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FIq・む-3 Energy band di`igram of a a-hlOS
structure

ォoJC--xiue thickness,. KO*-potentlal drop in

oxide.少.-surface potential of senlicon-

ductor, /?, =intrinsic Fenni level in semicon-

ductor, Er-Fermi level in semiconductor,

9m-Wりrk function of　-etul I-e一ectron

affinity of seinicuntluctり'・」o¥=die!ectric

constJnt UI oxide, and s, =dielectric c川Islant

of semiconduct(汁.
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(2-n

(1- fc )
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p9

--」s Es--r
[i^bh官
F偏ノ昔)　　　0-り)

1王-・アキ*¥I号T-j三ff.-　　　　　　　r　　　　　て÷　>fつ_

CD=
dos

a.㌔

.蝣-e≠':i享　3*.守

L,　F(略′
Fp.

(2-f)

MTS描rrIT自丁32輪T-i->
ycは、2-¥>>戊に1台寺CDとy.-J号ラLT

よ3容号Ci<r>表号.湧鉄ィ、与Lら入る。す臣は.

dc

Ci+　C
(2-1)

(l- lo)

::二、二蝣-r.-*"'*'.''---二圭-'7-蝣?-・与.;‥テrて-'言ニ

:feIつ・、--ト/、、^i77、1,1反ソ,_ヱif.子房Hc・(.ff)fj日子を十才日干y,

二、絹子巨1…二S-Jt'.y-C一蝣-守・?--蔓--≡/'」K'->r-T
¥-f>使lIつ.・一豆T,.

-fcォ　　　○■　　○　　　○,暮　　　○●　　〇 °　　○■　　lO

Vt l帆▼l

Fig.ト争Variation of surface charge density as
a function of surface potentia一.

臣的蝣.-・**

Fl音・2-年　はQs t　笑　oPH-f暴き
/
-
I
l
l
*
J
値

-M-*
相
川
U f=付は末す,I)この剛、

・,Os(′h)卜Jrつの和式が三細れ2,

~当方′hオ信,そ小「守!.言て　A,

6)間数形キ呑化す39

0>　AccL、恥し、1訂ron触夷L塞く0)

<lt一　　勺ii¥・<　yが首

積して、-1・ Pf*サ^ft

を'f-　守・・ニーij　こ言　　こ

C--O ,(-り(2-1)式は、

P　/





p　〃

(ヽ4-)Weaki*Wer」iOn熊手耳(ナ8<%<2粕)

号室i'至芸垂〇信妻sTJf;-*一

蝣i/'3-わす-今に1.g克L貢-**':?s-㌔,'フ
が冨穣し僻的3。_こ<DS罵SvQs寺(1-'S)まで同「ゼあBが.

ys<-2-年l」青.V's/(・fk-''?-*;1)てtLきf-i-'S;黄。

近似はIF碑1=は良一P立車・R%<Kも9しろ＼し半音号6律は(ト15)

着て同-と者iネばよ、,,

(2　S十-才・叫ers>oir¥傭現　状>巧)
r2--- ---　r h　　　　　三'/=羊、ギ付着面IISく0¥w主Iqも、し

かi/配fサ-lと*; %。

Q5=-
2Es kT

tL'

r?=
LD

c^　日

2kT

悟)・謬サC;

/3L r　　等二百寺領ン,-^<--r I 7・二手っ・て了?r r三・三

号イ才・・・ぐ　サCjr,|Vl作は%^撞.トで化/-　9,か息纏で?ミ*蝣?

二持て-->真土す3. ^了∴:/<蝣-三豆て'L冒2 -3f'>ィ,-ンICフ

・ヤ-7VいせうjI:享1=lけが　r　　号享rz　㌻　'2-IS′　　　　<

cサM

ラ樟　sir*.-*　・r>v-f　言5---イノ-)ア-

c
ci相　n争う

台r---÷　　昌4言′>蝣)
^ -''丁)

p　/



p l之

-2f, -ft 0 V,　29　3<Pi

sra

Fig. JL-5 Vari乙ltion of山pacnance 。f MOS 。Ii`,de

as　とサ　function of surface potential

(Cfs=触band capacitance, and Cl　-
iKsultteト　capacitance).

:＼▲亡き事て　d)うてM I S構造<D>?

笠の関係はR>-2--5-のおうにな

ypこ中1、_/i f　フスVて%サm各は

>->こ十%　　　<?-I曾)

ここ1'、畑‡龍霧降仁万iつ電庁で

あ号。妾芭解碓5)/くつしり乎上電荷が布fl L fil†丸は、

d<cv
Vi =

Ci

ヽヽ

^^Id^^ES u　も　亘り沼)-」fc '

Q,(%)

C(
十　㌔

QsMs)リー悶号てTil主.'つ-71 -¥!:

K*n mmz　咽　　tfv%

/蝣* / Ci

CF.(FLAT BAND LOW
CAPACITANCE

m

SEM IC

FREQUENCY

＼ 冒IGHREOUENCY

V… NONEQUーLIBfilUM

ONDUCTORKOOW N- 、、、、、、

- ▲
BREA

-V-
V (VOLTS)

Ci-'勺)

(2-2*)

お,て　-I　3　二　寸て・、一i, ♪　て!フー2*)t

結果で　して絹うAI VとCの閣巧を

F・甘2-いて弄す。 siTon才fnyeト

て<on今や巧( ITIvpか/こ,''マー7-.7;頭

か'A rま、 f如残存恵堀内のケ萄

し,'I p.ギつ.Jl三・再I y-†>・*- ll'f:

は2チ8号錘i3どす曽zi曽tJ*L+i

く　n　　　上　r　蝣?'　A 、小＼V I

%-アzケ由　で罵ナ債vv叫　をて・)、

〔2-ll)式力、 i

与え-` C-V cW-紬Stics of久n E,
MIS structure. 小!≠

i
Ⅶ
腰
旧
巴

L
L
r-<r

〟ⅥH
u

]
1

C紬

(-21)
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一木F4工S穣追l=/～/し1電fiを年かLf:指令kは、反転層は形毒

されず∴　′こf 7ス専16り三篭t Y貰I‥空互4r>中V/はw*tIXx.て

LI ガう,こ6)Yき4)客孝一や長竹確

EQuILIBRIUM)　バイp7、電7Eか

L
L

七
ぐ

メHu
nS

?
顔

2

　

号

Ⅷ
ほ
E
貯
比

i fこ荒す. (VolY-

ヽ

>
J

r/fc
l,A 千草イ奉が

級破壊を本こし溶号は一食tぢ3。

卓2./-　　亭=-.-S<主がTlをすうY至oV^;j-vつニケ7Llニス

乍l-絶海蝉も持つM工S構造6)コ^^7勺ン?)吉、妄愚才楯が存

在し射T山よ∴腔o蝣}-ク電泡に缶/i Lセ偉亨車上亀子q'いえ

)Lが卵{fi駐七、薄、'醸o)瑞jSI二Iま_　さらIこト>哀JLつンす?ウシえ

75/了か亡ネ3,二二七.i. te^'!-'7号,>¥/I"K<*号nI N-i,い了告_

足し.表面草庵t4月3電荷67良か電卜F,て々卜3つ⊥・す7うン

7着*, l',v万寺銭*>/r　　て'<脅し. y>三=・T芸達・-,窒ノラ三,抱き葺く

>

tph/ttイアスVI二も、-て、諌f=f亡き人3仝電荷奪権QTlよ、

QT=Q　十Qss十Qf　　　　　　　　　　　(2-22)

●
ち・
*

r
w
」

ヽ
乙

と
ナ
I.て

ここIこ　Q～は喜2-/./で述べた羊尊席を面億').立間

電荷豪産′　Qssは表面郡をo)電荷凄虎ノ　Qfは獅尋相中の国章電荷

密度でも3。 DCa、ィァスJこ、他′ト信も,電圧を奮畳itr至の、A

C竜も　蝣・+;蝣・+、r^-^2)ま　7　　して絹;7hう,

tT(十)=isC十)ナ　ssc十)

日担(t) ¥ア

u(t) -磨)㈲

(21-23)

(2-2年)
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P !<*蝣

r葛ける　%(*)=h>十s%　巧-aefwt r-く　a-籍
でも3分ら、

Li(七) =よwj Cd <S><蝣

ヽ

lN^

宗　　　一I一一1_

(2 -ir)

代3。 -信泉南準優によ3アドミッり>スきYs Yするこ・
issOr) It、

uswニYsォ>ォ

iTCt)=CよりCD十Ys)的5

11

盲->fi-<雪,? Yは.手書L'fて埠翻萱Y ・こ句・fT丸.

∨=午(t;千
OT

d
=　V.1-S-V

¢-2S)

f2-27)

(2-2り

ここでJVニ♭eふUtに漣轟して、亡式幸樽令し(2-27)式を用り3

・fV-iT(t)- (

とf-'i i

I　.　　I

よwCi　　ふ叫CB十Ys
(2-1 <*ノ

表面榊477日ツタユズ縛的3柏一二は、 rkock了er一粒d
のモデ/ua;いえリンゲモデ)V3)があ?が、ここでは輪Akつt,

if*r 礼

専一の表面単位をイ頼し.99者も117の瑞軒放出商号か電離

的持中丸ばl_、 T¥pf半導恥叫㌢捕獅Rlt)み両用車
&(H)

P　/



p /r

fr-33)
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p /∫

0->V
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p n

(2 -<*一蝣*;

u-w

(1-的)
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p lg

/

・v蝣・cこ'&サ

MeC-^)Vナ　GJl

(I-n)

って　Cf, 6,手.酌章毎も主喜tl=ミT等てさ3.甘」fill*甑かl皇

く　LOでォ/nら灯(2-3丁)まよ・/

c5-　c　-Cp

C,-守//ss

(*-U)

(i-の)

Yして表面準准蜜虎が草書3.こ-fCbIま(いの老母;ボ阜3

二%it(i-36)^岩・A*t誓'A)S>

P/'
*・*誓K¥1ぎ11:一㌦亨
て麦面準権褒Jtかポ喝定数でガ車ま3・表面準4丘がT才久P巾ト凄絶し

て局布して、13瑞JeJこは(2-ヽo)良斌O-午l)式を印＼,て鵬盲求

カ3こてがてきて。つンすヮ-?ン7き*lx・¥して毒奇*<j寺ht寺95

3も壕をコンダウ勺ゝス渡YヰLで;1

ここ享でn議至芸で.チ-Hpか/・1?7Vサ>-v-r*てして享毎*fe

恵良JA布か妹貴さ丸3・経,て紺巾の裏面準楯療産柄も釦3

ためにIも.去布>t7
-r1VfcとF'再。電」V-)剛牽きポめわneti

な、-。このおいcJよ、真南準虎がセ与>cK寛イtきち堆剛纏号音申

、-もも塩と・泉南準化が史今f=良貨で亨耳、′鼻声Dl宅お号音用、13本

追tが萄号.

(I)仲田沌窟号雫田、,束　ね一再君専法

(-之曾)か.1、 iv-告dv十&% t,-hらt

・k(V*)-<k(o) - Vec-ぎ) dv　　　-)
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羊水」V　′(、4アズV8　再ナすSh(V*)-‰(o)}がlP資され3・。

C-e告は壷面鞭が・†塙摘す3り鵬同線周東Lt一舞茸綿
わす・一偏Q)(告げイ戸7Lにわけ3牛革儀泉南の/ゞンドd)歯yr弟

ぅ　<hw*車吟盲に駐;*./>*-言i言-(L∴i言言'/ cpfi-
・Vの噛数とし1ポ未% * t*一一H)載り碍与れ再晦LVb)-ち("A

にi†ヽて、　S p70†ナ3こてかイき1.:hk fi-I)責㌻'奉告

3Cpを鴇の併載tして同一d)グラフ上tこ書く.?フOl歯鴇か.

aecuサv*"UtfohA心*J?Cur　-rslor^乍痔で幸%IFうt=、 Cp

の曲糠音fS軸こ:G'て私事'け平和鶴勧す3。軋-恒o)で革

ちから、バ、イアスVt的-か確吋3∴丸より　CSc亀;-cpcty

「coc%)か中日。享阜-+Sと座す了狩rtT¥二i.JLf/7両
で幸司>}v^.

E-E,"E>-K+%

E-E, -車p十Y・S

(-MT? )

(pTi)

fr-H-v

(2-fo)

ここにF才は干尊イfo)賛立華中ノ丸/車pl純等隼′佃電子帯よ
り測,I;入れミLネ礼で幸春木し.

敢-<>V曾)A C/v</〟D)

年-(*T/%) JU (〟 /MO

0-s-i)

Ll - rl)

十妄弓, tzだ'し、 Ne, Nv lti"云導予,伯を了等,,軸瀕和恵/*

TVp′N4′はドトノ　アクや7oFJ三郎で葡3。不純桝豊泉Nど (

亡こD′A)抹fAversion館域の穿聾判定からP-/7;式も閉りて

//, =土
をe.

(悪霊-I
)s計(訂(2-S-り

P　/
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(I)島国波容竪竜田、一七唯一V津安堵

油東国場数か十JS丸く、.表面準埴<olk:」皆がないてす3て、鼻声0度

蓉葦_から求め*　Cpは(-り式に弄＼tz Q　に一朝す31げイあ3

E　芦o***屈　>T, C同　調胃　　　配ST^=田闇'x'H. SEB雷

席・裏面尊命株、直池島用句長石や毛奪しろ科白、もちe　このたゎ

高齢摘草O,専屋に汁13奄叱峠、表面卑怯。_各、-てぎーごrYイT、

なたう-h!-^3　こ^n二主ヒ㌻、て　<h st・/>、章句・f倦去吉は、

・ft剤:拍号と畠p¥:・音*?-if)享41,車j)盲信去き　fr'Mn ;去りて・,子人
ヽヽ

1　^ 1

烹奉:S三号n亨市有"4-*?>≒∴享・卜JT　こ叫ti=.壬ミモノ.I二こr%7z

目しベ…毒　　t:*>、壱季il^rlr>蒜電離*Jカ如月1こて子.T.

い女Gr<¥v 8rown瑞r)があ3。この柏は-′ヾゝド娩イの卵

首ボめう6日こ肴如寸易3.

/Appenoti

(1-33)か'導出を第年ラ。ら什)lまえ堆。よラヒ書け3.

らtt+; -鉢,鮭

(i-32;式t -)

5I

止=-弓。;5y¥s-純。Tl叶

7工1しミ閑散の′トイl-は奄化毛責流転イビと頒脅し.

f(+)弓。十∂守

すf-こ大町フ五サA)

M-2-0

(A-トt)

(A-2-V

(A -之一午)
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P2f

射幸　AhO溝を絶編をt:時つG。As MiS棒造

§3.l鶴喜

こ心音でに、Gi*A:裏面の傭譜′義、、はG7抽～M工SFET零で

e-霊貞rA1%胃*>Kft<F)

I-to)霊巳<?-n<t)闇等宣誓

ズマ酸化3.才㍉二日へ症,どo六廟を形成すう柏,CV9V(ck紬..-

CォIV久perDepos--tfOh)三毛や久/eッタリンゲ/o)I二よ再摘綾の報着

鴻fiと、があう。GAAs<nn.仇十rveo半iオtf>it名、C^A,と帆、deの

x%It、軒,J宇三二妻5->-T;言日こ三人「 .七く. ". 1し　ニ*A　=*、 <:,芸

軍なl) 2-天象寸、 G久とAs*)疎化速達が賢fはてと、再心、ASの商1e悔

iTj喜去・=一舟-3・- 「 ∠T,とi.二㌻、て、圭クA-/r*+=v*　く・:*.1声aoと

尊号事,占うfi撃1/ )*/{寄主ホ1:・く＼)。ヌ、 Ai*)酪IL駒か勘f/;結卜二は

、あてJ=碩3Gcuflsがtと<nb*A'Irrtベて射ちが血2;aす3長め.

壌な酸欠醸て専う手間額が句、)o G久As上に絶獅粟を初為す3右

まlt、良L,経線堆さ得ようとす九tf、島遇ィ、tinわれ妊ぢらあこて

脅、1,そq)盤果. CW4　表面がうA5が募驚して、化学軍詩的に不

馨合(nOn一正oi心omeirrc)な界面と甘,てし打,これ主

roo.+ive OズHt　ヲ再婚一芸綾を声76sAMI S7%;^ i二は、すべー/IT

莫通しセキのがあ3。それ株、

(I)勘これ- Gi*A*M工S傭堆O)act…れ"1㌔ron佃に見られ3 、里

単1て大きfi索聾の園児数角敬

(?) }>-GckAs M工S軸柾あいて観測されI ivwersron方号が、

甚加07も-Iア頒虎から主将r丸1 inve吋On容葦よ再大きl'

こて-t^　V　こ*;再三軍ヰ言ク/-,* J牛手1-蝣-・恒

mi久吋かiイ五題勘二分けて、島膿良ヒ界面孝藤が祷布Lてり3こ
と会え碩して、13。また、こq'おうナよ肇徴か、 G久有川工5線造q)

fi、-こては、これらq)句′推6)及同か、絶象腹の赦隼よ.)

仁,aA～章毎♪蝣ftl弓　-I寓ft卜持去で† '5こ-(幸三;白て　う

P　/
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。こ9'車では、箸名別号な,てき方NBD堵(.Mole…1吋8e柵

Dep。与'.triOn靖)f=よ?HxOi醸せ靖っGyo^AsMTS粗塩の僻J性、

良心、そd)改善につりて追べ"2-MBD法に仁iAA.O,瞭重岡り+;理

由昧_、

いAlxO,諒は、&.ヤA～雪r>4オンL-i寸して露ix.」:早舟十さく

Got/U/AAzOj界面lt、催q)鍵盤碑を形成し乍現今ヒ【tぺて

skayptl呆与イIjlうこ<rA予票二*1こと∴号をj'皐-5-/?

sL叶Plこ亙イCL今、-ことは、喜TfJこGo.mAsのY¥or¥S転由o一

札:-Uに-?*;か3と,Ziうわ1.J

GOMBD壊fc-r丸If、f(最萌イ針宗Cく/opec)でMiO,醇が形成で

き　ちこ　て。

G)MβDシ主は、高真空アトJ IPTorr)x、Ai了 ヽ狗を
7
U母 汚頭(

contoLH¥ir¥GC^-|vOn) 0彰管を嶺けI=く、-こと.

fr)NI BP三五は、聴々6)榊軒′性が良＼-こて。

なでがあげられる。しかし寺から、雛等的に艮3と漁41とラ珠

があ3こて卦わか,た。

喰)AAてOt.<o^手癖の反良書田、)て、)3ガ、 Ajt、-ラ)告准互雀属

も去遥C-/)すう-寺Jl喜I3'nて一幕音二で3こ　cf:哀7-I二軍

鞄であ,たこと。

(2>MBP接去同、,た理嶺Yして描Ifた解長(ち)が放針=l拍舟さ

EZI田開　　音　　t-tt* 5闇四E^^^^bL^J瓦盟-抱」 'tA- -*i<T>暦瀞の日

昌ガら昔年すう不Vlカ入、 />/*.妻・空ン7.T^ 7)'I-'7'T r</>

馳ガス0)敗軍が、 MBD射てよ3融と03 OdtJ?OSit¥0わ乎r:束を

ン7テ/-<蝣　r喜ゝ_すうOxli"iの号再‡!Lて、 -亨十二号^f‡さ・1丁

も3。皐月ヤのrLカかあく.サン1つレと落着':祭の冨巨細か、ガぇ

h7,羊-q)等f摘由竹叔!-aぺて十本長日酎こは・ガス圭較すこと

i-r-,て絶lLか乍Jjか-|¥3こ　し+/し/5sl-r「・,幸手・去て性、互

生Lt不敗解ガスrD羊lよ、直接サン7'/Lql真南卜入相う3,

#」・主、 _二らr. if音d^/;、 I1. --ci.i/-'*..圭ミ　　　・-」'一-二
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させ3ために、尊外線照射を、 /U*O,糠成長ヰ鼻ぶAAiO、瞭成長

義領のアニール喝Iご解fi,良.拭下、音節方塙.齢果、考蜜書直へ、
了。

与3-a AUO;膿q)最長i去

尊者6)有^, -hM^O:壊滅長i麦は、細別す3こ次のよう)=雀3。

Ll)蕃編。か凍′巧去「毛翻二桁fiも射こAt*0誹をHB Dほっこら

て成長させ1 nl7y.

仁,葺如きか熟して、 MBD射てよ,てhliO,絹も議長せ机h項
Ef:

t3)葺布き咋玄アして<r>MBD法によ3 Al^鋤費成長珠。

釦巷放毛巧去pL、かつUV矢野如き鳩n*>つフんれ0,月黄音義厚さ

tI7)哩

銀とq'六法は、す片て鵬　丈略「五怨07と-づ音飼＼-てAiti

質させて＼-うか二　もフ　て安食EAAせ碁賀tVI B貞行波の方

;去t竹+l->左.

6)母了ピーー4右か-L式I--11Ak<t)貫首を臣,・うち三吉。

F㍗・3-日古土書LCJ)ノ(1)に掃、,たA^」>　蒔音准置巻末す。真空

+1ン/ぐ内を1日0-7Torv yiTd)畠幸せに排気　し長考を. yg＼へ.

