the
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Γange Uf apprUxinately a few hun-
dredths。fanangstrUm.
ThelateralΓesolutiUnUfthesurface

:sI上nitedbytheshaΓ pnessUfthetip.In

」山6㏑stancenaturehas been kind tU
●levacuum tunneIer. It is ΓeIatively
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two angstΓ Ums, hUwever, the needle
musthaveasingleatUm sittingsecure-

快畾 i田基 扎 古｜lhε:出品 早Ξ罡
It is disl。 dged by highelectric nelds
山atarecausedbyapplyingavUltage
d」EeΓenceoffrom twUt。 1UVUltsbe-
h.een the sample and the tip. Since
luck playsaIargerUlein thennal stage,
we are trying to sharpen the tip by
boInbarding it with a hi8h-energy
beamUfiUns.ThiscausestheatUmson
thesurfacetUsputtera、 áyinahighly
contrUlIedmanner.

I╮ε驟 器 爵l:dI電
i瓃
機 ξ眼

scann㏑gtunnelingInicroscUpereVeals
atoInic compUsition The tunneling
cl1rFent depends bUth Un the tunnel
distance and the electrUnic strUcture

ofthe surface and Un the fact that

eachatUmicelementhasanelectrUhic
structuΓeuniquelyitsUwn.
TheabilltyUfthemicrUscUpetUre-
sUl﹀ebUthtUpUgraphyandelectrUnic
structu了CWill makeitusefultUinvesti-
gatUrsin physics,chemistryandbiUlU-
gy.Wenrst pursuedthesimplestcase:
the tUpUgraphic structureS Uf single
crystals characterized by a hUmUge-
neUussurfacestructure.CrystalscUn-
sist of identical atoInic Iayers built

Une on tUpUfanUther.h/hi】 eresults
frUm scatteΓ ing experiInents indicate

thatthetUplayer isdifFerentfrUΠ 】and
mUrecUmplexthantheUthers,thepre一
cise structure Ufthis layeΓ was hard
tUdetermine.
Thebest-knUwnsurfacestructureis
the diamond-shaped unitcel1Ufsili-
cUn SinceeachUfthefUuredgeSUfthe
celI measures seven atomic spacings,
the cell iS referred to as tI〕 e 7-by＿ 7.

Each 7一 by＿ 7 cUntains 12 bumps that
havenUtbeenvisuaIizedbefUre.Each
bumpapparentIycUrrespUndstUasin-
gleatUm ThearrangementUfthesur-
face atoms is, aIthUugh aesthetically
pleasing,quitecUmplexThis is incUn-
trast tUtherelatiVelysiInplestructure

Ufanybulk layerfUundin silicUn Its
unitce】 l,49tiInes snlaIler inareathan

the 7-by＿ 7, cUntains UnlytwU atUms.
AnUther8reatdifrerencebetweenthe
twUkindsUflayers is thatthesurface

器 .ii:｝｜:;:;」:嘰 Γ挖紺 亂 熙

nUWknUwnandavastamUuntUfin-
fUrmatiUn abUut it has been gained
frUm Uther experiments, the reasUn
thisandnUtadifrerent structurefUrms
is nUtyetunderstUUd.
AnUthercrystalwhUsesurfacestruc-
ture is nUw better understUUd is the
goldcrystal WefUundthatwhenwe
cutthecrystal inadiΓ ectiUnparallel to

itsatomiclayers,theresllltingfaceis
SmUUth.Acut inadirectiUndiagUnal
tUtheatUmiclayersΓesults inarUUgh-
erface.JustasUnelearnsfrUm study-
ingtheearth’scrusthUwitwasfUΓ med
millions Uf years agU, sU we have
leaΓ ned from studyingthese surfaces
howtheytook shape.CurrenttheUries
reveaIthatthediagUnallycutsurface
assumes丘sjaggednaturebecausesuch
acUnnguratiUnhasalUwerenergyand
iscUnseqUentlystablerthanasmooth
cUnfiguratiUn.