6)アランLT′*17から鳥丸亙o之が7Lき導入し、 7ト/0-6へJ刈5r

Torr　<o喪ヤ友t=す盲と勘二、と一月〟♭lけTQ)盲酎左か熟して

A2号奉賀こせ、葺振上)cAJLzO^　姫を成長させた.鼻毛速恵は

水晶蝶々主†lこよ,てモニタ　し.ヒーつ電圧幸手寺1で　con七roleす5

こY/二,-1て、昔高速古きで子持3甘)-.I,i一写-t一　二*・*　白

わコントt?-/Lt=すさのげ曽吾し＼1　M*銅製o)成長運産は.

-loA/帆ぐれ1.tあ3。排気射よ・.排気速度^01/ぐFC d)イオンガン

7'て　1oooi/sec　のTこqう、't六　一レラ　ンガンイとかう威,て

t、うー　F.I　一之は　Lu,与.享n:主音翫rn「亨手
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bell jar

Cstainless steel)

quartz crystal
oscillat°Tr

substrate heater

[MhS&i

substrate cGaAs}

Sa甲pie h°Ider

shutter

I/8 inch tube

(stainless steel)

t° variable lea互

valve c°nneCted

霊空pure 02 gas

甘^HB^ffl引

A王S°urce

Fig. 3-1 Apparatus for molecular beam deposition

of A12-3 films.

Wateトcooled substrate* GaAs)

uv

Irra

(253冒7

iationf

A.18A9A)I＼02Beam

MCTT。rr-1/s)

AIBeam

(100Å/hr)

Fig. 3-2　Schematic diagram of an apparatus for

growing A12O3 films under UV excitation.
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喜3.3　Al203膜o)品街千個

AhO*日夏の品質を喜印5す3日約十ゞ漣編上l:他0,根毛戚長さ

十7苛',,翁lたMIS桟ユ':一・>、=1、書手--I一三等ir′二二9-7つン

・久一電圧別宴′奄漉-電圧解椎は九号九C-V,ら-V,エーV

柄生と酪主け1)を魂べた.もの鮎果糊養鰻としてq'偉-草津イ毎

う、衆窮殖Q,套＼,練を昭3信組、i3.2<r>(2)ノ&>′替)o'臣までも

ーT=・こA蝣
r-サ'--て~--iこネ1,ユ・ヰ/・Zら弓.=・つ-て㌻主:^∵;

享子言手n二号言/'<こか亨車'':^*rJ3壬こら),丁~rj--.∴圭:つ・・

てオペう。こJ,≠】Ji・I-t　って、 AJL*O)f¥一㌢f木戸箔、連-ちlこ　300'ぐ7-

日LY-つ息Jiの0之が六千で了ニールし蝣fe*fc、 AAゲ-L電極を菜

為すうて針一璃′控をキフM工S植浩が智東できちこてがわ舟,た,

用D射こよ1 h^0,線巌享ヤ17善報温度は、争奪ttで判をし+=財

界、 /00　Cつ1下でぁフ七. Aれ0ぅ虚長平の塞放混在乃五、或長根

077こ-ル5暮夜300C　は、 &,<kA　塞瀬を恥,t tき再昔禎olな

。温権であ盲　kUO^草乍fよ7k品碩乍恒'測せし七。そdl窮果、S/

A娠0,/原毎日こ佃A'槌貴のSi銅聾が・束在し'-).貫AJrO,の諌電車がgEo

い　てDCCrJ、、:・、Iot　いネギあ、ら汁等ir- At-0,軒Ij yよく-蝣;'/圧

Fig.

(95Å昔c-v

Si(l箭for

true霊㌘203

Fig. 3-4 G-V curve. for the same

sample as shown in Fig. 3-3.
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FV**"*-3寺、AA/他0,(qr/O/Ai格浩0,1柚tt=科十3C

-V^'性う、ぁ3。まtF甘31年は同じサゝプJL。/okH*こ叫

3ら-V鳩′性で烏3.C-V特性にみられる若干*)Cえテレレスは

、Aho*膿や又はAhb/n赫veScO之界面fこ長束ケ菖トラ、ソ701=

よ盲tdTと笑われ3。C-∨声小、6-V樽椎は、午、-ト/ヾ47入、

-/V付近の、麦面準・促からo)寄与6)あi乍声域以外では、目立,I;

即皮私有育毛弄ざ+い1.k針-Daklke法によ)てボめた裏面準鹿

豪G*>号をno.

T3-に三千、.こ.-.-/Tラー;千Tft雄.'11日・AO
・-千,.1・二言J∴て、,3三三'ニ;・13-言三一一∴号蝣Z-fテ*--^蝣*i.¥

Fig. 3-5 Surface state density distribution of the

same sample as shown in Fig. 3-3.

Fig. 03-6 I-V curves for an Al/A1203
(80 A)/p-Si (lll) structure.

0　　　　　　-1.　　　　　- 2.0

Blas ( V)

Fig. 3-7坤rimental and theoretical
I-V curves foir the sar肥sample as shewn

in Fig. 3-6.
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僻性持し1、-号。 F甘Z-り'=元締うに・噂拍電流<o・9]-'禍

Yf臨場rof湘n?・から、 Si。1ミ導葦U,毎かうALoi 。稔尊卑Q)
'i享での綿々もさユーOSeVが纏う九七。-3)

こ九らq)寓等がふ、 Sこ上a)Al-03癖の品管か、良件で譲3こTtか,il
ざれた、

/i享て

i>こ亨て**　て-->/テ{_つ　し　,:つノ/・ノ誓十を二三-い　-r'-、二L-r・<

さぞ圭/LE'之Ojfl予の品智t SiM工‡′撞ifを同、1てき拘べtit翠tこつL,て
ヽ　　ヽ

オペ3。

-S　　　　-1　　　　-1 e I

b tYJ

Fig. 3-8 C-V cur糟s for an AuSb/Al203(200 A)/p-Si(lll)
S亡ructばe.

F甘3-官　は来れ　UVlt照射下で成長させ-fc AI03醸再奇っSこ

.1'二5 T^-r-「ユj *i-:・・Vi、ハC -　ソ言上( >一三　　　二・-1.-・蝣-*-'了;I-　午:.!ニ

ラうy¥%/rう・T机デて　号V"^、こ・-p;・一て;tt　ミj!丁.6.二r^

敬一ま、牝乎摘射墨イ^so'c) <otfとアニー′レイ覇,? ・こ射す3・(F,-..3-f)

′
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Bias(V)

(a)　　　　　　　　　　　　　　　　　　　　　　　(b)

Fig. 3-9 (a) The C-V curves and (b) the frequency dependence of the aeチumutation capacitance of an
M20>/p-Si(111)MOSstructure:sweeprate,O.I Vs"1;  , 10Hz,itluminated;  , 10Hz; , 102
Hz;一一1,105 Hz.
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この町虐弊令息は・ LJV史韓如に右,て、純03月菓平に和;ガの同

油教務葡音引き走eこす春叱(佃iぽAA亨は疎音原子の4オンイe)

が/iじ*%*>と者i;れ3. Ftt才・3110はF甘3-才′ F、、>*一・>

Fxg. 3-10 Energy distribution of si旺face state density

for an Al203/p-Si (111) KB structure.

・二号し千:- /蝣:'~【三,ii、如蝣-P>A~恒誉・V t　て　; -fTr妄It二㌻ノ二

郎補やせ荒す。 7--,LLtz-nンブ′しの泉南準権柄は04 ㌢ro*jy¥
のtのにビ亡べ士I組I二イ多く.拍、,'1去FA示UV失照射<r>n.I,tき

♪車争;i/t亨11蝣'F. ラ-r) ¥こ({へて幸　百*<'*.f t-　　　　　こYが

あか盲。すfiめ5、薯か乍和′ uv机軍射出:,て岳品^o純0主
/r-昇与ft　->-/?-うこ　てかもみ　t-

J/」き律サ十‡子ミ;・乍三　<*-,-一・乍・一十　=-?-v言′*'^、

#s?経書Itf.ifr-'きt一二*nT,ガ,てt-ll,,

喜3・午　AAと0>/G,*A-トンネJvM工～裾且

二の笛-t'、運べるG。As MH碍迄に針,t-AhO,醇は、薯有用
11・号4-・',′'^i.'¥ i二＼こ、ラ3.--r:蝣、与川-.、十　　　　　A r-こ-!'こ-

I.・nイTh7,享T=言1.扇・*.」豆.亨衰う　　　て　OO rvr

の027--′し芸術'主fI雅たゲートtfnt布を,て)1

F才3-1i Iま-,-ー:^5(iCO)/*年式/i.らニi/a; i芸ヱj)C一時

m:時雄>'Vす*　T蝣*-I 's-.yA,声与J*¥ -'-十r'jま-　最末iT-
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Fig. 3-ll

Capacitance-voltage characteristics of a n-

G・血(100)/24 A AljOj/Al structure aもvarious frequen・

cies: (1) 10Hz, (2) 1(油Hz, (3) 10kHz, (4) 200M王z. Al

gate diameter 1 mm and carrier concentration n9 -

1.28 × 10" cm~* (Te-doped); sweep rate: 0.1 V/a

たメ畑-/レ,ヌ注目ISO午こIづと03,:H^0=3・. I: /にて布与,

て・・ "2v・　ラー-十・、　ま・ :TJt　主至二　　三」主-1-9<-<-;宝--ギ　・fcっ

.・'tノ:--J一　十　r-ノカー7- ・言・ Zi-'JZ,V;-'ド、--tネ亡羊ご.二一〒す

うので、ここ7二肺していか)。 F-ド.3-1こ障れ3‥肯、

ト陀-h-70>t*-H同#&'岡田別　　嗣慧　　唱導7/」. fc>

と々＼-Cた/ooのAhO:醇亨キ'サン7'/レにつりてキ見られ3。

・二六　　・号メ　-<絹て一電着…　,>iVt亡言-:壬r--r---r-一、二v!:二./

Alと0>/Al捧法ですでに錦決してあう。さらに、 CiCv/W<D裏面/Ejが

、仏03現車葬りはzooe.のフrニーJL辛に、才摘拍)flvと

は、その*}a群星席,ガら居i/こくり。催,て粧梢責務節47原酎ま、

G久As真南t=あうY才i接号。 F甘3-/2-K)にp-G曲者額摘

、7-I.1T SrX土J^,こ-ノ圭主~持す; ‥⊥ィL;号ocaシtY:¥!^TI'-.I-'午i
t f)C-Vカー1/ま　こ,T'領頭-xiiト　ンネ'しつ1ワ　77ンフ'/>ナさ

くt"74J・y蝣

--5-j-誓言三菱主一:-こ:"・三して、-十、3!ら
屋は3Xlogv/鍬1Xとイ蔑1.Is(,MH号oC-V信ブFL

.p-C-.c,A、芸豆,T:テ・?:が7¥-^u/主力7(ネ=一一十十三て

つ吉!Liて、'ち:とき元I「-G*A--yr¥¥く!蝣*!埼

1
1
y
f
y
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喜

d

Fig. 3-12
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7 CV

、
ク 、

触 V?Aj V

n w H

.、.～

7. : : !-3 -2 -7 n 1 7
Aas(V) - -

Capacitance-voltage curves: a) As-gro,,vn p-GaA3 (100)/73 A A-20JAI structure. AI_　f¥　"　　　　　　　　　　　　　*l -r~-　　~ '〉.一㌢'〉 -"Heg・○; --13-甚rU'hi p-ua.-ts ¥i¥jy/∫/13 A AI*U,∫.-VI structure. AI gate

diameter 0.5 mm and carrier concentration p0 - 8.4 × 10" cm-3 (Zn-doped). b) After hydrogen

annealing at 300 -Cfor 1 h. (1) 100Hち(2) 1 kHz, (3) 10kHz, (4) 100kHz, (5) 1.6ユ工Ez

P　/



p33

節は催醒方で、-ガ、、 C-Vカープq圧ステレレスは′卜亡くな,て

、、3こてガわオ3。 Hlアニール[300oCノIkT)は、酌摘摘柾を滅

恒で3が、逆Iことステレレスを増大させ3こて.がThか3。 CFfi一

≡-n.(>))　ご0--ミミi吉-T3・-,}、.こ?T-、子音丁7h_1J一　才

3-Jl(ら)からA<S M机のe-Vカーブが、衷海津帝か存在し71、'

・ -7手^-FYt^tト1!こ7<く一号きて',こ-(やわr'　こ♪こてf:三

、利一GへAsのzook塙o)C-Vカー　ブが弄Trう　f=、蝣K-(W4S

月号表面ボテゝ一本きしが摩、C Lで蜜,!自宅M o仁正して、 ㍗-C^As

7r 1_　与　,*¥　いて-^<　て・-蝣ミ‥　-I I -・,こ吾　y　　　二一/1-- !-

みられ3まきfi声U緒戦令散り乾田Yして、絶商略形成平I-G,へA'表

号!=-手持一テナーミ・1-ご=-:; ÷「>-三下;-!-"*こ-豆≠く　ニーh*-I/->V

フ T)+>Tl/:、代車的値:昌一と、サ1 「oIL抽AI　い-,Jので、 -:*)r5 ri
ことは者z_lく、一。卑属d)芽iでは`l、AA*Oさ虎長以射て&c,A<.裏面

に形威されう、G。Aゞ<r>rudiVe0両teLたけA乱心)6)希在妾孝養

†べき寸あ己←)こいQ,尊音性、表面準働、.+f
ixocviveの吊e/

G久A,腰面に局在し1し、3ことを、沸くネ尋してし絹。サン7'JLを

外チ空耳3酢Clも、 hcL事咋ox¥deは義3橿席AI-lOiv:斤IKす3が

、h止・ve　0両/c-n*太月毎は.篭iく牲YLで奄在し写・一七虜i

g丸3.九一」*As M工S棒迭07、巨∨翻皇11)霊声音査同源数JS教

委主翼印す%-k的):、 n㌔'ve o〆ide/C-,久カーゞ雪面7=月産し、工育-ん車

6圧lよmvd腔　からイ硝帝に_trけて主ヒ机す3、島濡蕗5)柄
壷季者2^Z　七つ　と食草的な領主烏せ婿fiう釆叫にCiaAトンネ/し

・LL・一丁。芸->n-*¥<*-uy-AS」L　(一・音∴う-13)　- /'":悠/;ニ

表面準催壌兵事隼を幸吟3。素面準イ立を号Cp rt、 §2.¥.xで述べ
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t-lIト=ド芳一Ltサニ了;u7)責亨rテン'-n"-.享.ヂ貫首は>Sh

2-t?okH号　f=有け3　CDモC3-3)式にf汁させて、裏面宕テゝ

納亀と/ごイアスV6)関係首唱東。 (Rサ.3-け)泉南判五雷撃

/
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- Fig. 3-14

Bias dependence of the surface potential for the sample
shown in Fig. 1

ご　n与3-/1 IOHきれC一再-　-*サ蝣(3-4-)≠き亨・て

得られ?。こ6)ようにして求められt表面耳イ互恵寿今市をF.・望3」r
-け示石高15i

r-'a(久)に未す.塩草帯下0、FeVオう危尊

地3肋叫!蝣>r>)-

.V

i>

OS

4-oiw- 10*　wi>~ふ
∫wi'act state加か(arftefり一一

Fig. 3-15 Surface state density distribution: a) the sample in Fig. l,b) thesamples in Fig.2a and b

>l0品V')t)妄-位ハためト・-7　ミ- -;-pll¥ni当T-,-

f¥一仁　A妄Idnォy%㌔-Iフ・7-号弓V相二二ホ3亡者iら十1サ　-1)

凄・5準楯凌在席4 7よれ-ClqA'/暢梅南柏崎//i属棒針二つ＼-て喝去

れ軸穿てよく赦1、)-r)F辛3-IS-(ら)はp-(,-こつり7、 F・一計・
トu( 1?>^(♭)方うI可自--lて幸*>*王寺蝣7<i:x:f¥名苛十も3,

叩;狛ニHIPニー'JLが素面三郎立座席{滅,/Lさすて、)3ことがホサB

F,I-　-IL I二、 1tメ+-(->*A'.//¥J¥OtS~# r>事う了持せI?'t."*.く

I
I
ミ
サ
)
M
e
m 〟

Fig. 3- 16 Density-ol-state profiles of surface states for Si(lU)/AIA
aIKI GaAs( l(淵)/ALjOj interfaces U Tl　　材72　　が　　　7,74

surface s肋叫!'cm*evウーー
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・ Kォr- DクIlkf　享、にf,てすめたSv/t¥KCi弄う享5,妄茸:jr<i凄'毎

年玉円勘こ泰T・ヌF甘3-/7 /ま&<¥fe/Af%Oj果面とGへA～/

子竜梅岩J(諒等亀の芸も隼・任せ貢Jf右を円哨l二寺号　ri13-17 '-n・

Fig. 3-17

Density-of-state profiles of surface

states fo GaAs/AI CU and GaAs/AGW oxide

interfaces.

いて. 2-つ,1句-nfi&膏　-/　千一軸!二In蝣-t了人「・蝣z∴て∴-*vて

-放して＼、てことがめガ3・こ07こては、 M-*.03/Cic^A'馬面dr)秦

石塔権が、 AJl*OユとGkkAs <o聞k有たす1>　yK証ive oyide　と、ー占。As

r,君毒-ahたtて、、1こY_亨sh一号す1,。二>・」号-亨う:二豆す-%・手・^は

、轟四則ミ、ソト47各省推6)悶餐紬、不純勘農産の主筆星l=に1*-<o

Y者iられ3。 F・守.3-//再、 5L、序か、GへAs某lこれ.布-p布達で
裏面牙債鬼虎rDや株、巌/ト庵をて3ことかI,わか3. Sc <r>裏面孝イ立

食毒は、 /ぐンド規て・はIO'之cK*ev　<Dオー7璃帥す　　6*A　の

・M.v中t;v下での泉南準扇状を、 ㍗-6*/UM工5格的卜Vカ
ー7ulこfAよーし恥4At¥ <XCCctへJqhoh乍頁域か艮う九もこY分主、埼

員/015c-v~'のト朽餅弓3て%-hれ3.しかし. mi頼p
オら上t=は畠:裳虎の表面準イ立か存在すう.こ9)J=うなあ:濃度,)表面

射立は、 G久As蓑百日こ存在す3薄、-オサve 0両e t蘭債か石3と

餌九号・その理か未L G溝裏面q'e十C信h3硝l:形永さ・れ3
h止fVe oyサ4<?は、 &i<¥A<.裏面に不壊拍b鮮々ヤ九尊号論的不牽令

壬生Lt、さぞ号と孝iう九3かうてpあ1-　Ga/¥s/鴨鹿西射t埠界面d)

責を封三漣r%翁毒が、 G。/W//'/iら景V--　面,二　_/J-一恵H*-*iこ

-L卓二ていうこtL〔 ?蝣3-1i)持序y;*ペてこYl蝣>.1 ≒賞

P　/



p37

の表毎準権密度は、粒アニー'Lげ,て★きく滅ケす写。尊名隼、

G祓長南d'簿、)natfve o中eかれ再久Pから上。芋京′Lf領
埠Jこ、罫洩尽d)表面準権も義髭す3と者iて＼)1催,て、十番唯

緑U,泉南判土恵存を幸増す3 1=は、 G久5<r>棺恕醜三毛で性陣馬
かあ3と艶われ3.つこで直べ手薄論o)宮.騨柏嚢舶来、帆。izc品

巌職ep・ir^x^　にrブてGoA　音義毒させ　引続き、・融!-/」

0両e喜平クぷさせせ、'よう)こ、 A生の賢左成長rすて娼;れ3M工

5滴迫皇帝、1てfiされ3であうう.莱汝、 &<¥A:上ヒAA号音差し

、これを緒鬼醜化して〕敢丸首、毎うどAQか疎イtL教わ,T;靖,藍

でir#>1てにらて、 ど(載和毎増産6)東面準イ圭専寿命布が綱川

てい3。′f)しかし、尊名は、 GqA;亡L一重的鮪音形威す3わ去でJ

t表面準催海産埠減に韓翠かあうと虜iてし-3_そd)I嘗射よ.