AmUreeXUticbranchUfphysics,the
study Uf superconductivity, has alsU
benentedfrUmtheapplicatiUnofscan-
ningtunnelingmicrUscUpy. A super-
cUnducting material is characte了 iZed

byitscUmpletelackUfelectricalresis-
tance.TheuseUfsupercUnductUrs to
makecables、 thatarefreefrUmpUwer
lUssescUuldsaveenUrmUusamUunts
Ufenergy.ThecUlliding-beamacceler一

〕LiRFACEUFSILⅡ CUNasd二 sdoSedby︳hescanΠ iΠg︳.ΠΠel㏑g
m●Ci啦°pee°ns必心ofε pa“ ern ofd︳amoΠ d-shapedⅡ ni〔 ee】︳s.Eaet°
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abovetheres︳ oftⅡ esurface.Theim日 geWaSforⅡ】edbyaPP︳y:ng日

vo︳tageSoth日 te︳eetronsΠ owedfΓ°mtheneed︳ e︳︳P●°thesⅡ rface.



〦tUr at Γermilab uses supercUnduct-
ingmagnets tUachievehighmagnetic
Πeldswhilesavingenergy Thereisa
二atch, hUwever. SUpercUnductivity is
r,nlyknUwn toUccur inSUmecUnduc-
!Urs thathave been chilled belUw a
critical temperature, typically a few

degreesabUveabsUluteZerU(——273de-

:reesCelsius9
AgrUupUfStanfUrdUniversityin一

、
℃sⅡgatUrs ledbyCalvinF.Quatehas

描
°
盤七器t:鬼驟樹乎鴇

temperatures. The wUrkeΓ s nrst used

thej micrUscUpetUInaptheelectrUn-
ic structureofthe surfacesofseveΓ al

〔UnductUrsatrUUmtemperatureThen
theychilledthecUnductUrsbelowthe
critical temperature Uf each and re-
cordedthechanges inelectrUnicstruc-
ture.ThegrUupcannUwdocumentthe
grU、′thUfregiUnsUfsuperconductivi-
tyUnsurfaces.
ThescanningtunnelingΠ licrUscope
has aIsU Ied tU new understanding
.fcertain chemical interactions. ()ur

8rUuphaSnU〝 /UbseΓ vedUnanatUmic
scaletheadsUrptiUnUfUxygenbynick-
εl卜εθJJ幼“〞 rㄌ刀arr落乃︳ Uur nndin8
cUnnrmstheresultsfrUmearlierscat-
︳cringexperirnents:ThespacingUfthe
UxygenatUmsboundtUthenickelsur-
jace variesaccordin名 tUdirectiUn.In
l)articular,UXygenatUmsthat lieinUne
εpecincdirectiUn,designated【 UUl〕,are

:驟裝糮 埤:;︴;瑞 :::::早’乩七
atomsin thatdiectiUn UxygenatUms
that lieinanotherdirection,designat-
edIltU〕 ,areseparatedbytwUUrnve
latticespacingsbutneverbyUne,tlΥee

orfUur.WesuspectthatsUmekindUf
screening efrect betwcen the eleciic
charges ofthenickeI and Uxygenat-
oms is respUnsible fUr the anUmaly,
t)ut rnUreinvestigatiUn is neededtUde-

terIninetheactualdetailsUfthephysi＿
cal interactiUn.

′′∫:投 :tt算出 g;::i營εd官私::;:年
ityUfthemicrUscUpetUdetect stΓ uc＿

tureswhUsediInensIonSareIneasured
in rnerefractiUnsUfanan8strUm.Such
lligh resUlutiUn ls nUt al、 vays neces-

sary.EvenwheretheresolutiUnofthe
scanning tunneling micrUscUpe is nU
betterthansUmetens ofangstUmS,、 Ⅳe

expectUnthebasisUfprevi。 usresults
that itwillyieldnUvel infUrmatiUnand
stiInulatesignificant prUgreSS Inpar＿

ticular!hepossibilityUfUperatingthe
∫canningtunnelingmicrUscUpe inai
atUrdinarypressurewill in manyap-
plicatiUns mUre thancUmpensatefUΓ
tlnyIUss in resUlutiUn.