・")か主錆すうように、衷膏へさ関<r>C-^As裏面tてはす旺≦p>-cDr t>
萎守:jFせが毛をし-r*v、T)に、読書F?Tr¥
TJ&*」s享-ァiに*r‥こ-TV

寸3だけで、」*/4<裏面tこ裏面準イ立が諌叙され3分Sであ3.こ6)

:tは、∫凄奉が車空へさ碑では島忠崖o)裏面準権雀揖与、■醜素

毒lてrTJ碑で棄引;こo'埠権が右射生イ(され3ミYと如且鶴でもう

乾享.*-?了が.'6,cyA,裏面t-s毒して、-fラL G**A　吉v*)/こ辞こ鵠

を形成するこては宙艶であ3ラ。

与3・r AA之Oi/6aAs MTS極迭9)墳′性改善

尊者は他Ox/Clォfir<界毎の表面準櫨は、肌0,鵬銅汗、
G久4～表面l二年在・す1 &<¥A*<p) vvq十rve o六f4ei-㌻3tのイあるこ

I

ど+日皇軍v tr.こ1,,テ号・-:了V　て、こJLfミ　ho.li-ソぞrJメiJチサ::、侍
～

I)三景ィ、 l寸士そ・.1、ほ*";竜蝣>'A.とI1-号え-n f'三¥子Ir;*亡か3モ

I G^A摘七え恥頼れ再on庸その他O,佃島拍ボちためr考
iた・そこで客一缶酵Yして、no正ォvve oがde　り佃′性日東をキ丸正

良し,本'3テY者i七.この膏では.巷オ軸ここ07ようfi孝ilh

つて省吾-> -fcycii宜kつ、1て迷べ3。

P　/



pラg

至3.5.)薯叔巧守

AAと03贈成長中に、乍引こ巷扱きか熟真し=よ)乍去pI^リ喝/5fcは、

昔液の裏側Q)朝市を私電打で判湿し毛糸言募、 JDDoC鵜売手十温虎が

上零す吉こYがネガ,良.こo)にラ住イ針鼠では、 G久Asの泉南が‡蔓

録を汁うtEは考I]--く、-I.　サi*オ・主/*>-<C三をto.喜ここi ;・

、 c-^A　裏面はA受峯葛岡のピー勺(-to.ooc_比r)からq)和銅射互

嶺け3。また、島温q'(一夕から碍暮して来3A路了3)教速達は大

きく、 Gq tj <0轟素面はキ絹を嶺甘3つ苦汁寮でlJネ「 ＼13再fc,性

が名3。4*フてこの如果せ如うけちた射て孝和き,11去pいk咋)した

。し7LL、こうして碍;ネt-AJtと0ぅ　睦は不を食で、バイpスC一再臼

二√t-て-'4′′ I"if93Tい.こ∫・巧L-!・'*.亭TE妄・y,/一・ご毒! T-?<ち乙、・

去イ'きfi、-ためでは互いオY者iうれ3,

Fig. 3-18

C-V characteristics for a p-GaAs (llO)/
O

Al203 (180 A) /Al stxucture.

F,甘3-ははこのおうとして勉イ白+: /〇一GqAsCno)/A^OUけOA)

/A用達の如才r-nのC-V柳生であ3。 300ぐで顛鮮星tて

白t ㍗-GサaA*　M了S植進のC-∨酎隻(Ft、才3-1-2)ど(碩して

、方号;1-i;寺4*　範】・Lコ.*'-.A与して・ Lsえ＼、イ7号Li-)はき言こ

大昔くfi,て、、3.こJlこYは、連＼、*s工針(las†da十e)<o

^)を毒味す弓。 G。A。巻線を,今去rLtたd)に、他03/」,蝣八栗面lこ

東庄*c<nA」原子.かYり碩t九、二人が電子トラ-・′1Y Lて極くた

めlて大きfiヒ7　テしゝス如具われうdrか寺知れfiLl。
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盲3.S-z AJLxG3」喜平の芋丁ミ・巧年i′>JVも照射
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寺
U

The C- V curves of an AlヱOj′ p-Ga叫l叫MOS structure(a) annealed at 2(泊C and (b) annealed
at`l叫C:sweeprate.0.1Vs"1:-　.10H乙illuminated: .10Hz:　,105Hz.

Fig.3-19

F千三一il r*j h-V ら) ・サ　∴　,r:<責tス　千㌢-I/〆　.-/-

rT性,て、100亡′ 3しいヲこ-JLしたAJL/A4xOit矢zt>*A)/r-S*A*

(.Mo)*心、1ネき†う　に　斗ooC　う　^ァニーlL Ltサン1-JL　-")C-

V埼′性であ3 ・二<T)If　　ん5)朋10,晩Itt成育やlC書初咋軒及似、

UV患剛寸を容ty」Sので布3。賃ベ4ア久での何頭教育敵は、
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/J・・′S　呼号か"ttS vてし、'.下れ5、二!豆;TVTz v?ら:=.辛:;こr---:

卑ケJS敬かすい- ・正/ヾイ7久頂璃Ifり吏照射佃岡城鹿茸は、 tj-DOC

-'しした甥炉'舌が六ft)。こ67摩酎ま、 i^versroh ~la/<?r

a)ケ斬射アの貰射ことI%*)か、或いは「hVtySio" "j仇/er/*

頼t来て宗、亘7=->Lによ,てTE′くつアえ側で41裏面準亜J)再

言放や仁'j<　　　　∫て;・うう　　　主2ご:K　　　　十--rsl

-ノ'* i三と‡「　7ニー工-J-ミ')--'V'r-二つ二9　77- ・<'/'-V

i.、:AT†ミこ了宰k、く●-?可　かfJ、/ ?7 †」>I:-サ->>蝣　　　く

〇二07こてlよ、水音アニー^によう表毎隼イ相席*>;AA/7、再五一

AiiC　醇、rへ。責F^訂亘を主rlHz, n′乍717∴lノー'

・⊥7il亨+jら主再弓　ノミJ上狛　fjこ^r.-;…　　　・VJ1--J-¥
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Bias(V)

C-V curves'of a MOS structure made on a MBE-Alo.sGao_sAs(200 A)!CaAs layer
(sample A).
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Fig. 3- 30 Reconstructed (110) surface with an energy-
hel dl3gram showing the location ol the filled仏s-de-
rftred) and empty (Ga-derlved) snrface states.
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Fig.4-3　Cube root of photocurrent per incident photon versus

photon energy at a positive gate bias of 20 V for an

as grown and annealed n-GaAs MOS structures with an
O

oxide thickness of　4000　A.
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PARTIAL P旺SSURE OF SiH午
(b) (XIO'Torr)

The emission intensities of the SiH(414 nm) band,

the NH(337 nm) line, the Hq(656 rim) line′ and the

H2(464 run) line as a function of silane flow rate.

The dashed curverefers to the intensity of the SiK

band corrected by the emissivity of SiH with

respect to that of NH.

(b) The emission intensities of the SiH(414 run) band

and the NH(337 run) line vs partial pressures of

SiH4 and NH3 gases.
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し・F/T)<,p・r.拓;万とアニーlL,^1蝣亨f)Wf?享耳す。-午co

アニー′Lで;p*nd紬叫は/o'r台か与へ/0●りc^吾で如一桁滅ケし

・ニーa-;vrr>′呈達十はIt.

V-JDCテTl.貢ぎL膏vi^'--,享子I5A.i;,至は

I.二>-ちと引.UrJサ三i-z^^
*lO:√i・,オー9-て3;c-Ioo,'/.丁=-

'して享{人、c蝣-;一二'-J。-i-wt;)0-r-㌔/--?′さけう

tfhbond教は裁凄温/iとほぼ机3oooC6)アニーノLで舶25-X示

タLJoooHで再で布3.線,て、7--/しヒ白中轟S当

--i:一号ソ;:三、-ニー.I_毒‥√,て′/-H川ir一三-:,ヰ豆一主

了喜一>:-*/ラマr;-、T>3r-,ts.-4三千子5/-->)とミ

っ73i言て?銭こオtF7ヰ′きし叶rメぞバ寸/モV,蝣;?<f-COC・.こて

"or-1・-C、J詩・7ラー7ズ′I
5㌦Pて-7.3一こ/r-a-r~亡:リ.'・蝣ラ

そ-*¥-r**蝣凄一手I,ト丁、i-(-i二まミラ・・・:I.÷丁-蝣/-7葺.:症

閣碩き末してし、1.ユ|><ndeれsォ-tyの増力pと勘こ>/-7膏血、増大す

1.:st蝣=一・~」ブTLi_v-蝣--/A.--三去・f.圭草二三っ;'"蝣二-7.ラ

-=買うこて5.-i,'　　　3-0て∴三.< :そi・十;rこ^*".*蝣一二　*-7,導と　Tま
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Fig.6-9　Leakage current through PD SiN at E=lxlO6 V/cra for
●

an A1(1mm l)/SiNf-vlOOO A)′n-Si(p=サ5 tJcm) 、 structure as

a function of spin density.
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Fig.6-ll
Fhトband voltage vs applied electric鮎Id for an Al/SiN(195

nm)/Si structure.

〟 N sダイオードがH N OS　精進に近、-　ことは、 A E S　*)鼻吉夢や、

Sctf/^界面6)碑孝志(t幸) v>別をY矛鳥し写り。電郎負虎を

下咋さぞて速くてき6)直埠毎分のイ頭きかう、諌電率S.osrど0-?、巧

手-J　方・/ヰ　-#う・こ37値'芸主・->'-i--=i'3*.ぅs　≡-ニ「T。一二　二.:i

い/o try MN SAベM ～ M確迫のエー>触′性を電界下韓射ろて日、
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樟誓　岬′享.・7円.享子予・c　て　-N^'-J　三そ・一*.-*圭
尽1A電洩り親行頒首撲喜郎(碑速<r>(6-tt)式, (巨F)衣) It ft　さ

せ3こYlてよフて、トン斉ル骨子-67着如隼革　粛としてD、rSへ

0、`訂yyt。阜4号1。 (この信もi*Ar?ery右〆　奉禦)ここ　にかO　は自由

電子47賀号であ3。この樋はSi02予のn¥ 20)とど(ぺ皆/B大き＼、が

r'事+i値でカ3_　こJlように、音30>エーV fl-1-hよR伸上、 P-F

云、吾i t F-a/トニラILィ、†ジ岬でさ・3ti　こ更i′古., L f,、L:ft'r

速べ3温度績青鳩分与音温付近tこ五、-ては、 P-Fイ云尋が貢配6日'
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して、13.イ針呈今更盛りト ヽ
′ ネ)レ電丸威令を測定値分与屠引くと、

F・1才・∫-1日久)′や)射て2-つ0月か性/tェゝルギ空箱っ埼送機構如えわ

れ3.これ;はトン哀IL効果では放叩でき71、,.高L弓与推JC工京,レ

ギ0、2gモV入心、o・3訂eVに舟おすう温郎垂頭o)エー.V肇極れ

Pool-hrenkeipi。ilこよく白十号3こては琵ヒ述べ末9秒一六
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て、号九号小0、-¥¥wAt¥0・甘3wv|であ3.机橘号か犠*-t
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xxサIVfi^l震<r>>f¥」震霊監禁KR豊Ki百

」;A/5Bit/C%お序で5Slか、 =i、xf亨㌢去-r_n亭声享11戸;
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Fig. 6-13 (a) I-V characteristics of an Al/SiN(109　nm)/Al diode
at　80　K.

(b) I-V characteristics of an Al/SiN(50　nm)/n-Si(100)
diode at　80　K.

V亨は一言、 M<W三7　享　/s,n　再婁去さ一rOP.至高と蝣--}丁

珠ど卜よっ　て毎イ再号。布,こぼ、碑摩吉T g)吉日5-os-aのStN練を

干フ　//指ユー(確　言r」果。l之^*/06v/cv)/-.a克て∴　書:=.享てF-,7

-ゝ京蝣-1/か妄巨頭l~h!>。こナ-I;三1争　tr:ォ　s¥、の享--崎ti電子;-i

人が碑塵ガ島リ%*)に、岳堤まで髭こt) lこくく、 ㍗-F売.尊o)寄与

か官堤玖tでしガ末きくなう今、'ことによ3.

喜l・r　苦と革

才笛て、l掃＼-;れt-pE p Si桐隻は、 gJNの如炭化ガらglと、

足掛t Sihfck.であ.)、こa)At柏は厚l-硬の方が六きり。しかし、
亙rて91二「脚、-たこ,MM-**・V(KLL芦・0.4蝣,*

j-rくそii

lこ不正礎_丁か瑞3-」*>、和義rLd)卑芭*T<*。4号嶺′睦は萄f・)な、-。

酎)こは5c-H, A/-H.ら no!-が見てへJouc涼3のオーダれ机、こ

->-?三yCr　亨l主∴享¥i)∫こ再当I.*サ　♭5い:巨*S/S( -ちftメt・・
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3。 n才・7-3・まS¥/5iti s^st-　の電射叛Eこ軍川v/c叫で

判セLfl_碑孝志でd7腔々夜希聴き示す　nooo Arx下の嘘埠で韓牽

高さが急増T3傾向がafjれ3。この。=よ喜6、21(速べた、薄u

塔i:-zihj/$l　界面'退櫓に頼忠と丸3醗針鷺産が恥・を坤、界面虹
くIn?=D声丁らフー'b-1:蝣>＼二軍つXr者ニ2.)

・,工V-f・^nbプ′中:.-まu

.77)b>.'i-'O^-r-蝣77-守'

」7.3　PEPシIIコ>音化噂炭長煎りSi裏面r)束看ずぅゲて竹

,fT如果

;--^*"'-p三　r　きき=t享こてナ三と・S^r-一三年三7*草-,,ヰ'Ir

ため、H(Vt)S棒達て残るこては5/.年下運べた。二67ラぢ＼,ゞこ上

r>Ki^.iVP Ofi'>　拍去1丁カー,tン募s^′し苧'n→iり来貢-7 ->7i"r>町・X:

が看吏年Tl、も3ことが7わガっ東。
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EDSiN醸せ成長させてH Nゞ棒竣喜怒作し、安々醸平りトラップ

チ:積　aA　>>五AqT垂′:jH十をA Nu,苧三n*/;　バイぅケ、マタへf号は、

?FK7 - /0^V　が大庄//orr,君板:昌度ユーIOCで、^」」9号悶

0, 3<?see, r^　にっりて婿塔,東。欠・控時間如sec rこフ＼・,てlま、

亨*7-ニ　ーt<j¥JJ)I＼ (7　7号f-=牟I tく三1-・て㍉買主善事へ千一　　^"ft言勘ニ
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入射隻を募す,こ47Cス干しシスのttd b触d shiH　机、如く曙

。・,言′如÷√,戸蝣'? Nで享子xt一　手:I i-∫-,一・.*aTr :蝣H至I..告雪

子モ辛>>　五:j雪下ry一午>v　　　圭　　.T-ら・二,- !ナ　9-r早耳==

悶30sec　<T)ナ芸名は、欠、鐸しな、一寸ゝイ/L　と(くべて、吋T, 〝sS

田寺玩E)目上日で田1 M tlロHK5㌢自画圏月田配^^^9b^^^^^」^^^^^^^^aC^^^HE^^K」J嗣
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取り除く.

◎裏面61再酌化七時ぐf=吟、 Illガスを漉しT=苦衷Iidがスを止め

、 5こ叫*-a//-/3a7号5fc」ン入内に寺,¥　Vて、・-'甲11-」享毒

fcx.tこr->7G-*A,享左上iて?-D;v蝣・b亨子吉Ff r3,
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至7_(　未とd)

享幸い二享'ヾ1マ7壬三l-vIて、H77 71-マ/蝣rt=・ざ　こ受=:三言_?午-串

間4;〒n ,t一碑k、 P E D SiA/肺を巌若さでて碍tfL〃P/S棒二豊は、

台うトラ・77音h.分/'-く、 L ji幸男-f=‥J'->妄言かイきt-,享+:三A*
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-7'電流‡滅
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l車で恥.本絹事を守了各うにあ七,),その葱義と日的昔鴫主か

与かt窮まと孝幸1こ・]と弟かlTT亘J?-^r>く1--,b5。

(;寸3ため一　色埠関連する&M・ゝ且が銅SMISの朝来について

号o)歴史匂笥息&廿研常q)現衣t蛙ヾ喝愚息を恭脇目、、T5。

、-て木研常の貝句が床顔形HIS TETも射阜イ10)ヒ†命も性で

・い、、界面準位電鉄左もフqqAェ/ ItlSw-htoy各面を史現すうことlこち

う　こ、C t畦へ、七。

架1孝で虹, 3尊兄埠の議島^象もを溝崩せ壌tして、 MIS

連のC-V埼粗, 6-V痢縫,及・D,表面尊命葛反命布o)泉埠方k
敵い) xSL%&t^山

高三号でも　MxOi譲と享封k^<こモフ后AsMIs鳴き‥-_「・・てこヾ

て、、盲e軍属はMBD元oj/Q^MトンネivMIゝ格堰のいV磨

こ-=え川富美准ヒ大きも酢Tt載・雨1it'Al*03/与1山喜五ヒ耳を73

最良の摘等位に末吉も91でも言tも最初。射蒜し.史像言I

vi享桂サら、 Te-勘こよフて♂久F両のを面卑他電良桶を未航

言の暴果、 nru衝か亨塙肇やkかけて高温夜の界面勘拍-各直す
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Sur王ace States in GaAs Tunnel MIS Structures

Bv

M. HIROSE2), S. YOKOYAhia, and Y. Osaka

Thin ALO3 films are grown on GaAs by low temperature reaction between 0., and Al molecular

beams. A high quality of the films is confirmed from the analysis of tunneling current and capac-

itance-voltage (C-U) characteristics of Si/AUO3(ォ100 A)/Al structures. High frequency C'-U

characteristics of p-GaAs(loo)/ALO3(恕100 A)/Al structv-res are in agreement -with theoretical

predictions. V-shape surface state density distributions and midgap state density of 2 × 101-'/em-el-

at the GaAs!A1203 interface are obtained from the frequency dispersion of the C-U characteristics.

A very high density of surface states (> 1013/cm2 eV) is found at 0.5 eV below the conduction band
edge.

Dunne Al ,03-Klme konnen durch Reaktion von 0.,- und Al-ユーIolekularstrahlen bei relativ niedri-

gen Temperaturen auf GaAs-Substrate erhalten iverden. Kapazit諒ts-Spannungs-Charakteristiken

(C-U) v-nd Tunnelstrom-Experiniente von Si/Al,03(宕100 A)/Al-Strukturen zeigen eine sehr giite

Qualit批der Al203-Filme. Hochfrequenz-C-Lr-Messungen an p-GaAs (100)/AUO3(ss 100 A)/All

Stn-kturen sind in Ubereinstimmung mit theoretischen Vorhersagen. Die Obeifl紺Ienzustands_

dichte ist in der Mitte der Bandliicke minimal (完2 × 1012/cm- eV) und steigt zum ¥-alenz-
und Leitungsband hia an. 0,5 eV unterhalb der Leitungsbandkante wird erne sehr liohe Zu-

standsdichte (> 1013/cm2 eV) fiir Grenzflachenzust迂nde gefunden.

1. Introduction

Considerable年mount of studies [1 to 6] on GaAs/insulator systei-is have been done
for the purpose of surface passivation of GaAs active devices or fabrication of GaAs

MISFET's. Many of the workers have observed remarkable a frequency dispersion of

capacitance in their hIIS structures. Even in the case of the GaAs/anodic oxide

system, which is believed to be a promising system for production of GaAs MIS struc-

tures [4], a strong frequency dispersion of capacitanCe has been observed for samples

on n-GaAs substrates [5, 6]. The origins of such frequency dispersion have not vet

been well understood [1, 5]. On the other h'and, there is increasing interest in a very

thin (tnnnelable) insulator on GaAs from the vie、叩oint of application to highly
efficient GaAs solar cells [71 0r optoelectronic devices [8].

At the present status, however, our knowledge on the GaAs/insulator interface is
still limited.

Ihis paper describes a new method to prepare tl軸A1,0., films on GaÅ占and the

determination of the surface state density distribution at the GaAs/Al.,0, interface.

The origin of the frequency dispersion of capacitance is discussed brieflv.

2. Experimental Results

A thin A1203 layer has been deposited on a GaAs substrate in vacuui-l usingユow-

temperatureォ100 -C) reaction between 0., and Al molecular beams. The oxygen

x) Hiroshima 730. Japan.

-) Present address:ユlax-Planck-Institut fur Festkorperforschung. 7000 Stuttgart SO, BRD;

on leave from Hiroshima University.
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gasisadii-ittedclosetotheGaAssurfacethrougha1/8in.stainlesssteeltutuntil

thetotalpressiireincreasestolO~6Torrfromtheloackgroundpressureof10-7Torr.

Thepumpingsystei-consistsofanionpump(401/s)andaTisublilnationpi=lP
(10001/s).TheevaporationrateofA1isぐontrolledaroundlOA!min.Inorderto

exanlinethequalityoftheobtainedÅl,03films,wehavedepositedsimilarfilllisonto

Si軸bstratesmaintainedatroomten-peratureandsubsequentlyheat-treatedat

:;i"K)'('in1atr-i0.,for1h.ThisheattreatmentisnotessentialforpreparingA1203

H.I-く・l・Iitithasafa、-(-川一・九bleeffectonthequalityofthefilms.

2.1At203filmsonSi

TheoxidethicknessofaSi/thin(-100A)A1203/Alstructurehasbeenmeasured

l・,aquartzoscillatorduringdepositionofA1203,beingingoodagreementwiththe

批川1-mlationcapacitanceofthesampleifwesupposearelativedielectricconstantof
s.OfortheA1203filmandthepresenceofanativeSiO2film(;=サ10Athick)formed

afteretchingSi[9].Theweakhysteresisobservedincapacitance-voltage(C-U)
characteristicsisduetoelectronstrappedintheA1203fi一morattheAl203/nativeSiO皇

interface.Capacitance-andconductance-voltagecurveshavenosignificantfre-

quencydispersionexceptinthebiasrangewheredistinctivefrequencydispersion
arisesfromthesurfacestatesofSiasinthecaseoftheSi/SiO。interface【10].The

surfacestatedensitydistributionsofSi!A1203/Alstructuresareobtainedusingthe

Kar-Dahlkemethod[111.TheresultsaresimilartothosefortheSi/thinSiO2inter-

face[10].TheeffectivebarrierheightbetweentheConductionbandedgeofSiand

A1203hasbeenestimatedtobe2.0eVfromtheanalysisofband-to-bandtunneling
currentforp-Si!thin(-100A)A1203/Å1structures[12].

Fromtheseresults,thegoodqnalitヽ,ofthinALOofilmsonSisubstrateshasbeeni2w3confirmed.Then,thinA1203layershこvebeendepositedontoGaAs(loo)substrates

atroomtemperatureandheat-treatedat300。CinlatmOゥfor1h.Itshouldbenoted

thatdepositionofathinlayerofAlontoSiorGaAsandsubsequentoxidationofthe

fill一一at800-Cgivenosatisfactoryresu】ts・

2.2C-Uclはractei-isticsotGaAstin川elMISstructures

Fig.1showsC-Ucurvesofan-GaAs(100)/24ÅAuo./A]structureatvarious

frequencies.3)C-Ucurvesathigherfrequenciesthan200kHzarenot・shown,since

thevarealmostidenticalwiththeonefor200kHz.Suchalargefrequencydispersion

asさeeninFig.1andasignificantamountofhysteresishavebeenobservedalsoin
othersampleswitht-lic-ker(完100A)AI203filn-s.TheAl.,Oofilmitselfhasnoremark-

ablefrequencydispersionofthecapacitanceasconfiri-ledbySi/A1203!Alstructure!?・

ク

ム

　

　

　

7

　

　

　

〃

ソ

-
　
(
j
i
L
o
L
j
a
d
i
m
j
u
m
l
t
i
o

7

2

s -? '"
ノ′こ′.y ク / 3

/
ノ 4

.一 一ニ= 二千 タ′t
-1　　　　0　　　　1　　　　2

bias(V)　　　-

Fig. 1. Capacitance-voltage characteristics of a n-
GaAs(100)/24 A Al30。/Al structure at various frequen-

cies: (1) 10Hz, (2) 100Hz, (3) 10kHz, (4) 200kHz. Al

gate diameter 1 mi-i and carrier concentration nQ -

- 1.2S x 10" cur3 (Te-doped); sweep rate: 0.1 V/s

3) The surface of the GaAs subsもrate was etched by a methanol-Br solution or by H2SO4:H.,O,:

H.,0こ= 3: 1 : 1. Different etching solutions <ra、-e similar results.
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l上川Idition,itisunlikelythattheGaAssurfacelayerisda-nagedduringthedeposi-

ti(-nofA.,0,0rtheheattreati-lentat300C.Therefore,onepossibleoriginofthe

fl・Lqiicncydis上jersioncouldbeattributedtotheGaAssurface.InFig.2a,weshow

c-ucharとtぐteristicsofaMISstructureonap-GaAs(loo)substrate.TheC-Ucurves

:thestrong-accumulationregionarenotshownbecausealargetunne一ingconductance
restrictsanaccuratemeasurementofthecapacitance.Thebreakdownfieldstrength

otftheAl,O。filmexceeds3
蝣12v-'3×1061'/cm.TheG-Ucurveat1.6hIHzindicatesthatthechangeofthesurfacepotentialonp-GaAsismuch,largerthanthatonn-GaAs.

Irequen〔ydispersionofthecapacitancestillreu-ains,butthehysteresisoftheC-U
-rveissi-tall.Hydrogenannealing(300C,1h)ofthissat-lplere。lucesthefrequency

(li叩ersionandincreasesthehysteresis(Kg.2b).

3.Discussion

ThetheoreticalC-Ucurve4)ofap-GaょsMISstructurewithnosurfacestatesagrees

fairlywellwithexperimentaltraceat1.6MHzascanbeseeninFig.2b.Thisindicates

achangeofthesurfacepotentialfroi-iaccumulationtoinversion,whichcouldnoもbe
obtainedinn-GaAsMISstructuresasconfirmedfroilitheG-Ucurveat200kHzin

FiR.1.

TheoriginofthelargefrequencydispersionofG-Ucharacteristicsisoftenattributed
todeeptrapsintroducedneartheGaAssurfaceduringdepositionofaninsulating

film[3].However,thisisnotthecaseforoursamplesbecauseoftherelativelylow

temperatureprocessofsamplefabrication.Inourdiscussionweshouldtakeinto

account土毎presenc台ofaverythin-15Athick)layerofnativeoxideformed
ljeforedepositingA1,03[13]andthe"observedlargedifferenceofthefrequencydisper-

sionbetweenn-GaAsandp-GaAs]¥生ISstructures.Thesefactssuggeststronglythat

thesurfacestatesarelocatedinthenativeoxide/GaAsinterfacialregion.Duringthe

heattreati-lentofasample,thenativeoxidemightreactwiththeA1203toacertain
extent,buttheinterfaceofnativeoxide!GaAswillbeunchanged.Iilordertoexplain

theremarkablefrequencydispersionofn-GaAsMISstructures,、、'esupposethat

alargerun-lberofsurfacestatesexistatthenativeoxide/GaAsintei-faceandare

distributedniainlvintheenergyrangeabovethe1-1idgap.
lorai-lorequantitativediscussionwenowconsideranequivalentcircv-itforGaAs

tunnelMISstructures(Fig.3)anddeterminethesurfacestatedensitydistributions

fromC-Ucharacteristics.ThesurfacestatecapacitanceCvhasthefollowingfre-
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Fig. 2. Capacita-ice-voltage curves: a) As-grown p-GaAs (100)/73 A Al203!Al structure. Al gate

diameter 0.5 mm and carrier concentration p。 - 8.4 × 1017 cm"3 (Zn-doped). b) After hydrogen

annealingat 300。Cfor lh. (1) 100Hz, (2) 1kHz, (3) 10kHz, (4) 100kHz, (5) 1.6MHz

4) The theoretical C-TJ curve was calenlated bv the standardユIOS theory using known oxide

thickness and carrier concentration (see, for example, [15]).
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Fig. 3- Equivalent circitiもof GaAs tunnel hIIS structures. (?T de・

notes the tunneling conductance through the MIS structure and &'p
the surface state conductance

Gt

quency dependence [14] :

cp -些塾tan-1 (on).
0)で

ll

Here,TsisthesurfacepotentialofGaAs,Nssthesurfacestatedensity,andTthe
surfacestatechargingtimeconstantdependingexponentiallyonW&.

a)Forthehigh-frequencylimit-a>丁≫1,Cpbecomesmuchsmallerthanthedeple-

tionlayercapa〔・itanceCD.Hence,thetwo-terminalcapacitanceCisgivenbythe
followingequations:

111
で=宅忘十電(2)

cd-h薫蝣11/2

7?)J'(3)

whereCoxisthe〔蝣apacitanceofoxide,NtheimpurityconcentrationofGaAs,ande-

thepermittivityofGaÅS.
b)Forthelow-frequencylimit,cot≪1,

1　1　1

I:「,言‥′・).H蝣l>
(4=)

Here. o)CoK≫Gp is assumed. The small and slowly varying values of the high-fre-
queueさ・ capacitance in Fig. 1 indicate that the surface potential of n-GaAs reiltains in

the depletion region even at positive biases above 1 V and the change of W, with
applied bias is 、rerv sn-all. For such Ws, Cp(co) increases remarkably with decreasing

freqnencさ・. Therefore, the t、ro-terminal capacitance appro'aches Cox at low frequency,

but no 1-1ajority carriし,r accumulation occurs on the GaAs surface.

In order to determii-e the surface potential of the san-pie in Fig. 1, the depletion

laさーer eapacitanぐe t'D at 200 1くHz is fitted to (3), giving the relation between Ws and

the applied vo】tagP (Fig. 4). The surface state capacitance C'p is derivec:l from

I

I
f
B
　
　
　
　
敬
川

(A).,i

-OS

b,,∬ :'V.I

Fi2. i. Bias dependence of the surface potential for the sample

sh0、、-n in llg. 1
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Fig. 5. Surface state density distribution: a)the sample in Fig. 1,b) thesamplesinFig.2a andb

(4) using the C-U curve for 10 Hz in Fig, 1. The surface state density distri-
bution, determined in this way, is shown in Fig. 5a. The large density of surface states

(> 1013!cm2 eV) at 0.5 eV below the conduction band edge results in pinning of the
Fermi level at the n-GaAs surface and prevents majority carrier accumulation in the

surface layer. This density distribution of surface states compares well with that of

n-GaAs/anodic oxide/metal structures [5].

Fig. 5b gives the surface state density distributions for the sample on a p-GaAs
substrate used for the measurements shown in Fig. 2 a and b. Obviously, hydrogen

annealing reduces the density of surface states. The surface state distribution for the

GaAs/Al203 interface is shown in Fig. 6 together with that for the Si/Al,03 interface

obtained using the Kar-Dahlke method. A minimum density of. states appears near

the midgap in both cases. The surface state density of Si saturates near the band edge

in the order of 1012/cm2 eV. The surface state density of GaAs below the midgap will

probably saturate in the order of 1013/cm2 eV because the flat band and the accumula-

tion region are observed in the C-U curves of the p-GaAs MIS structure (Fig. 2).

However, a very high density of states exists above the l一一idgap. The presence of

such a high density of surface statest could be related to the existence of a thin native

oxide layer on GaAs. This is because the growth of a native oxide layer after etching

a GaAs substrate causes generation of unsaturated bonds or nonstoichiometry at the

GaAs surface. It should be emphasized thaもa n-(ユaAs/anodic oxide interface [o] has

a snlrilar distribution of surface states as the n-GaAs/A1203 interface. Surface states

at both interfaces are much reduced by H2 annealing. We believe that the presence
of a thin native oxide laver on (ユaAs causes a considerable amount of interface states

especially in the energy range above the midgap. Therefore, it seems probable that

the anodic oxidation process for GaAs has some limitations to realize a very low

density of the surface states. A strict examination of these speculations will be made

using a MIS structure prepared by molecular beam epitaxy of GaAs and subsequent

deposition of Al,03 onto the clean surface, avoiding the fort-lation of a native oxide aも

the surface.
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Fig. 6. Density-of-state profiles of surface states for Si(lll)/Al.0.
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GaAs MOS STRUCTURES WITH A1203 GROWN BY MOLECULAR BEAM

REACTION UNDER UV EXCITATION
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Thin A1203 films were grown at room temperature on GaAs and silicon by a

photochemical reaction between aluminium and oxygen molecular beams excited

by UV light. Except for a small dispersion of the dielectric constant, the high quality

of the films is confirmed from the electronic properties of p-Si metaトoxide-

semiconductor (MOS) structures. The capacitance-voltage and conductance-

voltage characterist.es of the GaAs MOS structures, are founcl to. be remaAaW,

improved by annealing in a hydrogen atmosphere before;and after Al.O growth for

n-^pe and p,yp= sp.cn.ns, respect,,*ォ._ォサォ* =#- * J蝣・」
model of surface states associated with dangling bonds of arsenic atoms in the

oxide.

1. INTRODUCTION

In spite of the increasing need to passivate GaAs surfaces, a really promising

way of growing oxides on _GaAs has not yet been found Native oxides on GaAs

made bj an。dfc 。xidation'or plasma oxidation'and insulating films formed^on
GaAs by chemical vapour deposition3 or sputtering4 have di汀brent structural and

inter facial properties'The native oxide-GaAs interface moves into the cr t

a�": Se 。^i。n and ,he s.oichio.e.r, a, ,he ,-ォ=^
uncontrollable owing to the different oxidation rates of gallium and arsenic atorns^

Furthermore, the deposition of insulators on GaAs is usually carried out at high

substrate temperatures and results in a non-stoichiometric interface because of the

wS vapour pressure 。f arsenic atoms in the GaAs. The electronic properties of
GaAs metaトinsulato卜semiconductor (MIS) structures prepared by these

procedures, however, have some -.. Matures. U) toe is a large ftec,uenc,
dispersion of the capacitance particularly for n-GaAs MIS structures; (2) the
inversion capacitance is greater than that calculated from the substrate earner

concentration.

In this paper we describe the electrical properties ofGaAs MOS structures wrth

A..O, filmsV。wn 。n roon, tenure s.bsua.es b,サpho^hemica, =on

between aluminium and oxygen molecular beams excited by UV light. A new mode

of surface states is discussed as a consistent explanation of the observed behaviours

of our metal-oxide-semiconductor (MOS) structures.



82
S. YOKOYAMA et Cll.

2. EXPERIMENTAL

A12O3 films were grown in the system5 shown schematically in Fig. 1. The

oxygen gas was admitted close to the GaAs surface at a rate of approximately lO-

Torr 1 s 1 through a吉in stainless steel tube. The total pressure of the system
increased to 1 x 10 5 Torr from the background pressure of 10-7 Torr. Aluminium

was deposited slowly onto a water-cooled substrate which provided a sufficient

sticking probability for the aluminium and oxygen molecular beams. The chemical

reaction of aluminium and oxygen on the substrate was enhanced through

dissociation and ionization of the oxygen molecules by UV light (2537 A and 1849 A)

irradiation. The advantages of this method are the use of very low substrate

temperatures during deposition of the A1203 and the possibility of intentional

surface treatment of the GaAs prior to the deposition. The electrical properties of

Al/A1203/Si structures were measured to examine the quality of the deposited

A1203 films, and the annealing behaviour ofGaAs MOS structures was investigated

by measuring their capacitance-voltage (C-V) and conductance-voltage (G-V)

characteristics. An Auger analysis of as-grown and of annealed specimens was

carried out to obtain depth-composition profiles of the A1203別ms・

water-cooled substrate
疹シニ′′′〝′　　′〝J

∪V

Irradiation

hi-

(2537A.1849A)
S-Beam
I。-AT。-1CTTorr l/s)

AI Beam

(100Å/hr)

Fig・ Schematicdiagram of an apparatusforgrowingAl,03 films.

3. RESULTS

3.1. AllOifilms on p-Si(111) substrates

Figure 2(a) shows the C-V characteristics of an Au/AI203(㌶200 A)/p-Si(l l l)

structure which had been annealed in a hydrogen atmosphere at 150-C for 3 h-and

subsequently at 250 ℃ for 1 h under UV light. The frequency dispersion around 0.6

V is due to the surface states of silicon. The frequency dispersion of the accumulation

cとipacitance for the same specimen is shown in Fig. 2(b). The experimental curve

suggests dispersive behaviour of the Debye type with a long time constant ( > 10-2

s). The behaviour is therefore related to the dielectric dispersion of the A12O3 film

とind of the thin native oxide宕10 A formed on the silicon after etching. The low

frequency capacitance in the positive bias region is increased to the oxide

cとipacitance by illumination with white light as a result of the formation of an

inversion layer. The surface state density distribution of the sample was obtained by

using the Ka卜Dahlke method. The state density was found to be 3 × 1012 cm-2

eV neとir the band edge and 2×　　　　eV-　at mid-gap. These values are

co111Pとitible with those for the Si-SiO, interface7.
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Fig. 2. (a) The C-γ'curves and (b) the frequency dependence of the accumulation capacitance of an

A1203!p-Si(lll)MOSstructure:sweeprate,0.1Vs ': ,10Hz,illuminated二一一,10Hz; ,102

Hz;　. 105Hz.

3.2. Auger an(有sis ofAl2Oi on p-GaAs
The composition profile of the oxide on GaAs was obtained from ion

sputtering Auger analysis. Figure 3 shows the in-depth profileofan as-grown A120,

film deposited on a p-GaAs(lOO) substrate. The ion etching rate of the A12O3 film
was about 5 A min-1. Gallium and arsenic atoms that are observed in the oxide

presumably come from the native oxide ( %23 A) grown on the GaAs in air prior to

the growth of the A1203. If we assume that the sputtering rate of the insulator near

the Al,03-GaAs interface is a few times greater than that of the pure A1203 film

owing to gallium and arsenic atoms incorporated in the oxide, then the thickness of

the insulating film estimated from the sputtering time is consistent with the

measured oxide capacitance.

2　　　4　　　6　　　8　　10

Sputtering time(min.)
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Fig. 3. The depth-composition profile of an as-gro、、蝣n Al,0-, film on p-GaAs( 1 10).

It is confirmed that the distribution tail of gallium and arsenic atoms in the

A120, film is increased with increasing annealing temperature.
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3.3. C-V and G-V characteristics ofp-GaAs MOS structures

Figures 4(a) and 4(b) represent C-ど curves of, respectively, an Al/A1203(完200

A)/p-GaAs(1 10) structure annealed in a hydrogen atmosphere at 200 -C for 3 h under

UV irradiation and the same specimen subsequently annealed at 400 -C for 40 min.

The frequency dispersion of the capacitance with negative bias is slightly reduced by

the hydrogen annealing. The origin of this dispersion is essentially the dielectric

dispersion of the A12O3 films, which is a little larger than that of A12O3 films on

silicon substrates because of the incorporation ofgallium and arsenic atoms in the

oxide. The low freqtIency capacitance in the positive bias region is increased with

illumination presumably as a result of the generation of minority carriers in the

inversion layer. The inversion layer appears to be formed on the p-GaAs surface

after the annealing at 400 。C. In Fi巳. 5 the G-V characteristics for the same specimen

show the reduction of the conductance peak and the shift of the flat-band voltage

towards positive bias with increasing annealing temperature. This indicates a

reduction in the surface state density and the introduction of negative charges into

the Al,03 film through the annealing in hydrogen. The negative charge density of

1.8× 1012 cm　2 deduced from the flat-band shift is consistent with the fact that

annealing increases the distribution tail ofgallium and arsenic atoms in the oxide. It

is likely that these negatively charged centres are As. The surface state density

distribution for the sample annealed at 400-C was determined using Terman's

method. Thestatedensity was found to beabout 1 x 101

edgeとind l x lOl　　　　~ at mid-gap. NaturallytheC-Vcurveat 105 Hzcannot

be regarded as a high frequency curve, but this approximation is reasonable since the

calculated surface state density at a large negative bias is close to that obtained from

the conductance nlethod.

C
d
d
x
l
l
エ
巴
'
U
P
}
p
星
q
U

Bias(V)

a)　　　　　　　　　　　　　　　　　　　　　　　(b)

-2　　　　-1　　　　0　　　　1　　　　2

Bias V

Fia. 4. The C-Vcurves ofとm AI,O,/p-GaAs( 100) MOS structure (呈l)と:inne乙Iied at 200でand (b)annea一ed

とlトWO C:sヽ-veeprate,0.1 Vs　二　　、10Hz.illuminated:--, 10Hz:-　--,105Hz.

∴4. 1i-GaAs MOS ∫tructures

The C-V chとIrとicteristics of n-GaAs MOS structures made by the sとIme

procedureとis that for p-GaAs MOS structuresexhibited a largefrequencydispersion

of the cとipacitance with positive bias similar to that observed in the anodic oxide-n-

GとiAs interface. In order to reduce this dispersion, hydrogen annealing (450 C for
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こ　　　　-3　　　-2　　　1　　　0　　　1　　　2　　　　3

Bias(V)

Fig. 5. The effect of annealing on the G-㍗ characteristics of the same specimen as in Fig. 4: curve 1,

r, - 200-cこcurve2,Ta - 300 C:curve3, Ta =400-Cこ1 kHz.

h under UV irradiation) of etched n-GaAs surfaces was carried out before deposition

oftheA1203. Figure 6shows the C-Vand G-Vcurves foran n-GaAs MOSstructure

prepared in this way and annealed in an oxygen atmosphere (200-C for 1 h under

UV irradiation)and then in hydrogen (120 。C for圭h). The Fermi level at an n-GaAs

surface is usually fixed by the high density of surface states below the conduction

band Ec which prevents majority carrier accumulation in the surface layer.

However, the C-V curves in Fig. 6 indicate very different features that suggest that

the high density of surface states below Jc is reduced. This is supported by the

following facts: (1) a large change in the high frequency capacitance with bias is

achieved and the frequency dispersion of the capacitance is much reduced; (2) the

peaks of the G-V curves are clearly observed; (3) a flat-band shift of about -3 V is

eRected by annealing.

Figure　7 shows the surface state density distribution of this specimen

determined fronl the conductance method (the solid curve) together with the

distribution for the p-GaAs MOS structure discussed in Section 3.3.

3.5. SurfcK・':'pot川tied on GaAs

For the n-GaAs MOS structure the surface potential was determined from the
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C」'curveat 10 Hz by assumingtheoccurrence of accumulation above + 1 V(Fig.

6). Using this value the capture cross section an of the surface states, which is strongly

dependent on the surface potential, was deduced from the conductance data to be

10-2 'cm2nearJcandtoincreaseto 10 " cm 2atmid-gap.Ifweassumeaconstant

value of<7n * 10　cm2 0vertheenergy range from belowEc to mid-gap8,then the

calculated surface potential from the C-V curve can be corrected and the change in

the surface potential on the n-GaAs substrate becomes very small. The resulting

surface state density distribution is shown by the broken curve in Fig. 7.