UnesuchapplicatiUn isfUundin the
εtudyUffriction.InUrdertUIninimize
1rictjUnenergylUsses,inVestigatorsare
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interestedinIearningmUreabUutthe
structureandcatlsesUfsurfacerUugh-
ness of industrial materials. Recent
studiessU3gest thatthescanningtun-
nelingrnicrUscUpeis jdeaIlysuitedtU
theΓequiedwUrk.
ULlr InicΓ UscUpe has alsU demUn-
strated itsu$efuIness inbiU】 ogy,even
thUughat present itcanachievelateral
resUlutiUns UfUnIy IU angstrUms. In
thiscasetherelative】 ypUUrresUIving

PUwerUftheInicrUscopeis mUrethan
cUmpensatedfUrbyitsabiIitytUprU＿
videadirectandnondestructivemeth＿
Udofviewin8biUIUgicaIsamples
Uther niIcroScopes In SUme sense
pa「 tialIydestΓoytheSamplesUnwhich
they have been fUcused ln standard
electrUn Π】icrUscUpy, fUr instance,
samp】es must be coated 〝河th a thin
Iayerofmetaland,becausetheymust
bestudiedinavacuurn,theydryUut.
Since〝 /ater mo】 ecuIesaΓ ean impUr一
tant part ofbiUlogicalsubstances,this
mightchangethesamples inanunde＿
siable一 and uncontrol】 ab】 e一

、
áy In

the scanning tunneling micrUscope

watercanevenbeusedastheinsulat＿
inglayeΓ  bet、 veenthesamp】eand the
prUbin8needle.(Water isareIative︳ y
pUUrcUndUctUrunless itcUntainSiUns
such as thUse fUrmed when sUdium
ch1oride dissUlves in it) ExpIUjting
thesensjtivityofthescanningtunneI＿
ingmicΓoscUpe,Wehave,withthehelp
UfE.CUurtensUftheIBMZurichRe-
searchLabUratUryandH.GrUssand
J.SUgUUftheS、vissFedera】 Institute
Uf TechnUlUgy, scanned the surface
ofthenucleicacidDNA.Weobserved
a series of zigzags cUrresponding tU
itshelical structure

InacUIlabUrativeefrUrtwithArtuΓ o
Barδ, NicUlas Garcia and RodolfU
λ6irandaUftheAutUnUmUusUniver-
sityUfMadridandJUsε L.CarascUsa
UfIBⅣISpain,wefUundthatthehead
UftheviΓus knUwn as phi29meas＿
ures4UU)《 3UU× 2UUangstrUms.The
structure Uf the cUnnectiUn between
theheadandthetai】 Ufthevirus,caⅡ ed
thecUllar,whichappears to playasig＿
nincant rolein theprUceSSUfinfectiUn,
has been unraveled; theresu】 ts agree

、
/iththUseUbtainedbymeansUfim-
age-prUcessedeIectΓ Un micΓ Ugraphs.

ApartfrUnl imaging, theprUbe tip
willalsUbeusefulfUrtestingelectΓ on-
iccircuits.AscUmpUnentscontinuetU
shrink,theprUbeSthat!est themmust
alsU be cUntinuUusIy Π】iniaturized.
Thetip thenservesasbUtha1UcalvoIt＿
ageprUbeandacurrent sUuΓ ce.
InaⅡ thefUregUingapplicatiUns it is

vitaIthattheimag︳ ngprUcess nUtde.
strUyUreVenaltertheUbject.Butthe
scannin8 tunneling micrUscUpe alsU
Ufrers prUiniseasatoUlfUr sptlrI.ing
specincchernicaIprUcesses Uneofthe
uniquefeaturesofthe rnicroscope iS
itshighIyfUcusedlUw-energye】 ectrUn
beam, or tunneI curΓ ent The ener＿
giesUfthe beam 】iewithin theran8e
UfthUseUfmUstchemical prUcesses.
TherefUrebytuningthebeamtUspe-
cincenergies workeΓ s can catlse paΓ 一
ticulaΓ ΓeactiUns tUUcCur.This mUde
Uf Uperation and the Uther capabiIi一

tiesofthejnstΓ umentappeartUUpen
an entie newgamut Ufinvestigative
possibilities.
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┐
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分類 :

編號 : ㄏ .′
總號 :
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(i) a-Decay:Ina一 d㏄Ⅳ,aheliumnucleus治 emittedfrom theIadiUacti㎎ nucleus
ThegeneralreactiUn沁 written錙 (ZiStheatUmicnumber,人 心 theatUmlcmass)

(Z,肉 →(Z-2,λ -4)十 Jrε

TheUriginalnucleushas2units lesschargeand4uni七 SleSSmass.
(ii)β-Decay:Inβ -decay,anegatⅣ eelectrUnkemittedfIom thenucleus,lea㎡ ng
thenucleuswithUnernUIechaIgeandthesamemass