For the p-GaAs MOS structure (Fig. 4(b)) the surface potential was again

obtained from the C-V curve at 10 Hz (accumulation was assumed to be achieved

abo、・e -3 V) but it is probable that this apparent surface potential is different from

the true surface potential determined from the C-V curve at ultrahigh frequency or

very low frequency9. Thus the surface potential was also estimated from the low

temperature (155 K) C-V curve at 200 kHz, which is equivalent to ultrahigh

frequency data owing to a large increase in time constant for the surface states. The

result showed little change in the surface potential compared with the 10 Hz data

and the absence of accumulation. The surface state distribution on the p-GaAs

substrate (Fig. 7) should be slightly shifted towards mid-gap. Thus the solid curves in

Fig. 7 represent the surface state density plotted against the "apparent,・ surface
potential.

4. DISCUSSION

The characteristics ofGaAs MOS structures with A1203 grown by a molecular

beam reaction are improved by hydrogen annealing under UV light beforeand after

the deposition ofA1203 (Figs. 4 and 6). This can be associated with the behaviour of

arsenic atoms incorporated in the native oxide ofGaAs or in the Al,03 films. The

thickness of the native oxide formed on an etched GaAs surface is found from

ellipsometry to be about 23 A We believe that excess arsenic atoms or dangling

bonds of arsenic atoms in the oxide close to the Al203-GaAs interface introduce a

high density of surface states above mid-gap which causes a large frequency

dispersion of the C-Vcharacteristics. This speculation is supported by the following

arguments. (1) An inversion layer appears to be formed on p-GaAs MOS structLires

after hydrogen annealing (400 "C, 40 min) with UV irradiation (Fig. 4(b)). Annealing

under UV irradiation causes the diffusion of excess arsenic atoms from near the

Al203-GaAs interface into the A170,員Im and then stabilizes them at sites far from

the interface. This reduces the number of excess arsenic atoms near the interface.

resulting in a decrease of the surface state density below the conduction band, as

confirmed from the decreasing conductance peak height with annealinヒ

temperature (Fig. 5). The positive shift of the fiaトband voltage with annealing

temperature can be attributed to negatively charged arsenic atoms built into the

Al,03 film. The inversion capacitance of the p-GaAs MOS structure is reduced bv

annealing and approaches the value calculated from the carrier concentration of the

substrate. This is consistent with a reduction of the surface state density near 」,

through annealing. (2) The heat treatment of an n-GaAs surface in a hydroaen

atmosphere at 450-C under UV irradiation reduces the surface state density belol,

E. remとirkably (Fig. 7)5. This is because the evaporation of arsenic atoms from the
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native oxide on the GaAs surface leads to recovery of the stoichiometry on the GaAs

surface. In fact it is confirmed from photo-capacitance measurements ofAu/n-GaAs

Schottky barriers that electron traps associated with gallium vacancies in n-GaAs

are removed by hydrogen annealing at 450 -C.

The above features are well explained by the following model. Arsenic atoms

have four fold coordination in GaAs and threefold coordination in the native oxide

or in A1203. The three 4p electrons of the arsenic atoms occupy the bonding state in

the oxide (Fig. 8(a)). If there are dangling bonds of arsenic atoms, they behave as

electron traps. By capturing an electron from the conduction band they give rise to

energy le、′els close to the 4p lone pair states between the anti-bonding and the

bonding states (Fig. 8(b)). These energy levels form localized states near the centre of

the oxide band gap where the energy gap of GaAs is located. Therefore dangling

bonds of arsenic atoms in the oxide within about 30 A (approximately equal to the

tunnelling length of an electron) from the interface can introduce the high density of
surface states below Ec.

L== ---=
Antibonding

Bonding O) -=二≡

Ant ibonding

Occupied(1*1 )

Bonding (2)

K//////// LOne pair(2) 4s -*--<c////////, Lone pair (2)

＼　/
01

売L。宣/ユI、。ふ。it
(s)　　　　　　　　　　　　　(s)

(a)　　　　　　　　　(b)

Fig. 8. A new n-odel ofthesurfacestates belowE.

5. CONCLUSIO＼

The anomalous frequency dispersion of the capacitance for n-GaAs MOS

structures and the discrepancy between the measured and predicted inversion

capacitance 0年GaAs MOS structures are associated with surface states arising
from dan∈ling bonds of arsenic atoms in the oxide close to the interface. This model

can explain many aspects of the electronic properties ofGaAs MOS structures such

as the flat-band shift with annealing and the reduction of surface states by annealing

before and after the deposition of the A1203 films. This model strongly suggests the

necessity for precise control of the stoichiometry in the oxide as well as at the
interface.
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Using the thermal or photochemical reaction between Al and Ot molecular beams, insulat-

ing AI203　films were deposited either on as-grown MBE-GaAs layers passivated by thin

Alo.5Gao.5As layers (type I) or on chemically etched GaAs surfaces (type II). The frequency

dependence of the C- V characteristics of MOS structures fabricated from those samples was

interpreted in terms of oxygen atoms diffusing into the intermediate Aln.5Gao.5As layer for

type I structures and in terms of excess arsenic atoms in the oxide close to the GaAs surface for

type II structures.

1. Introduction

The study of metal/insulator/GaAs structures has recently attained considerable

importance because of their possible applications to MIS devices. Moreover, it is

well established that oxide coatings on mirror faces of GaAs lasers are necessary to

passivate the device surfaces [1]. As yet, however, a reliable procedure for growing

oxides on GaAs surfac甲in a reproducible manner has not been established. All

GaAs MIS structures so far prepared by different procedures [2-8] have some由m・

mon features with respect to their electronic properties such as a large frequency

dispersion of the capacitance particularly for n-GaAs MIS structures, and a greater

inversion capacitance than the one calculated from the substrate carrier concentra-

tion【2].

In this paper we′wi血to report the electrical properties of a new type ofGaAs

MOS structure with thin insulating A12O3 films prepared by the reaction between

Al and 02 molecular beams under different growth conditions.

835



836 S. Yokoyama et al. / GaAs MOS structures with A1203

2. Results and discussions

2. 1. A1203 films thermally grown on passivated MBE-GaAs (Type I)

In order to preserve the stoichiometry of GaAs surfaces during the growth of

AI203, the as・grown 1 /Jm thick MBE-GaAs(loo) films with electron concentration

in the low 10 /cm range were immediately passivated by thin AlxGal_JCAs (x =

0.5) layers. Two kinds of MOS structure fabricated from MBE grown GaAs were

investigated. The structure of sample A consisted of Al/Al2O3(500 A, deposited at

400 C)/MBE-Alo.sGao.sAs(200 A)/MBE-n-GaAa(100). The structure of sample B

was composed of Al/Al2O3(1000 A, deposited at 250 C)/MBE-Alo.5Gao.5As(500 A)/

MBE-n-GaAs(loo). Figs. 1 and 2 show C-V curves of both samples. A remarkable

frequ印cy dispersion of the capcitance was observed for the sample A as reported

earlier [8], possibly because of deep levels which were introduced near the

Alo.5Gao.5As/GaAs interface by oxygen atoms diffusing into the AlO 5Gao.5As

layer during the oxide growth at 400 C. The presence of the oxygen deep levels in

the Alo 5Gao.5As layer is indicated from the transient response of the leakage cur-

rent through a MOS diode. When a step voltage is applied to a sample A diode, the

current decreases exponentially with time. The temperature dependence of the time

constant provides an activation energy of 0.76 eV (fig. 3). This value can be asso-

ciated with the activation energy of the oxygen deep levels introduced in the

〟0.5GaO.5As layer.

A thicker AlO 5GaO.sAs layer and a lower growth temperature of the oxide

should prevent the oxygen diffusion, resulting in the distribution of the oxygen

levels only in the region far enough from the Alo sGao.sAs/GaAs interface. There-

fore, the charging time constant of such levels becomes longer and the frequency

Bias(V)

Pig. l. C-V curves" of a MOS structure made on a MBE-Alo_5Gao.5As(200 A)!GaAs layer
(sampleA).
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dispersion of也e capacitance is appreciable only at very low frequencies, as血own

in fig. 2 by the C-V curves of sample B. The surface potential of the sample B

appears to change from the inversion to the accumulation as suggested by the high

frequency C- V curve. The considerable increase of the accumulation capacitance at
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Fig. 3. Temperature dependence of the time constant of leakage current for a MOS diode.
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10 Hz is not due to the interface state capacitance at the Alo sGao.5As/GaAs

boundary, but due to the dispersive capacitance arising from deep levels in the

Alo sGao.sAs layer close to the oxide. The origin of the large hysteresis in the C-V

curves can be attributed to the charge injection partly into oxide traps and partly

into deep levels of the Alo.5Gao.5As layer.

For the sample A, the calculated density of surface states from the conductance

method exhibits a minimum value of 3 X 10 /cm　蝣eV near the midgap and rapid

increase to 2 X 10 /cm　・eV around 0.3 eV below the conduction band. On the

contrary, the high frequency capacitance for the sample B changes widely with

applied bias as shown in fig. 2, at the 100 kHz C-V curve measured at -145 C

which corresponds to VHF capacitance is almost identical to that at room tempera-

ture except for the absence of C-Fhysteres享s. This indicates that the sample B h^s

a low interface state density below the conduction band, in comparison with that

of sample A, and that the Fermi level at the interface is not pinned. Actually, the

interface state density calculated from the conductance method is 4.9 × 1012!cm

eV even at 0.1 eV below the conduction band, which is much smaller than that of

the sample A. These results suggest that a passivation of GaAs surfaces by

AlxGai-xAs layers and a low temperature growth of A1203 will lead to MOS struc-

tures with lower interface state density and smaller C- V hysteresis.

As a next step, we have tried to develop a different process for growing insulat-

ing A1203 films on GaAs by molecular beam reaction at even lower temperature.

2.2. A1203 films grown by photochemical reaction (Type II)

At temperatures as low as room temperature, A1203 films have been grown on

chemically etched GaAs substrates by using the photochemical reaction of Al and

02 molecular beams under UV light (1849 and 2537 A.) excitation. This growth

technique is different from the procedure described in section 2.1 which involves

the thermal reaction between Al and O2. The C-V characteristics of such MOS

structures with photochemically grown A12O3 on p- and n-GaAs etched surfaces

have already been reported elsewhere [9], and are similar to those for native oxide/

GaAs systems [1,2]. So we attempted here to modify the chemical properties at the

photochemically grown Al2O3/etched GaAs system by forming an additional thin

native oxide layer below the A1203 films. The photochemically grown Al203/GaAs

samples were subsequently boiled in H202 solution to grow native oxide between

A12O3 and GaAs [10].

Fig. 4 represents the C- V characteristics for a double-insulator structure consist-

ing of Al/Al2O3(90 A)/native oxide(200 A)/p-GaAs(100) prepared by the H2O2

treatment. This sample was made by boiling in H202 for 7 h followed by annealing

in 02 atmosphere at 250 C for 2h. By this treatment the C-V hysteresis is

changed from the injection type to the ion-drift one. The measured inversion

capacitance is about 10% larger than the predicted one, presumably due to the

introduction of a high density of surface states above the midgap. The native oxide
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Bias V

Fig. 4. C- V curves of a MOS structure with double insulating layers.

839

below the A1203 should contain excess As atoms or unsaturated As bonds near the

oxide/GaAs interface as is the case of anodic oxide/GaAs systems, leading to the

formation of the surface state band Some of these excess As atoms are dis-

solved into the H2O2 solution through the A12O3 layer. The quantity of the dis-

solved As atoms was estimated to be about 10 /cm from the negative shift of the

flat-band voltage after H2O2 boiling. As-grown Al2O3/GaAs diodes made on etched

GaAs surfaces not boded in H20-> exhibited almost similar characteristics as those

of the samples boiled in H2O2, since they also had a natural oxide layer formed on

GaAs before the deposition of AI203. From these it is likely that the excess As

atoms or dangling bonds of As atoms in the oxide close to the oxide/GaAs interface

introduce a high density of surface states above the midgap, which causes a large

frequency dispersion of capacitance as well as the discrepancy between the mea-

sured and predicted inversion capacitances. This is qualitatively explained by the

fact that dangling bonds of three-fold As atoms in the oxide act as electron traps

and give rise to energy levels near a 4p lone pair state of the As atom which is

located close to the forbidden band of GaAs t9].

In summary, we have investigated a new type of GaAs MOS structure with thin

insulating A12O3 films. A passivation of GaAs surfaces by thin Alo.sGao.sAs layers

was found to be effective to preserve stoichiometric interfaces with a low density of

interface traps, when oxygen diffusion into the Alo 5Gao.sAs layers was suppres-

sed. Since the low-temperature growth of A1203 films on etched GaAs or the fur-

ther growth of the native oxide between A1203 and GaAs provided no satisfactory

result, a deposition of insulating A12O3 films at room temperature onto GaAs pas-

sivated by a Al0.5Gao.5As layer will lead to the realization of GaAs MOS structures

with excellent interface properties.
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Structural and electrical properties of plasma-deposited silicon nitride (SiN) have been

investigated. The compositional ratio of Si to N estimated by Auger analysis is found to be

uniform in the direction ofthe点Im thickness. The numbers of Si-H and N-H bonds of the order of

lO /cm3 have been obtained by calculating the vibrational spectra. The two types of trapping

states which are responsible for the Poole-Frenkel conduction are found in SiN from the current

DLTS measurement. The barrier height at the SiN/Si interface determined by the internal

photoemission ranges from 1.7 to 2.5 eV, being dependent on the film thickness. From these

results, current transport m∝hanisms through SiN丘Ims are quantitatively discussed, and it is

demonstrated that the carrier transport is dominated by the Fowler-Nordheim tunneling at low

temperatures and by the Poole-Frenkel conduction at high temperatures.

PACS numbers: 73.60.Hy, 73.40.Qv, 79.60.Eq, 78.30. -j

I. INTRODUCTION

Discharge-produced silicon nitride grown at low tem-

peratures is attaining a great importance in the丘eld of sili-

con technology. Fundamental properties of the plasma sili-

con nitride (SiN)丘Ims have been primarily studied through

the composition, refractive index, internal stress, density,

and vibrational spectrum, all of which are sensitive to the

deposition parameters such as composition of gases, if pow-

er, and substrate temperature.1-3 Since a plasma SiN丘lm

contains a number of hydrogen atoms, the electrical trans-

port mechanism and thermal stability should be in且uenced

by the bonded hydrogen, and the electronic properties will

be different from those of pyrolytic silicon nitride.4

In this paper structural and electrical properties of plas-

ma silicon nitride have systematically been studied by Auger

Electron Spectroscopy (AES), infrared absorption, and in-

ternal photoemission together with current-voltage (I- V)

and capacitance-voltage (C- V ) characteristics of metal/SiN-

/metal(MNM) and metal/SiN/Si(MNS) structures. Based

upon these results, detailed analysis of current transport

through silicon nitride丘Ims has been made.

II. SAMPLE PREPARATION AND EXPERIMENTAL

Plasma SiN丘Ims were deposited onto Si substrates held

at 3(刀C from the rf(13.56 MHz) glow discharge ofa SiH4-

N2-NH3 gas mixture with a pressure of - 102 Pa. In-depth

profiles of compositions for deposited丘Ims were determined

by the signal intensities of the derivative Auger spectra as a

function of sputter etching time. The numbers of Si-H and

N-H bonds for SiN films in the thickness range 4仰-1 183

nm were obtained by the infrared absorption spectra. Poten-

tial barrier heights at metal/SiN and Si/SiN interfaces were

measured by the internal photoemission technique.

日. RESULTS AND DISCUSSIONS

A・ C°mp°siti°nS °f plasma silicon nitride

SiN (50 nm)/Si structure is shown in Fig. 1. In the SiN/Si

transition region, the Si (LMM) signal at 88 eV in SiN inter-

feres with the one at 92 eV in Si, and both of the signal

intensities are not well distinguished. Using the relative Au-

ger sensitivities for Si and N, the compositional ratio Si′N

in the丘Im is estimated to be 0.85, being approximately con-

stant in the direction of thickness. Note that the Si′N ratio is

dependent on deposition conditions. A small amount of oxy-

gen detected in the SiN/Si interface could be attributed to a

native oxide layer formed on the substrate silicon surface.

The oxygen signal in the SiN/Si inte血ce is reduced by in-
creasing the丘Im thickness because the oxygen atoms on the

substrate diffuse into the SiN matrix during the deposition.

It should be emphasized that the oxygen atoms in the inter-

face influence the barrier height of the SiN/Si system, as

evidenced by the internal photoemission measurement (Sec.

Ill G). Figure 2 shows the absorption coe缶cient of a SiN

film calculated from the IR transmittance. The numbers of

Si-H and N-H bonds in the丘Im are obtained from the ab-
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FIG. 2. Infrared absorption bands ofa 1 183-nm-thick plasma SiN別m・

sorption coe缶cient of the stretching modes at 2 1 80 cm」 (Si-

H) and 3340 cm-1 (N-H) using the following equation

・B -蒜'a(co)do).　　　(1)
Here, NB is the number of bonds per unit volume, c the

velocity of light, n the refractive index, e* the effective

charge of the bond in solid, and /Hhe reduced mass of the

bond. The effective charges of the Si-H and N-H bonds are,

respectively, given as 0.44# and O.53q, where q is the elec-

tronic charge. The latter is derived from the dipole moment

of the ammonia 1.28D where D is Debye unit - 10-18 esu.9

The calculated result is summarized in Table I, indicating

that the bonded-hydrogen atoms as much as - 10 at. % are

incorporated in the SiN films. Lanford and Rand observed

・ 25 at % H in plasma SiN丘1ms using infrared spectros-

copy and a resonant nuclear reaction which is in reasonable

agreement with the. values obtained here. This implies that

plasma SiN should be regarded as a Si:N:H ternary system.

The IR absorption spectra of SiN films remain unchanged

by annealing at temperatures below 5∝) -C. According to the

fact that SiH2 and SiH3 bonds in an amorphous Si:H丘Im are

effusedby annealing at 350 -C and SiH bonds at 650 。C,n it is

likely that the bonded hydrogen in plasma SiN is incorporat-

ed as a monohydride of silicon, rather than as SiH2 or SiH3.

B. Traps in SiN

The transient response ofcu汀ent to a step voltage (gate

positive) applied to an Al/SiN/〟-Si diode is schematically

shown in Fig. 3. Curve A refers to the charging current of an

MNS capacitor. Curve B involves the charging time con-

stant of traps in a SiN丘Im whose density could be estimated

TABLE I. The numbers of Si-H and N-H bonds in plasma SiN丘Ims calcu-

lated from the vibrational spectra.

1 183 nm　　　　　　　4.0× 1027cm3　　　　9.5× 1020/cm3

970　　　　　　　　　3.0× 1021　　　　　　6.0× 102<

4(氾　　　　　　　　2.3× 1021　　　　　　7.0× 1020

5471　　J. Appl. Phys., V61. 51, No. 10, October 1980

O
Time

FIG. 3. Schematic of transient current to a positive step voltage applied to

an MNS structure.

from the area of part G. Measured current transient for an

Al/SiN(50 nm)/ォーSi diode is represented in Fig. 4. By sub-

tractmg the current component with the largest time con-

stant tx from the measured current, the second time constant

r2 is derived, and usually two or three time constants are

obtained. Temperature dependence of the time constants

yields two definite activation energies (Fig. 5) which could

be related to the effective trap depth ¢eff in the SiN film. The

trap depth at zero丘eld ¢o is given byl

¢. - やeft + (qE/iredy<2,　　　　　　　　(2)

where ed is the image force dielectric constant and E is the

electric field strength. For ed - 3.8eO (optical dielectric con-

stant atA - 546 nm)4 andE- 3.96× 10 V/cm, the values

or¢。 are obtained as 1.46 and 1.59 eV, which should play an

important role for the Poole-Frenkel conduction. The total

density of traps estimated from part C in Fig. 3 is

5 × 101 /cm inagreementwith4.5 × 1.0 /cm2 estimatedby

a flat-band shift of the C- Fcurve at 210 KHz.
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FIG. 4. Transient current for an Al/SiN(50 nm)/n-Si structure.
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FIG. 5. Temperature dependence of the time constant for the transient

current of the same sample as shown in Fig. 4.

C. Barrier height at the SiN/Si interface

Figure 6 shows the typical Fowler plot of photocurrent

for a Au/SiN(50 nm)/ォーSi structure. The photocurrent

originates in electrons excited from the valence band of the Si

substrate to energies above the conduction band of SiN as

illustrated in the inset of the figure. 3 Therefore the barrier

height at the inte血ce is determined to be 2.18 eV by sub-
tractmg the energy gap of Si from the intercept of the plot.

As shown in Fig. 7, barrier heights at the SiN/Si interfaces

are lowered with increasing electric丘eld on account of the

image force effect, and the slope of the curve for electric

fields above 1 x 106 V/cm provides ed - 3.8eO as expected

from Eq. (2). The deviation of barrier heights from the

straight line at the lower electric丘elds might be due to

trapped electrons in the SiN film which reduce the effective

electric丘eld near the SiN/Si interface. The barrier height for

a SiN/Si system is dependent on丘Im thickness as shown in

Fig. 8. The band gap of SiN containing oxygen is large com-

pared with that of pure SiN. Therefore a higher barrier

FIG. 6. Fowler plot ofphotocurrent in a Au/SiN(50 nm)/ォーSi structure for

a positive gate bias (E - 1.58 × 106 V/cm).
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0.5　　　　1.0　　　　1.5

斤CxlO一応)

FIG. 7. The barrier height at the SiN(4C氾nm)/Si vs square root of the

average丘eld strength E.

height for a thinner丘Im is associated with a larger amount of

oxygen atoms incorporated in the SiN/Si interface, as de-

scribed in Sec. Ill A.