(z,利 →(Z+l,人 )十 β
￣

(Ii)γ Dec呼 :thiScase,theo㎡ on㏕ nucleus拍 anexdtedstate(usu甜 j prUduced
whenanUtheratUmdecays)andrelaxesbyemitt㏑ gγ＿raYs.
LetusdevelopanundeIstandingofradioactivedecaybystudyinga＿ decay

Inthis pΓ ocesswecanthink ofthenucleus錙 CUntaininga-particles,i.e.,2neutrons
十 2prUtoncomposites.TheIeisastrongbindingenerg光 tUkeepthenucleus intact
However, in Iadioactive ma七 eIials the nuclear structure is such that the highest

energynucleuscantunneloutofthenuclearpUtentia1.
InFig 613,weshUwamodel potentialfUrana＿ par七 icleasafunction of

its distance fronl the nucleus. At large distances fIonl the nucleus, the potential

eneIgy is theelectIostatic eneIgybetween aheliurn ionand thenucleus. At very

smalldistances, thepotential is thenucleaIpUtentialandisattΓ activeandUfthe
fUrrn shown inFig.6.13.Thegeneral potenti已 liSaSsumedtobeofthefUrrn

/(Fl=-%,
2Z’ε2

.<rU

,  r > ΓU (6.19)
4πεUr

wheIeZ′ is thechaIgeofthennalnucleusandthefactor2isduetUthechargeof
theheliurn nucleus.

LetusconsideItheliInits oftheintegralfUrthetunnelingpΓ obability.Une
lim北 治r=rUandtheothercanbeseentUoccurat(Eis theenergyofthe
a-paIticle)thepUintwhereE=y(r)ThisglvesfUftheUther limit,avaluerl
wheΓe

22.ε
2

r1=4π
εUE≡

Usingtheselilnits,wehave,fUrthetunneling﹉
a-particle),

(62U)

prUbabilityT(m心 them路SUfthe

A
一

E

〡

㎡=η〃(考咢)ψ (詳一的%
=-2(罕

)φ㎡
l什一●% (6.21)
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分類 :

編號 : ㄏ -
總號 :

K●

CUnΠ neda-particle

UutgUinga-particle VU∼ 6MeV
rU ∼ lU一 I2tn

Ka∼ 5MeV

一 
 
一‥ 
 
一 
 
一 
 
一 
 
一 
 
一 
 
一＿一＿＿一〡I

〡
一＿＿一＿」一＿一＿＿一,

＿

＿一 
 一  一 ＿一 
 一  一 
 一 
 一 
 一 
 一 
 一  一  一  一 
 一  一 
 一 
 一 
 一 
 一

-VU

Figure6.13: Modelfor thepotentialenergyofana-PaIticlenearanucleus

ASolu七iUnUftheintegIalgivesthefUllowingresultfUrthe tunnelingUut
probabilityofa＿ particles:

㏑T=等 (哥
)v22.l×﹃

p＿
每什)v2z.E刊 2 (6.22)

IfenergyisexpressedinMeV,匆 in lU一 15rn,weget

lnT=297Z′ l/2矺 /2-3.952′ E￣ 1/2 (6.23)

As a＿ paΓticlesle&vethenucleus thenucleus tIansfoImsfIom oneelement
七UanUtheΓ .This pIocess is knUwnasradioac七ivedecay It is possibletUdescribethe
radioactivedecayUfanelementby七 heequatiUn

Ⅳ“)=Ⅳ (U)exp一洸 (62Θ

AnapproxiInateexpressionfUrtherateλ canbeUbtainedfrorn theintuitiverelatiUn

λ=vT (6.25)

wheIevis thefrequencywithwhichthea＿ particle‘‘s七 rikeS’’ thepotentialbarΓ ier
Insideanucleuswecan picturethattheΓ eaIeΛra-particlesthatcanbeproduced

bythe pIoper association ofprUtons andneutIons The attemptfrequency v can
thenbewrittenas

�

、

rv

V=一
2” U

Where砂 iSthevelocityof七 hea一 particles:

(6.26)

(627)
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Isotope K.(MeV) rⅣ2
λ(∫ l)

232Th

238U

23UTh

23UU

21URn

22URn

222Ac

2lJPo

2】 8Th

I 4X ︳UlUy

45X1U’ y

8UXlU4y

2U.8d

24h

56s

5s

1.8Π小

Ullus

16X lU一 18

4.9XlU一 18

28XlU一 13

3.9XlU’

8UX1U￣ 5

12XlU￣2

U.14

3.9XlU2

63XlU‘

4U!

4.19

469

589

616

6.29

7Ul

7.53

985

T乙ble61:Hal仁 Ⅱve8 anda＿ p色rtiCleener8ieSofsomeelements.

Theparametefλ 心 relatedtUthehal仁 life,tl/2(ie.,the′ time比 takesfUIhalfUfthe
UriginalatUmstUdecay),bytherelation

奶=罕 (628)

InTable6.1weshowhal仁 livesofsUmeelements thatdecaybyernittinga＿ paIticles
9Vecanseethatthehal仁 IifeΓangesfrornbilIions ofyears to lnicΓ oseconds.民adiUacti＿
vityisused inanumberofimpUrtant technUIUgies Wewillbrieny discuss afew

applicatiUns.

Tracer AppIications: An irnpoItant application ofIadioactive mateIials isfUr

tIaceIapplicat沁 ns.Thisapplicat㏑ n lsbasedon two prUperties:i)similari好 in
chemicalpIUpertiesUfaradiUactiveatom(an拍 Utope)andUtheratomsUfanel針
ment.Thisallows onetofollowmovement ofanelement throughchernical,physical
oIb沁 lUgicals七 eps;ii)detect沁 nofthechemical speciesbyexaminingtheu㎡ que
hal仁 life Ufthe Iadioactive tIaceI. Uses UftIaceI radiUactive elements have been

madeln
.TrackingUfcUckIUachesthrUughcitysewersystems Inthisapplication,theinsect

is i面 ectedwithasmall ra山oactivematerialandtheem抬 血on is tracked
.Trackingofleaks in pipingsys七 emS
.Inthemetal industry,weaI-and-tearoftUols is trackedbyradioactivetaggingof

toolsandexarniningtheradioactivitycontent ofshavings,etc
. A widespΓ ead use oftIacers is in the neld。 frnedicaldiagnosticswhere 己traCe
rad㏑ activeelement拍 i巧 ectedln theblUodstreamandits movemellt心 fUllowing
thIoughthebody.

Treatrnen七 UfT╰InUrs:Advances indIugtechnologyhaveallowedpharmaceutical
companieStUmakedIugswheIIeΓ adioactiveelements(eg,bdine)canbe㏑ cUIpa
IatedintUspeciallydesignedmoleculesThesemolecules,wheni巧 ectedinto the
bloodstIeaΠ 1,candistinguishbetweenhealthyandtumoIcells Theyattachthern＿
selves to the tumoΓ  cel1s where the radioactive element deliveΓ s lUcal Γadiation,

destroying匕 heunhealthycells.Since七 heIadiation is pIefeΓ entiallydelivered,theΥ e
arefewsideefec七 S

Carbon-Da七 ing:Ave【 yusefulapplication ofradioactivityisfU【 datingobjects
such as fUssils, bodies buried in gIaciers, and even theTurin shroud. It is knUwn

thatl2Uandl3Uarestablewhile14Uis radioactivewithal】 al一 lifeof57UUyeaΓ s
Thedisintegration ofl4UpIoducesl4� V CUsrnicIays in七 heatmospheIeproducel4U
which is then dispeIsed thIUugh the biosphere 

「
Γhe fIaction ofl46】  in the total

caΓboncontent in thebiosphere(living。 rganism)抬 faiIj stable.HoweveI,when
an organismdies,it no longeIgets l46)from the已 tm。Sphere,andthe l4(9conten七
starts todecrease BymeasuΓingtheIesidual14Uinanobject,i匕 is possibletoFlnd
the七 irneof‘‘death” in referencetUcontemporaIytirne TheyeaΓ sbefUI＿epfesent,t,
aΓegivenby

(629)

wheIe人 Uis thecUntempUIaIyactivity,人 Jis theIadioactivityin theobject.C已 Ib。n
datingis oneUfthemostaccuratewaYsofdeteIrniningtheageoflifefUImswhich
havebeendeadfUralUngIme.TheaccuracyofthemethUdis suchthatU㏒ ects

canbedatedtowithindecades

｜一 一
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