D. l-vcharacteristics of MUM and MNS diodes

In this section current transport mechanisms through

SiN丘Ims at high electric丘elds ( ≧ 2× 106 V/cm) are exam-

med m conjunction with the results presented in Sees. Ill B

and HI C. Figure 9 shows the Poole-Frenkel plots of the /- V

characteristics for Al/SiN( 1 1 2 nm)/ォーSi and Au/SiN( 1 09

nm)/Al structures. Injection-type hysterisis observed in the

/- K curves arises from charge trapping at the SiN/Si inter:

face. As suggested from the Auger pro丘Iing of an MNS

structure, the MNS system should be regarded as a metaレ

/SiN/thin SiO2/Si (MNOS) structure. As a result, the瓜at-

band voltage FFB versus charging electric field for the MNS

system exhibits a memory characteristic expected for an

MNOS memory device (Fig. 10). Changes in slopes of the /-

Vcurves at -4× 10 V/cm correspond to the saturation of

memory electrons injected into the SiN film as understood

from Fig. 10. Similar change in the slope of the /- Fcurve
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FIG. 8. The barrier height at the SiN/Si interface as a function of丘lm

thickness.
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FIG. 9. Poole-Frenkel plots of the /- Fcharacteristics for Al/SiN( 1 1 2
nmVn-Si(MNS) and Au/SiN(1 09 nm)/Al(MNM) structures.

occurs at an electric丘eld near 4× 10 V/cm for specimens

with SiN thicknesses of 50 - 4∝) nm. The image force dielec-

trie constant is obtained from the slopes of Fig. 9 by assum-

ing the Poole-Frenkel mechanism as

I - CE exp{ - q[¢0 - (qE/iredy>2}/kT}.　(3)

Here, C is the proportionality constant and ¢ , is the zero一

丘eld trap depth. The values ofed for the MNM and MNS

diodes are 3.39eO and 3.05eO, respectively, appearing to be

reasonable. However, it is necessary to examine the tempera-

ture dependence orcurrent fわr the MNM and MNS diodes in

order to determine the current transport mechanism around

room temperature. Figures 1 l(a) and 1 l(b) show the recip-

rocal temperature plots of the current for Au/SiN i

nm)/〟-Si and Al/SiN (400 nm)/Al structures, respectively.

At room temperature, these samples exhibit essentially simi-

lar /- ^characteristics as shown in Fig. 9. Electron tunneling

from metal and Si to the conduction band of the SiN are

described by (see Appendix)

・M-N -禁忌xp( -
× exp

4(2m*y/2&*W2rf>3ォ

1 {¥(2m*Ya¢ 3/2

4 ＼　IKqE s。

VFB(xlOV)

210Teh竺Hz0.6sec …

-7 -6 -5 -4 -3/ -2 ー1 0 1 2 .3 -4 5

- E(x106V/c

l2

-3

ー4

ー5

l6

FIG. 10. Flat-band voltage vs applied electric丘eld for an Al/SiN(195

nm)/Si structurと.
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FIG. 1 1. Reciprocal temperature plots of the current for (a) Au/SiN(397

nm)/ォーSi and (b) Al/SiN(4仰nm)/Al structures.

and

Is^tf -A *T2ap
,4(2m *) 1/2<Z> 3/2

3%E
(Ec - Ef)

kT )
eXp
(

q¢S

kT

I

(5)

where IM^N and Is^N are, respectively, the Fowler-Nord-

heim tunneling current for MNM and MNS diodes,

A * - Airq(m)Jfc VA - (m) theeffectivemass oftheelectrons

emitted from the Si surface, m* the effective mass of the

tunneling electrons, ¢ the barrier height, Ec the conduction

band edge of Si, EF the Fermi energy of Si, ¢ the surface

potential of the substrate Si, s。 the average thickness of SiN,

and A the thickness且uctuation of a SiN film. The above

equations predict that the tunneling current from metal to

SiN is independent of temperature, while the tunneling from

Si to SiN is proportional to the square of temperature, since

the product of the last two terms in Eq. (5) is nearly equal to

unity in the accumulation bias.′ As illustrated in Figs. 1 1(a)

and 1 l(b), the observed current at low temperatures is well-

fitted to the calculated curve for the two types of diodes. At

high temperatures, the measured current is composed of the

two components, each of which corresponds to an activation
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energy associated with the trap depth of SiN. The trap levels

are responsible for the Poole-Frenkel conduction as predict-

ed by Eq. (3). Valdes of the trap depth ¢。 in Eq. (3) are
・obtained to be 1.14 and 0.93 eV for the MNM diodes, and

1.05 and 0.79 eV for the MNS diode. These values are slight-

ly different from those of the specimen shown in Fig. 5. It is

interesting to note that two kinds of trap levels are common-

ly observed for all specimens studied. Also, the energy differ-
ence between the two levels is almost identical for the MNM

and MNS samples indicated in Figs. 1 1(a) and 1 l(b). A small

change in the trap depth for the MNS and MNM diodes

might be attributed to a delicate change in the growth kinet-

ics of SiN on Si and Al substrates. Figure 12 shows 7- Fchar-

actenstics taken at 80 K for an Al/SiN (109 nm)/Al diode.

The tunneling effective mass ofelectrons in SiN obtained by

fitting the measured current to the theoretical curve [Eq. (4)]

is 0.91mO, which is compatible with the value of the SiO2/Si

system. 15 The Poole-Frenkel plot of the /- Fcurves at 80 K

gives an abnormal dielectric constant of 42eO. Substantially

the same result is reproduced for MNS diodes. From the

above discussion, we may conclude that the current trans-

port mechanism is the Poole-Frenkel conduction at high

temperatures and the Fowler-Nordheim tunneling at low

temperatures. The transition temperature at which one of

the both mechanisms becomes predominant depends on the

earner height at the SiN/Si interface, trap density, and trap

depth.

IV. CONCLUSIONS

Plasma-deposited SiN丘Ims contain Si-H and N-H

bonds of the order of 10 /cm. The bonded hydrogen

should play an important role for passivating the unsaturat-

ed bonds of the SiN matrix, resulting in a density of traps as

low as 5 × 101 /cm2 (or 9.9× lO'Vcm3). The barrier height

at the SIN/Sl interface is lowered with increasing thickness

of the丘Im, being ascribed to the oxygen atoms at the Si

surface which diffuse into the SiN film during plasma depo-
sition. From the current transient of an MNS diode, two

kinds of trap levels m SiN are detected, and they are respon-

sible for the Poole-Frenkel conduction at relatively high

temperatures. At low temperatures the Fowler-Nordheim

tunneling dominates the current transport through a SiN

丘1m.

APPENDIX

The Fowler-Nordheim emission current from metal

and Si to SiN can be expressed as follows, using the WKB

approximation for the tunneling probability:

霊欝¥dEx
exp些去声)

4(2m *) 1/2
[0 - (Ex -EF)]3/2

(Al)

5474　　J. Appl. Phys., Vol. 51, No. 10, October 1980

where Ex is the kinetic energy of electrons in the direction

normal to the emission surface, ¢ is the barrier height mea-

sured from EF, and the other symbols are the same as de-

scribed m Sec. II王D. For the Fowler-Nordheim current

from metal to SiN, the following equation is derived from

、Eq. (Al) at low temperatures:

・m-n一票(霊)exp(
4(2m*)1/2# 3/2

3hgE
(A2)

The Fowler-Nordheim current from Si to SiN is expressed as

Is^N -A *T2exp

x exp仁

4(2m*)'′2¢ 3′2

Ee -Ep

where ¢ is measured from E.. Ifa SiN丘Im has a thickness

魚uctuation described by the Gaussian distribution function,

we obtain

F(s) -志exp仁碧　　(A年)
Here, ∫ is the local thickness of SiN, and the other symbols

are already de丘ned. The products of Eq. (A4) and Eq. (A2)

or (A3) are integrated over ∫ under the condition

∫o>
2(2m*y/201/2rfj3/2A2

A'+3A,
ynu E

and Eqs. (4) and (5) are obtained.
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ABSTRACT

Structural features of discharge produced silicon nitride

(SiN) films are studied by Auger Electron Spectroscopy and

infrared absorption.　Number of Si-H and N-H bonds in the film

is obtained to be of the order of'vlO　/cm .　Thermal stabili-

ty of SiN films is discussed in conjunction with the amount of

bonded hydrogen. Electronic properties of SiN films are

revealed by internal photoemission, current Deep Level

Transient Spectroscopy, photocurrenトvoltage characteristics

for metal/SiN/Si structures.　From results of these experi-

ments, an intimate relationship between the compositions and

barrier heights at Si/SiN interfaces has been found・ The

energy depth of trapping states in SiN responsible for the

Poole-Frenkel conduction and the spatial distribution of deep

lying traps are determined.

Key words: vibrational spectra, insulator, photoemission.



Plasma-deposited SiN has been widely used in the field of

silicon technology, because of many advantages of its excellent

properties such as a high dielectric constant, a high film

density, a large resistance to irradiation, and a high barrier

against alkali-ion migration. So far, many attempts have been

made to improve mechanical strength, step coverage, thermal

stability, electric breakdown strength, and so on (1-3). At

present, however, we have no sufficient knowledge about corre-

lation between electronic properties and structure or compo-

sition of SiN films deposited.

王n thxs paper, we would present a new and systematical

technique to characterize both structural and electronic

properties of discharge produced SiN.

Sample Preparation and Experimental

For sample preparation, a capacitively coupled rf

discharge systemwas utilized under the conditions summarized

in Table I. In-depth profiles of compositions for

deposited films were determined by the signal intensities of

the derivative Auger spectra as a function of sputter etching

time.　The numbers of Si-H and N-H bonds for SiN films in the

thickness range　400　to 1862　nm were obtained by the infrared

absorption spectra.　Potential barrier heights at metal/SiN

and SI/SiN interfaces were measured by the internal photo-

emission technique. Energy and spatial distributions of the



traps in SiN were, respectively, determined by transient

current response for a step bias applied to a metal/SiN/Si

仲INS) structure and current-voltage characteristic of an MNS

diode illuminated by　4.1 eV light.

Results and Discussions

composition and barrier height at the SiN/Si interface.-

Figure 1 shows a representative in-depth profile of compo-

sitions for a SiN film (195 nm thiclC) obtained by Auger

sputter pro filing. Auger intensities of Si(LMM「and N(KLL)

lines at a given etching time are yielded by peak heights of

derivative spectrum as indicated in the inset of Fig. 1. The

compositional ratio of Si to N determined by the use of the

Auger sensitivity for Si and N in SiN is about 1.2 and nearly

constant throughout the film, and the ratio is sensitively

changed by growth conditions ranging 0.85-1.2. Most of excess

silicon bonds should be passivated by incorporated hydrogen

atoms, as shown later. Oxygen signal appearing near the SiN/

Si interface arises from natural silicon oxide formed on the

Si surface before deposition of SiN. The oxygen atoms diffuse

into the SiN matrix during the plasma deposition. Oxygen

diffusion might be assisted by excited species adsorbed on the

substrate silicon surface.王t should be noted that the

presence of oxygen atoms near the SiN/Si interface remarkably

increases the barrier height of the SiN/Si system, since



thin silicon oxy-nitride layer is formed in the interface

region.

The internal photoemission spectrum for a metal/SiN

(50　nm)/Si structure with a semitransparent gold gate is shewn

in Fig. 2, where the threshold photon energy obtained from the

Fowler plot provides the energy from the top of the Si valence

band to the bottom of the SiN conduction band.　The barrier

height is therefore given by subtracting the energy gap of Si

from the threshold energy　3.3　eV.　Figure　3 illustrates the

thickness dependence of もarrier height at the SiN/Si inter-

face, measured at an average electric field of 8xlO V/cm・

Above　200　nm in the thickness, the barrier height is

appreciably reduced. This is explained as follows; long

deposition time for a thick SiN film might cause a reduction

of oxygen content at the SiN/Si interface, because total

amount of oxygen as a diffusion source is limited by the

thickness of natural silicon oxide.　This is confirmed from

the Auger depth profile for the SiN/Si system, i.e., the

oxygen concentration at the SiN/Si interface decreases with

increasing thickness of SiN. This implies that the oxygen

content in a silicon oxy-nitride layer formed at the interface

should be high in the case of a thin SiN film and the higher

oxygen content results in a wider band gap of the insulator

near the interface (4). Consequently, the SiN/Si barrier height

is increased by decreasing the film thickness



Chemical bonds :in.SiN.-A typical infrared translnission

spectrum for a SiN film exhibits absorptions due to Si-N, N-H,

and Si-H bonds (Fig. 4). S and B in the parentheses denote

the stretching and bending mode, respectively. The numbers of

Si-H and N-H bonds are obtained from the absorption coeffi-

cient of stretching modes at　2180　cm and　3340　cm
-1

respectively. The optical absorption coefficient α is

calculated by the following equation:

T=Toexp(-αd) ・ (1)

Here, TQ and T is, respectively, the background transmittance

and measured one, and d is the film thickness.　Number of

bonds per unit volume N is related to the optical absorption

coefficient　α by (5):

mm

Z-nze*1
S

巨〔u)dw.　　　　　　　　(23

Here,cisthevelocityoflight,ntherefractiveindex,e蝣k

theeffectivechargeofthebondinsolid(6),andpthe

reducedmassofthebond.CalculatednumbersofSi-HandN-H

bondsinSiNfilmsareplottedasafunctionofthefilm

thicknessmFig.5.Si-HandN-Hbondsincorporatedinthe

?13
filmareo」theorderof10-/cm,andweaklydependentonthe

thickness.ItisclearthattheplasmadepositedSiNshould

beregardedasaSi:N:Hternarysystemcontainingabout10
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at. %　bonded-hydrogen.

Annealing Effect of hydrogen bonds and leakage current

through SiN.　As shown in Fig・ 6　the amount of Si-H bonds

remains unchanged even at an annealing temperature of　600　C

in nitrogen atmosphere for　30 min.　王n the case of amorphous

Si:H alloys prepared by the glow discharge of silane, hydrogen

atoms incorporated in the film as SiH-　or SiH, units are

effused by annealing at　350　C, and SiH bonds are stable up to

600-C (7). Therefore, most of Si-H bond岳in the SiN matrix

appear to be incorporated as silicon monohydride. On the other

hand, the content of N-H bonds is reduced by about　20

through ann甲Iing at 300-C and is remaining unchanged up to

600-C. Since the binding energy of a N-H bond is large

compared to that of a Si-H bond (8), it is likely that an

appreciable amount of N-H bonds are incorporated as NH2 or free

NH, bonds.

The annealing temperature dependence of leakage current

through an Al/SiN(397 nm)/Si structure shows a rapid increase

of current around　4000C and then saturates at temperatures

above　500-C (Fig. 7). In this temperature range, the numbers

of Si-H and N-H bonds are hardly changed, so that it ls diffi-

cult to associate the current increase by annealing only with

a change in the numbers of Si-H and N-H bonds. Secondary

effect caused by a change in the amount of N-H bonds might be



more important to account for an appreciable increase of the

current. In order to examine a mechanism of annealing effect

on the leakage current, its temperature dependence was

measured. As a result, two activation energies have been

obtained as indicated in Fig. 8. In the temperature range

measured, the carrier transport is dominated by the Poole-

Frenkel conduction (6). Therefore, the slopes of these straight

lines give the energy depths of traps, which are responsible

for the Poole-Frenkel conduction.　Extraporation of the

measured current to zero reciprocal temperature for both

curves coincides xvrith each other.　Since the extraporated

value is a measure of trap density in the SiN film, the

increase in the leakage current by annealing is not primarily

due to a change in the density of traps but due to a decrease

in the eneT・gy depth of traps. Decrease in the actival二ion

energy. quantitatively explains the increase of the curren亡・

So, ¥で　believe that annealing effect on the lealCage current is

caused by the reconstruction of SiN network.

Trans in SiN.-　1-Vhen a positive step voltage is applied to

the gate of a metal/SiN/Si structure, the transient current

schematically illustrated in Fig. 9 is observed. The curve A

refers to the charging current to the metal/SiN/Si capacitor

and curve B involves charging process of traps in the SiN.

Density of traps can be measured from the area of the part C



ど

122
andisobtainedtobe5xlO/cm.Thisvalueagreeswellwith

avalueestimatedfromaflat-bandshiftoftheC-Vcurve.

Alleniusplotofthetimeconstantobtainedfromthetransient

currentcorrespondingtocurveBinFig.9providestheef-

fectivetrapdepth◎effjwhichisreducedbythePoole-Frenkel

effect(Fig.10).Thetrapdepthatzero-fieldSisgivenby

(5)

where e, is the image force dielectric constant and E the

electric field strength. For 。,=3.8」n (optical dielectric

constant at X=546　nm (9)) and E=3.96xlO V/cm, the values of

S are obtained as 1.46　and 1.59　eV, which should play an lm-

portant role for the Poole-Frenkel conduction. Energy depths

of traps at zero-field obtained from Figs. 8　and 10 are

different. This difference is primarily due to the difference in the

measurement techniques; i.e. , the lealくage current teclnnique (Fig.

detects electrons in shallow traps which frequently communicate with the

conduction band of SiN. On the other hand, the transient current technique

(Fig. 10) involves charging process of electrons into relatively deep

traps with long time constant. The information for the spatial distri-

bution of the SiN traps is obtained by the I-V characteristcs under

Illumination. ¥men the trap levels are filled by electrons for a positive

gatebiaswith illumination of 4.1 eV light for 10 min, the



Si/SiNbarrierheightwillbeincreased,andthenthephoto-

currentthroughSiNwillbereduced.Namely,anilluminated

トVcharacteristicmovestohighervoltagesaftertrap

charging.ThisshiftoftheI-Vcurvereflectstheamountof
Lo

chargedtrapsintheSiN.Foranegativebias,illuminated

トVcurveshiftstotheoppositedirection.Thetrapdensity

Qandthechargecentroid貢isobtainedas(10):

㌻-巨(△Ⅴ;/△V;n-i

Q-I(AVg-△Ⅴ;) ・

(4)

(5)

Here, △V is the voltage shift in the　トV curve caused by
g

illumination, and the superscripts　(+　or　-) refer to the

metal gate polarity, E is the static dielectric constant of

SiN, and L is the SiN thickness. Figure ll represents the

result of photo I-V characteristics before and after charging.

Nearly parallel shift of the photocurrent as a function of

applied bias is observed over the bias range measured. From

this result, the charge centroid and trap density are

calculated as shown in Fig. 12, where data for annealed

specimens are also included. The charge centroid-is located

near the center of the SiN film irrespective of annealing

temperature, indicating that deep lying trap centers are

homogeniously distributed throughout the film. Densit)′ of

traps significantly decreases Kith annealing temperature and
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saturates above　500　C. The decrease in the trap density and

decrease in the trap depth (Fig-　7) take place in the same

temperature range.　Note that trap levels measured by photo

I-V are sufficiently deep, compared with the relatively

shallow traps responsible for the Poole-Frenkel conduction.

It is likely that decrease in the density of deep lying traps

and decrease in the depth of rとIatively shallow traps are

simultanuously caused by reconstruction of the SiN network

during annealing.

Conclusions

A small amount of oxygen atoms at the SiN/Si interface

appreciably increases the SiN/Si barrier height 1.7

to　2.5　eV m the corresponding thickness range l183　to　50　nm.

The numbers of Si-H and N-H bonds are obtained to be of the

order of VLO　/cm , which are stable even at a temperature of

600oC. Thermal stability of the SiN films is guaranteed up

to　へノ700　C in terms of structural and electronic properties.
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FIGURE CAPTIONS

Fig.1.Augerin-depthprofileofa195nm-thickSiNfilmon

Sisubstrate.TheInsetisAugerspectrumtakennear

theSiN/Siinterface.

Fig.2.FowlerplotofphotocurrentinaAu/SiN(50run)!n-Si

structureforapositivegatebias(E=l.58xlOV/cm).

Fig.3.ThebarrierheightattheSiN/Siinterfaceasa

functionoffilmthickness.

Fig.4.Infraredtransmissioncurvefora1183nmthick

plasmaSiNfilm.

Fig.5.NumbersofSi-HandN-Hbondsvs.filmthickness.

Fig.6.AnnealingeffectonthenumbersofSi-HandN-Hbonds

calculatedfromthevibrationalspectra.

Fig.7.AnnealingeffectoftheleakagecurrentofAl/SiN

(397nm)/n-Sistructureatanelectricfieldof

3xlO6V/cm.

Fig.8.Reciprocaltemperatureplotsoftheleakagecurrent

beforeandafterannealingforthesamespecimenas

showninFig.7.

Fia.9.Schematicoftransientcurrenttoapositivestep
"o

voltageappliedtoanかmSstructure.

Fig.10.Temperaturedependenceofthetimeconstantforthe

transientcurrentforanAl/SiN(50nm)/n-Sistructure.
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Fig. ll. Photocurrent vs. applied bias before and after

charging for a Au/SiN(112 nm)/n-Si structure.

Fig. 12. Annealing effect of the charge centroid豆and trapped

charge density Q obtained from the photocurrenト

voltage characteristics for the same sample as shown

m Fig. ll.
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Table　王　　The conditions for sample

preparation.

APPARATUS CAPAC工T工ⅤE

RF POt帽R 500 tH (13.56 MHz)

PRESSURE 1′、2 Torr

GASES SiH ., NH3, N,

SUB. TEMP . 300ーC

GROWTH R.
0

150 OR 260 A′min
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lnlernalphotoemissionintheanodicoxide/GaAsinterface
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T.SawadaandH.Hasegawa
DepartmentofElectricalEngineering,Hokkaido,Unive〃ity,Sapporo060,Japan
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Thebarrierheightattheanodicoxide/GaAsinterfacehasbeendeterminedbyinternal

photoemissionofthemetal-oxide-semiconductorstructures.Theheightofthepotentialbarrier

betweentheoxideandGaAsisfoundtobe2.62±0.05eVforas-grownand2.39±0.05eVfor

hydrogen-annealedspecimens.Quantumyieldbelowthephotoemissionthresholdisinterpreted

;j^cr~i_a_intermsofelectronemissionfrominterfacestatesatenergiesabovemidgapofGaAs.

PACSnumbers:79.60.Eq,73.40.Qv,73.20.Hb,73.60.Hy

Insulating oxides formed on GaAs by anodization are

potentially used for application to metal-oxide-semiconduc-

tor (MOS) technology, surface passivation, and metal-insu-

lator-semiconductor (MIS) solar cells. A common feature of

compound semiconductor MOS systems is anomalous be-

havior in their capacitance and conductance. For better un-

derstanding of such electrical anomalies, Hasegawa and

Sawada2 have recently proposed the interface-state-band

(ISB) model for GaAs MOS structures andjusti丘ed the mod-

el by a quantitative analysis of transient capacitance and

DLTS measurements. They assumed the barrier height at

the oxide/GaAs interface being about 1.0 eV.3 Further ex-

animation of this barrier height is needed to settle or improve

the ISB model.
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In this letter, we report the丘rst observation of internal

photoemission from GaAs to anodic oxide and the direct

determination of the barrier height at the oxide/GaAs inter-

face. Also, an analysis ofphotoemission spectra has revealed

the presence ofa high density of interface states above mid-

gap of GaAs.

GaAs( lOO) wafers with carrier concentration of

5.9× 1017 cm-3 (n type) and 1.0× 10'8 cm-3 (p type) were

used as substrates, which were oxidized by a mixture ofpro-

pylene glycol and buffered (3%) aqueous solution oftartaric

acid. Anodization m the constant current mode at 0.5

mA/cnr was followed by the constant voltage mode at 190

V. The postgrowth annealing was earned out at 300 C for

1.5 h in a hydrogen atmosphere. Finally, semitransparent

ゥ1981 American Institute of Physics　　　　97
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FIG. 1. Cube root ofphot∝urrent perincident photon vs photon energy at

a positive gate bias of 20 V for an as-grown and annealed n-GaAs MOS
structures with an oxide thickness of40C氾A.

Au or Pt dotsト2∞ A thick) were deposited as gate elec-

trades for internal photoemission measurements. Mono-

chromatic light from a high-pressure mercury arc lamp (75

W) was incident on the top ofa metallic gate with a diameter

of2 mm, and the photocurrent was detected by a precision

digital electrometer.

Figure 1 shows the photon energy dependence of the

quantum yield, de丘ned as photocurrent per incident photon.

The energy band diagram for the anodic oxide/n-GaAs in-

terface under a positive gate bias could be sketched as the

inset ofFig. 1. Because of pinning of the surface Fermi level

by a high density of interface states above midgap ofn-

GaAs," even for a positive gate bias applied to an /z-GaAs

diode, the surface potential should remain in the deep deple-

tion state. Then the measured quantum yield can be related

to the two processes, A and B, as shown in the inset, where

the process A is the ordinary emission from the valence

band, and the process B is the electron emission from the

interface states. An appreciable amount of photoelectrons

created near the surface of GaAs might rapidly be captured

by states in the oxide/GaAs interface, and the quasi-Fermi

level ofelectrons in the interface states will move towards the

conduction band edgeofGaAs. The intercept of the straight

line in Fig. 1 provides the barrier height ¢ measured from

the valence band maximum E,,. Obtained values of

¢ - 3.98 eV foranas-grown and 3.72eVforan annealed

diode. For㌢type GaAs MOS structures, similar results as

obtained in the 〟-GaAs MOS diodes have been reproduced.

The threshold energy ¢ is found to be 3.94 eV for an as・

grown and 3.74 eV for an annealed specimen. Measured bar-

rier heights decrease with increasing gate bias primarily

owing to the image-force-barrier lowering. The barrier

height ¢ measured from the conduction band minimum

can be determined from ¢'by noting the relationship

¢e - ¢　-E.Aplotofthebarrierheight¢ versussquare

root of the averageelectric field in the oxideEgives an image

force dielectric constant in between 5eo and 22e(). Taking

into account distortion of the electric伝eld due to oxide traps

near the interface, the measured dielectric constant is consis-

tent with a static dielectric constant of 8e。 obtained for

AGW anodic oxides. From the extrapolations of the

98　　　Appl. Phys. Lett., Vol. 38, No. 2, 15January 1981

GaAsOxide

慧こ2.Electronicdensity-of-staterrsionfrominter
lforanalyzingph。t。emis--'ねcestates.

straightlinesin¢vsE{/plots,thezero-丘eldbarrier

heightsareobtainedtobe2.62±0.05evforas-grownand

2.39±0.05eVforhydrogenannealedspecimens.Thelow-

eringofthebannersbyannealingisattributabletonarrow-

ingoftheoxidebandgapneartheinterface,sincethecontent

ofAsatomsintheoxideissigni丘cantlyreducedbyannealing

at300-C.Itshouldbenotedthatphotoemissionthresholds
°forPt/anodicoxide(4000A)′w-GaAsdiodesatapositive

gatebiascoincidewitharesultofFig.1(Augatespeci誓ens)

withinanaccuracyofO.05eV,inspiteofawork-function

differenceofO.5eVbetweenAuandPt.Thisimpliesthe

absenceofphotoemissionofholesfromametalgatetothe

oxide.AsshowninFig.1,anappreciabledecreaseinthe

photocurrentabove5.2eVshouldoriginateintheoptical

absorptionbyelectronictrapsintheas-grownoxide.This

anomalyofphotocurrentdisappearsbyhydrogenannealing

possiblybecausehydrogenatomspassivatetheelectronic

trapsintheoxide.

Nowweshoulddiscussthephotoemissionyieldmore

quantitatively.Figure2representsaschematicofelectronic

densityofstatesneartheinterface.FortheprocessA,the
valence-banddensityofstates(initialstよtes)couldbeap-

proximatedas

Ni(E)-O for」>0,

- -AE for」<0, 川

where A is the constant. According to Berglund and

Spicer,10 the quantum yield Yb for photoemission from the
valence band ofGaAs to the conduction band of the oxide is

obtained by

Yb(血,Eb) - CNf{Eb)¥Mif¥21[Eb

× 【¥ +a(血)HEb)y r N,{E一血)(E- Eb)dL,
-ACNf{Eb)¥Mif¥2/(E>)× 【l +a(ftw)/(」蝣サ)]-払-Ebf/6,

where Cis theconstant, Nf is thedensity ofthe丘nal state, Eh

is the barrier height, Mif is the matrix element for band-to-
band transition, / is the mean-free length of the excited elec-

trons in GaAs, and α is the optical absorption coe爪cient of

GaAs.

Yokoyama et at.　　　98



In order to calculate photoemission from interfacel

states, we have made the following assumptions: (1) The

quasi-Ferhi level at the interface moves close to the conduc-

tion band minimum Ee under light illumination, (n) The den-

sky of inte血ce states is constant over the energy range
above midgap. (iii) The density per unit volume ofmte血cc
states in the oxide N[ズ), where the distance x is measured

from the oxide/GaAs boundary, is given by

N{x) - No exp( - Ax).　　　　　　　　　　(3)

Here, A. denotes the average of spatial extent of interface

states. Then, one obtains the density of interface states per

unit area Na - Nq/A. The photoemission yield from inter-

face state Yt is derived by substituting a(払) + A. fora(ね) in

Eq. (2) and by using

N,(E)-No for Eg/2<E<Eg

-0 for E<Eg/2 or Eg<E.

Then,

YI(払,Eb) - CNf{Eb)¥ Mv ¥

×1(Eb)[l +Al[Eb)]-lF(払Wss/2, (4)

where

F師co -Eg(fko-Eb +3Es/4) for払>Eb -EJ2,

(fuo-Eb+E-)2　for Eb-Es/2>払>Eb　-'g'

Here, Mif is the matrix element for optical transition from
interface states to the conduction band. In the derivation of

Eq. (4), we have used the approximation/l>a(&a). A value of

CNj¥Mif¥ is estimated hy fitting measured photoemission

yield at 5 eV to Eq. (2), using values of/-35 A,ll α空106

cm　¥12a.ndA空1.5×10-cm~3eV , foranas-grownn-

GaAs MOS structure (Fig. 1). Because the interface states

are localized, we may assume that | M,>/ l -0.1|A/tfI2 and
A - 10 cm '.3Then, thequantumyieldduetophotoemis-

sion from interface states calculated from Eq. (4) is fitted to

measured yield by adopting iV^lO14 cm"2 eV- 1 (see Fig.
1). As understood from Fig. 1, hydrogen annealing signiaI

cantly reduces Na. The estimated interface state density is

quite consistent with a value ofA^ determined by capaci-

tance voltage or DLTS measurements.

In conclusion, the barrier height for the anodic oxide-

/GaAs interface at zero-electric丘eld is directly determined

by internal photoemissiori. Photoelectric yield at photon en-

ergies below -4 eV has been explained in terms of photo-
emission from interface states.
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ESR signal from the defects in plasma-deposited silicon nitride has been observed, for the

first time. The g-value (2.0055) is identical with that of silicon dangling bonds in amorphous

Si: H, and the linewidth (14.5 G) is two times as large as that of amorphous Si: H for spin
densities below 1018 cm 3, above which narrowing of the linewidth takes place as in the case

of amorphous Si : H. It is suggested that most of dangling bonds of nitrogen atoms in the silicon

nitride are passivated by bonded-hydrogen and silicon dangling bonds are mainly responsible

for the ESR signal. A correlation between the spin density and leakage current through the丘Im
is also discussed.

蚤1. Introduction

Plasma-deposited silicon nitride (PD SiN)

has been widely used in Si integrated circuit

as a丘nal passivation丘Im or interlayer insula-

tion.X) Previous studies have revealed that

the electronic transport in SiN　丘1ms is

dominated by a high density of trapping

states.ヰ　Misawa et al.3) have investigated

the structure of chemically vapoトdeposited

SiN by pulsed neutron di汀raction and showed

the presence of small voids with a volume

fraction of about 4%. They estimated the frac-

tion of Si and N dangling bonds with respect

to total concentrations of、 the both kinds of'

atoms being 0.15　and 0.14, respectively. In

the case of PD SiN, most of these dangling

bonds might be passivated by hydrogen atoms

incorporated in the film.4- >

In this letter, we report the first observation

of ESR siEnal arising from defects in PD SiN.
We shall discuss about a correlation between

the ESR signal and leakage current through
the SiN film.

§2. Sample Preparation and Experimental

PD SiN films were grown by the rf glow

discharge of a gas mixture of 10% SiH4 and

16% NH3 both of which were diluted with H2.

Quartz and crystalline Si substrates were used

for ESR and I-V measurements, respectively.

The reaction chamber is a vertical quartz tube

with a diameter of 60mm. An rf power was

supplied by two external ring electrodes with

a spacing of 50 mm. Total pressure, rf power,

and且ow rates of SiH4 and NH3 were, respec-

tively, 1Torr, 10　watts, 10seem, and ll.5

seem. The substrate temperature was held at

290。C. Optical emission from the SiH4-NH3-

H2 plasma was monitored during the deposi-

tion of SiN films. Optical emission lines from

reactive species, Si(288 nm), SiH(415 nm), NH

(337 nm), Hα(656nm) and H2 in the plasma

were quantitatively measured, and the detailed

results will be reported elsewhere. Typical

compositional ratio of an as grown丘Im deter

mined by infrared absorption and Auger

Electron Spectroscopy was Si: N: H-51: 43:

6. The ESR apparatus is an X-band spectro-

meter with a magnetic丘eld modulation of

lOOkHz, and the ESR measurements were

performed at room temperature.

§3. Results and Discussion

Figure 1 shows absorption derivatives of

typical ESR signal for PD SiN and for

chemically vapor-deposited (CVD) amorphous

Si, which contains no bonded hydrogen. The

a-value for the PD SiN coincides with that of

the CVD amorphous Si, being attributable to

silicon dangling bonds. } ESR signal from

dangling bonds of nitrogen atom, if exist,

should split to three lines because of its nuclear

spin of unity. } We never found such signal in

PD SiN. It is likeky that most of dangling

bonds of nitrogen atoms tend to be preferen-

L35
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Fig. 1. The derivative ESR signals for plasma-

deposited Si: N: H and CVD amorphous Si with

spin densitiesof2.1 ×10" cm-3 and 1 xl019 cm-

respecti vel y.

tially passivated by hydrogen atoms incoト

porated in the SiN network, because the

binding energy of NH bond8) (93.4 kcal/mol)

is larger than that of SiH bond8'(70.4kcal/

mol), and the total energy of the SiN matrix

should be lowered by the selective attachment of

hydrogen atoms to nitrogen dangling bonds.

The observed spin density is dependent on the

silane flow rate, being in the range of 1017-1018

cm~　for as grown films. Figure 2 represents

the peak-to-peak linewidth d〟pp measured as a

function of spin density for PD SiN and

amorphous Si:H.9) At low spin densities

(<1018cm 3), the linewidth ofPD SiNis two

times as large as that of amorphous Si:H,

narrowing at spin densities around 1019 cm-

possibly due to the interaction between dangl-

ing bonds. Appreciable difference in linewidth

bet、、′een PD SiN and amorphous Si: H could

partly be associated with difference in the com-

positions and local atomic arrangements near

Si dangling bonds. Also, we could not rule out

line broadening due to unresolved hyperfine-

structures from nitrogen dangling bonds

sitting in different environments.

The spin density measured as a function of

annealing temperature is shown in Fig. 3(a).

It should be noted that the spin density is

reduced by about one order of magnitude

through annealing in nitrogen atmosphere at

temperatures above　400-C. The vibrational

spectra of PD SiN revealed that the number

of SiH bonds is unchanged by N2 annealing

in the temperature range 300 to 600-C. The

number of NH bonds, however, is reduced by

about 25% due to annealing at 300-C which is

close to the deposition temperature. By anneal-

ing at temperatures above 300-C and below

Fig. 2. The variation of peak-to-peak; linewidth,

AHm, with spin density forSi: N: H and amorphous

Si: H. Silane flow rate for Si: N: H was changed

from 2 to 20 seem for changing spin densities.
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Si:N:Hfilm,(b)LeakagecurrentthroughPD
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(-1000A)!ォーSi0-5ficm)structureasafunction

ofspindensity.

600。C,thecontentofNHbondsremainsun-

changed.10)Therefore,itislikelythatthe

reductionofspindensitybyannealingcould

beattributedtothepartialdecompositionof

NHbonds,whosehydrogenandnitrogen

atomsmightmigrateinSiNnetworktothe

sitesofSidanglingbondsandrelaxthenetwork.

Theminimumvalueofspindensitysofar

achievedinPDSiNis3.7×1015cm-3fora

specimenannealedinnitrogenatmosphereat

400。C.Figure3(b)showsacorrelationbetween

themeasuredspindensityandleakagecurrent

throughthefilmatalowelectricfield.The

conductionmechanismatelectricfieldsaround

10V/cmisconfirmedtobeohmicconduction

throughSiN.ThissuggeststhatESRcenters

couldbehoppingsitesofelectronsinjected

intotheSiN丘Im.ll'



ESR in Discharge-Produced Silicon Nitride

喜4. Conclusion

The observed ESR signal in PD SiN is

interpreted in terms of silicon dangling bonds

in the network. The broad linewidth as com-

pared to that of Si dangling bonds in

amorphous Si: H is not fully explained at the

present state. However, it is suggested that ESR

centers could be hopping sites of electrons

which give rise to leakage current through PD
SiN.

Acknowledgment

The authors thank Dr. K. Kojima for his

help to ESR measurements

References

1) A. K. Sinha, H. J. Levinstein, T. E. Smith, G.

Qumtana and S. E. Haszko: J. Electrochem. Soc.

125 (1978) 601.

2) P. C. Arnett and B. H. Yun: Appl. Phys. Lett.

26 (1975) 94.

I Hffl

3) L. Popova, B. Antov and P. Vitanov: Int. J.

Electron. 46 (1979) 487.

4) S. Yokoyama, N. Kajihara, M. Hirose, Y. Osaka,

T. Yoshihara and H. Abe: J. Appl. Phys. 51

(1980) 5470.

5) M. Misawa, T. Fukunaga, K. Niihara, T. Hirai

and K- Suzuki: J. Non-Cryst. Solids 34 (1979) 313.

6) M. H. Brodsky and R. S. Title: Phys. Rev. Lett.

23 (1969) 581.

7) C. J. Ultee: Phys. Chem. 64 (1960) 1873.
8) L. Pauling: The Nature of the Chemical Bond

(Cornel University Press, New York, 1960)
3rd ed., p. 85.

9) R. S. Title, M. H. Brodsky and J. J. Cuomo:
Amorphous and Liquid Semiconductors, ed. W. E.

Spear (CICL, University of Edinburgh, 1977)

p. 424.

10) S. Yokoyama, N. Kajihara, M. Hirose, Y. Osaka,

T. Yoshihara and H. Abe: to be published in

J. Electrochem. Soc.

ll) P. G. LeComber, A. Madan and W. E. Spear:

Electronic and Structural Properties of Amorphous

Semiconductors, ed. P. G. LeComber (Academic

Press, London, 1973) p. 373.



Japanese JournAl of Applied Physics

Vol. 20, No. 2, F上bruary, 1981 pp. LOOO-LOOO

Optical Emission Spectroscopy of the SiH4-NH3-H2
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Optical emission spectroscopy of the SiH4-NH3-H2 glow discharge revealed the presence

of the reactive species, Si, SiH, H, and H2 in the plasma. The silane flow rate dependence of

the emission intensities from these species has been well correlated with the growth rate of the

resulting Si: N: H創ms and their co甲positional ratio of silicon to nitrogen. Furthermore,

the numbers of SiH and NH bonds incorporated in the創m are found to be proportional to. the

emission intensities of the SiH band and NIT line, respectively. The growth mechanism of

Si : N : H from the reactive Sil子and NH molecules is discussed from these results.

寺1. Introduction

Plasma-deposited hydrogenated silicon ni-

tnde (PD Si:N:H) has recently attained

considerable importance in the field of silicon

technology.U2) A number of studies have so

far been done on the electronic properties of

PD Si: N: H, but very little is known about the

growth mechanism of the丘Im.3-4) For further

improvements of the properties of PD Si: N: H,

it is necessary to understand the decomposition

reactions of NH3 and SiHv gases during the

growth of Si: N: H. Optical spectroscopy of

emitted light from the reactive species in the

gloY discharge of a SiH4-NH3-H2 mixture

gas is expected to provide a great deal of

information on physical and chemical processes

taking place in the plasma. -6)

In this letter, we describe new insights on the

growth mechanism ofP王~> Si : N: H from optical

emission spectroscopy of the SiH4-NH3-H2

plasma. In addition, compositional properties

ofPD Si: N: H will be discussed in conjunction

with the decomposition kinetics of SiHv and

NH3 gases.

蚤2. Sample Preparation and Experimental

Plasma-deposited Si: N: H丘Ims were grown

on crystalline Si substrates in a vertical quartz

tube by the rf glow discharge of a mixture gas

of lO%SiH4 and 16%NH3, both of which
were diluted with hydrogen. Substrate tempera-

ture, total pressure, rf power, and丑ow rate of

NH3 gas were, respectively, kept at 290-C,

1 Torr, 10 watts, and ll.5SCCM. The点ow

rate of silane was changed from 2-20 SCCM in

order to investigate the reaction processes

among the reactive species in the plasma.

Emitted light from the SiH4-NH3-H2 plasma,

which is generated within lOcm above a sub-

strate surface, was reflected by a mirror

mounted in the reactor and directly guided to

the entrance slit of a grating monochromator.

A photomultiplier signal was led to A Ioek-in

ampli丘er.

喜3. Results and Discussion

Figure 1 shows a typical optical emission

spectrum from the SiH4-NH3-H2 discharge.

We can detect many emissive species such as

the Si (244nm, 252 nm, 288nm) lines, the SiH

> 一、
Si

「
N H S iHん. N H 3. H 2

旨ぎ

2TD

B N H S iH H 2 ー0 W

ピ杢

Z f6

一 也 「 H 一. ' .H ,

・ I

30 0 8 500 6 00 7 C沿

WAVELENGTH納

Fig. 1. Optical emission spectrum from the Sit九-NH3-H2 discharge at a silane flow rate
of 9.6 SCCM.
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(414 nm) band, the NH (325 nm, 337nm) lines,

the Htx (656nm) line, and H2 (464nm) line.

The emission lines expected from an excited

nitrogen atom (411 nm, 415 nm) were undetect-

able, partly because the emission efficiency from

atomic nitrogen is approximately l!100 com-

pared to that ofa silicon atom.7) In the case of

the NH3-H2 (ll.5 SCCM) discharge, optical

emission from the N2 (316 nm, 358 nm) lines

were observed, whereas admission of 2.5 SCCM

siHv fades away the N2 emission arising from

N2 produced by the recombination of excited

atomic nitrogen.8) Therefore, the absence of

the N and N2 emission lines in Fig. 1 suggests

that quantities of reactive N and N2 could be

neglected as.compared with that of reactive

NH. The growth rate of Si:N:H and the

compositional ratio of silicon to nitrogen are

plotted as a function of silane flow rate in

Fig. 2. Here, the compositional ratio Si/N was

determined by the peak-to-peak heights of

Si (LM叫) and N (KLL) Auger signals and by
the corresponding Auger sensitivities. In region

A of the figure, the growth rate is proportional

to the silane flow rate, implying that the growth

rate is limited by the silane 免ow rate. In region

B, highly insulating Si: N: H can be grown and

the growth rate tends to saturate, possibly

because a constant　且ow rate of NH3

5　　　10　　15

(ll.5SCCM)shouldrestrictthereactionbe-

tweenNH3andSiH4.InregionC,thegrowth

rateagainincreases,withincreasingsilaneflow

rate,andanappreciableincreaseinthecompo-

sitionalratiooccursduetothedeaciencyof

NH3gasascomparedwithSiH4gas.Inthe

caseofchemicallyvapor-depositedSi3N4,the

compositionalratioSi!Nshouldbe0.75,and

avalueof1.21obtainedhereisapparentlytoo

lhighwithrespecttothestoichiometricvalue.

Hydrogencontentinthe丘Imisabout5at.%,

beinglessimportantindeterminingthecom-

positionalratio.9)Thisdiscrepancymightarise

mainlyfromanamibiguityinvolvedmthe

Aug甲sensitivitiesofSi(LMM)andN(KLL)

signalsfromPDSi:N:H,butarelativechange

inthecompositionalratiostillmakessense.

Theemissionintensitiesoftheobservedspecies

asafunctionofthesilane且owrateareshuonin

Fig.3(a),wheretheemissionintensityis

-_-~oj.1__calibratedusingthediffractione缶ciencyofthe

gratingmonochromatorandthesensitivityof

thephotomultiplierused.Theemissionmten-

sidesoftheSi(288nm)lineandtheSiH

(414nm)bandareincreasedwithincreasing

silaneflowrate.Ontheotherhand,theemission

intensityoftheNH(337nm)lineisweakened

byincreasingthesilane負owrate.InregionC,

whereSi-rich丘Imsgrow,arelativeintensityof

theSiHbandbecomessignificantascompared

withthatoftheNHline.NotethattheHoc

(656nm)lineintensitytakesaminimumata

silane負owrateof12SCCM.Thesumof

emissionintensitiesoftheNHlineandtheSiH

bandisroughlyproportionaltotheintensity

oftheHαline,iftheemissione爪cienciesof

SiHandNHaretakenintoaccount.10'Aplot

oftheH2emissionintensityvs.silane且owrate

alsoqualitativelyexhibitsasimilarbehaviort0

1.5thatoftheHαline.TheSiemissionintensity

changesinthesamemannerastheSiHband,

::buttheemissionefficiencyfroman

zisaboutlOtimeslargerthanthatof

¥thattherelativea-ountofreactive

^appearst。belessimp。rtantinc。mpa!xcited

Siato

is。n¥v蓋

1?siH-

AsshowninFig.3(b)theemissionintensity

SiH4 FLOW RATE (SCCMI

Fig.2. Growth rate of Si:N: H員Ims and the com-

positional ratio of silicon to nitrogen, Si/N, plotted

as a function of silane flow rate.

of the Si (288 n) line and SiH (414nm) band is

nearly proportional to the partial pressure of

SiHv, except for a silane flow rate of 20 SCCM

(partial pressure of 6.3× l(T2 Torr), and the

emission intensity of NH (337 nm) line is also
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Fig. 3. (a) The emission intensities of the SiH (414nm) band, the NH (337 nm) line, the

Ha (656 nra) line, and the H2 (464 nm) line as a function of silane甲ow rate. The dashed

curve refers to the intensity of the SiH band corrected by the emissivity of SiH with

respect to that of NH.

(b) The emission intensities of the SiH (414nm) band and the NH (337nm) line vs.

partial pressures of SiH4 and NH3 gases.

proportional to the partial pressure of NH3.

The possible explanation for this result is as

follows: In the low temperature plasma with a

low concentrations of SiH4 and NH3, both of

which are well diluted by H2, the optical emis-

sion intensities from the reactive species will be

proportional to the molar concentrations of

the component gases or their partial pres-

sures. >　Therefore, the observed emission

intensities will provide the concentrations of

the corresponding species in the plasma. As for

a silane flow rate of20 SCCM, the mixture gas

could not be regarded as a well-diluted gas and

hence the emission intensity of the SiH band is

no longer proportional to the partial pressure

of SiH,

From the above we discuss the decomposi-

tion reactions of SiH4 and NH3 gases. If the

optical emission from the Hα line is attnbut-

able to dissociated hydrogen atoms from H2

gas, then the Ha emission intensity should be

almost constant for different flow rates of SiH4

and the curve of the H∝ line in Fig. 3(a) could

not be explained. It is reasonable to assume

that a change in the emission intensity of the

H∝ line by the silane且ow rate is caused by the

atomic hydrogen created through the dis-

sociation reactions of both SiH4 and NH3,

because the emission intensity of the H∝ line is

roughly proportional to the sum of the emission

intensities of the SiH band and the NH line.

The dissociation of SiHv alid NH3　should

occur more e爪ciently than that of H2 in the

glow discharge at a low rf power of 10 watts,

since the binding energies of both SiH bondl >

(70.4kcal/mol) and NH bond13) (93.4 kcal/

mol) are smaller than that of HH bond13)

(104.2 kcal/mol). Indeed, Fig. 4 shows a cor-

relation between the numbers of SiH and NH

bonds and the emission intensities of the

corresponding species in the plasma. In region

B, the numbers of SiH and NH bonds in-

corporated in the films are, respectively,

proportional to the emission intensities of the
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Fig.4. The numbers ofSiH and NH bonds vs. the

emission intensitiとs of the SiH (414 nm) band and

the NH (337 run) line.

SiH band and the NH line during the growth

of the films. This implies that reactive SiH ana

NH molecules are transported onto the sub-

strate surface and surface reactions between

both species should take place, producing the

Si-N network in which Si-H and N-H bonds

might be incorporated to passivate dangling

bonds and!or reduce the total energy of the

system. 14)

In conclusion, it is shown that the decomposi-

tion reaction of SiH4 and NH3 gases produces

emissive atomic hydrogen as well as excited

SiH and NH molecules. Implication of the

surface reactions between SiH and NH mole-

cules has been obtained through a good cor-

relation between the numbers of SiH and NH

bonds in the film and the emission intensities

of SiH and NH.
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」瑚ん心ふ叫　si'ふ垂.・r&Z L・-itW.ト払壷=-よIi二元

/.ヨ之かヾき

siH+ヒNH3混合がスのグロー放電愈解法
)くJって作られるPCV8-ScN頗iJMOSLSI

のpasziVat加一層滑鯉魚腹紬.・こ血年鑑
んIて利嘱される1うJこrJ,てきた。今Jて-I;

Pcve-siN膿の組床、で鹿胡率,内部/|O'か.敬

痩.客気租坑, vi♭ratioれal spectra相.A)頗
成、長の象碕(がス組A", KP power,甚碩五度

等)への膿存様が壊編ざれて、-る。l~3) pcvo
-scN膿Lてぼ与・10at.-/Oの店食氷果が膚かPZ

打I7,号の組邸は無か解SCN硬がSi :Nの2元
泰Z:・あるのlて打H Sc・蝣N・・Hの3直泰純,Z、、も

したが,て電気イ璃碑痕r町軒位ば教Jq解
sLN娘tL比べ・てか糾県な,て、Ibk考えら机b.

軒反舟て・・娃訂川7c CV9-SJ八川喪の電気4軸

凍Lコ・本官的IてPo。レ一声renkelイ云導いて解ポで・

5る吋シモデル4～`ォ<'痩放されて、lるカうー?CVP

-stNf癖に71-てぼ¥の礫楕lて7日て確音rされT=

Pllか'ぽしんt・l甘IJ.

呑補色でlJ.節-5,i亀子々尤(AESl,未外吸.

恥て1,～ PCVや-S州境の穣鑑的樋管を. AA
(or A*)/ScW/AHMNM)まけA」(or /V)!sJ〟

/'M-SccIQO) CMNS)禰且の電嵐一度声(工叫)
蹟t/・容貴-電ECC-V)埼縫,内部光電子放出の

測定Lこ1,て電子的埼姫モ鯛ベニ痛塩ヒ電子坤

埼任の闇J)藍痔Ef相鯛を且sfclf:。考の諦泉も
痢‖て?cvv-ぢLtN娘の電気鳩車碑稀l:7、lて
磯部LT=。

2.甘>ヂJL敷作成び叡硬わ左

pcve-siN膿はSiHヰ′ NH3. Nzの混食が六

の高風諌(L3.旨もMHO a"ロー放電Jてふて,碁額温

良300'して・、職長させた. f-9X.fr打L絹、I r=¶;f.L

uscN/SC膚避_で", 5cN線度ぎ05hv.I<¥$Ofiで

ある.これ叫上O,終息でaSiN膿のcharge-LLPの
ため測定不能で・ある.測度t紬Y.イわエッチJrを

直線して埠Ef、i JJi , Nのm.-deptk pro地t碍

r=。泉外吸収魂り足ばS.・上tC館長17C 4000′-

182♭A a¥ScN iくつtl～行&>', &-H. N-H

b。ndsの足せ1汗価t親みr=。舵Coy A*)/S<A/
/舶及び'Nt Cor Au.)/SiN!仙-S.doo)ダーイオート'

(叡梅軒稚=7 Sjxio"3帥rl,丈ぼ3.l小vo'-W)

に7、lてI-V, C-V時/ru浸り虐LF=。内昔i乾電

子放只の'一別定で・ぼSもN膿上lく～200Å t山ck

Au.旬atfe CIA如iOHeサ?)軸薄、.批garec#
xiOユof)き5,着はMN叶or MNSで>701レ

ち痢uT=。内部乾電子放鎖測度<f)1ロッ7由を
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碑盤の場fe13 cho戸peri息lて)単色乾lてL甘

>ブ)L I:腰射しZ photocurrent里子蝣f*サル

fcUctKO抑erer貫はロ、ゾJ7ル7>7oJて),て一種郎た.

トV測定u step ¥>taS盲印加して行甘っf=。又

step如S 'く打すう電丸o)過頚応t等の温度
廠帝位も測定すること)てJ'), SiN守のトテソ1輝

線に7、-ての槽敢モ綿る,こじもできた・ C-V測定

|J lo撫-VZIO Miの周波:狂範盛Z.・行rJ,r=。

3.線貴族び頚象

3-/　FCVサーSiN感の確度
Fig.2 ¥J¥<¥50A scN癖のAESiでSi cK-

deptk pro他で.ある. S`N平のSiのLMM畳禰
良びSこ基枚呼のSL LMM畳鞠がギ小f'小8g

ev, <}2eV iこ礫缶Jれる.南嘉の徴J&稽号の

peak to peak s Sc/」cN遭鞠傾城L=あ、りて

雇なり令うのでb雑,産せするニkI才を7かいI。

球丁オ向の地球電化a*vる甲P、rSこビNの組

館比5.7Nは禿意のオーラti比鮮度V)鯛、Iると

平均ト之fJi. 505k*碩Q)Si/Nl了0.8?で

3)り厚tJ牌ぽt・'2'" rtcWの線向を示す.ヨre

Si/Si H帯血町泉南l'丸ら肌主鰍畳の酸景l首
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えら・A*. &/S<N帯向J7酸貴J)存在IJ.こL.1苛的・・
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N-H boHIJs _捕丈が評価でぎi.i)

" -藷-∫ α(u) do)　　(2)
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Rg.3 PCV令-ScN膿o)蘇外呪LR席数

定量に復してSc -H /KH--の有初山咽el了βrodsky
ら.Yl J)ボ舶用、)に. N-HitU-・Jl萌加charge TT:t-f

<ti clfpok -entを1・28--PCゼ: ee♭ye印NO esu)

じlて甘薯川る値も周りた.巧の好鼻毛湿し.h<

lく吊す.上の/r斗増虹d)甘薯イ息lJ創且の2序くらU

lて甘るこLlがれnT,て、I IS)ol、・肢qTJて鏑倉氷果ヵヾ

トIOat*.きまれて、IiiLpヾ、巾か　Si-Hlr

Si-Hiの形で.摩される為青倉水菜IT, 1ロー放電h解

~瓦貼.1 PC岬-ScN硬甲の&--H帥N-H布つト数

慈 こ志 士
S - H N l H

1 8 2 6 A 7 .9 x10 /cm 3 1.5 x10 /em

9 7 0 0 6 .0 x10 9 .3 x10

4 0 0 0 A .6 x10 1 .1 x 10 "
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軸.7LC仙/ScN(Fora)/小S亡稀亀を用りて魂Il

足しT= Sい州systemtf)内密酷亀子放翁スペ外JL

のFo"′Icr plot盲承す.挿入酌、ら舶Jうに′乾亀子

i3TSvの価電子帯から廟趣かれScNの4互尊帯モ

二え急迫薇か支配的て-ある.17からSいSi'N確壁
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郎亀如約枚毛元す.韓壁高さのエラーI(LJ才乾d)

波長ビ噴層がcompara bIt *・郎r-tf) photoKespcォse
Jて干草ICおうね')-**狂するための軸で.あら.座像

が知見ドもて鷹野4ih考繍く碑壁高軸承ケが髭
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刺で鵬. tt,瞭吋t純電界確度(ト2XIO♭V/cサ)でIT,

嵐像が悌乾季3.鴫.こ打的柏線(卵銀塊
Jく藍、液化毛木すが′低電和則で汀鹿腹か帯乾

季が虹掛け上, l卜丁くW.この度臥首題軸の平均

電界が鹿像か如来が& l-るSc/SiH帯向並くの亀

界確寂号正しく与えてu恥に小者えら鵬.す如ち.

浄血O,鑑野確度lすtrapped dn仇咽c ¥-S,て和才境野

叶也JOM.こJ)彩管刀ヾ埼LC・IK鹿骨領域ドfrw
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恥† &/&N韓産高さの礁削れ在位

V霊㌫&S霊詣iy㌫需濫孟= 8 xio5"
て、-h. 2000AM下の頗厚で碑壁恥が急増都城
向がみられる.ユのニヒJ3 3-|Z一並べ、r;者、一腰肘

S'N/Si野面並僚lて篠鎖す鵬駿東譲渡b<.句。

r:め帝乱宜くのpcw-sciv膿の軸band gapが
増大する盛暑k着寺川2>.( oxy nitride <n如d

酔p tf& ZYfl! band gap 4・FeVよLltさ、t。I3)1

3 -4 -Mm4^vH!41^S^->^^aiI^^*サ

瑚醇叡丁坤=_ 、こ.叫坤、滴O tbp g瓜ejE正
bUS互印伽LT=岬rtl-V埼櫨t~輪L・・る　R^10

梅.10　MNS良び・ MNI4歳漫*>l-Y陣性

,* Al/Si-N (川7A)/ai-S. (iool膚豊丘tf'/W ScN

c ioqol)!AA n i-v噂櫨の‰k-FrenkeL pLot i"め

ら.臥く/Wう1て左入形のhysTen'sfs噂櫨を泉

す.電界璃寂1上帯さClvPくtLへ4刈o V/e*ih艦

で才<pnf19がIJを礼在野党友毛下卑てQ:叩くtLぎぼ
軋、乾田(3祈札土)で直線Iこ<サi. MNMkMNS

で・電親, oy<itvが里%S<})ぼ. ^i姐すきJうlてPooler

恥nkd- CP輔4互専kす鵬'.t岬釆丁藤一1く
J飢膏えら鵬.ノHNS痛並(tfSDA Si・N)を印110

biftS iく打すHl。t-band電声*)t艦首産地鉦

鼓I-<5-,て/別定Lr=締泉a. MNOS xモ17ダw一トヒ

壌鍬の埼催石和7H軸.ll).
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HtJ.II印加色別印即時櫛-o・bscx)ド押73
r-vl- lV、汁・屯声の毎払

この綿塚よ/)エーV帝櫨07抑小曲がim鴫有

色犀(-4xiob v/c-m)妹上でSCN甲のtyap states
への酌珊確か・庁13"偲和し青己偉才肌3姉貴,

hysten'siさ碑枝が級別さ4-Uヒ如ら鵬MN」>
・ゲイ榊こ.がMNOS璃且lて鑑11ユkLT.鰐Sの吾盲廉や

SCN/Sc骨由ot碑層高さ功.敦峰七矛衛Lr川.乾布

強度互下碑丁せて岬くti亨の直線音綿の廠ぎかち.倭

乾季3.0Tと。～).sfe.pヾ、碑cau.こdl瓜丁も才的

葡瞭3・8Soド軋ll. -fr. TT.叶IO<*MNS良びM
NH凍釦=-V構桂柁奇下韓命脈FoivUr-

NowjheiM (F一叫pL鵡ttもJく直線ICO>」。 3-3

で・jfへ- r= i勺帝WL_酌放如)刺足*'l疎ら脈確

度高さtかI.さらlてがり久世の&N頗f%^¥岬f>i
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墜直して.トNplotの直線ハ鳴き細密森畑
印鑑l理譲式(後産o> tH,即耳) I;fCt?cること

lくJt,7.しネ)L郎o'萌加賀号㌦ttLてaftM).はれ

喜郎. Jo)催、甘SLO上申の仰14)化へ、増h大き、-

がギ当」牀?・<?)S.こJIJうlこ皇・BZiftエーV博柾は足.

掛rT上P-F4蛸で・t F-Nト・flLで・t親叫で・きり

う1絹える。 Lかし.裸lて延べ、る温度嫁再柾から窒魂

付政にお、-てtJ P-F侶尊が支配的2-^>b-kが

泰も怖さVIる。
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温故戚再性
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FLt弓. 12 (のけAu./S,-/V(3?7/ A)/町Si慮並o),
Fcj. 12 (恥コM/ScA/ (4-000Å)!AQ穂並の亀親の追

及嫁在位と示Lてり3.億盛儀疎の混和友存催o)弱

り電丸救命一丁.P-N y>わしlこJるIので'3)i. Tr抑ち

MNM細HNS痛温lて狩りてMetalCA-tt又lすS亡d)

偲尊帯からSiNjiほ尊帯＼U7ト油し電蝣m. IMw,Is

は腫厚ol即ぎl互考慮すうヒ>Jfの武で・与Lられる.

(別の課題〝脅虎晶5c MOSrf)稀旺餅佃'海9. I

6　　　　　　　　　　9

s

こitてA*- 4*4く叫食z付,くm)はSi(.100)如、らの亀

子日掛BJiiE%ia」ヨリw*,a frfaJLlihM卸護∃ h

委付穣壕あさ. Ecォ了SJォ)橘綿の在のコネは」, Ep13

&<h互lLミ工和げ」.晦U&fl表面/ポチ>ivILで'3)3.

MetaLからのト沸しでtl追及依存,性は'<M.一本SLtから

d)トネlLZ'lT表面I(、汁#・サ+.#蝣aceuj帆山tLす3ようrS

bJ心耳印仇ni一恥Jげ賊の壌後の2項の頚IJ缶W)

色息uT2にtt倒す主.罷蝣}. 12 iA) i,¥>)の値温倣肘の

過渡収存触7放線の部尊胤=禾むうJC臥例計もJく

諭71して、-3.億温億域のトネIL電免舟倉硝蝿値

から鼻L引<¥L. K'甘t2帆いか- 2n<n詩経と工ネIufl

互挿7輸遭柵が鹿m小五.ユれらITトl和し知見で・13:

常明x-さr*サ。鳥目/-3催仏工和IA- 0.2♭eV紬・03g

ev i一丈l応する温良倣耳のr-V埼位がPoole-Frenktl

plot 1-JくtitすきニklJ乱l唖へ・ft.低、けQ)剃壬

化工礼ギL o.oらev長びO.U eVモ与える温度ノ領域Iて

-7サU伺篠である.作的て叫らの希催化工ネtげ-

13- P-Fイ璃・;専与するty&p殊さて与えて日比喝釈
でさう. L31武邑Vと'3.8G. tか)～帝電帯で・tfitrftp

罪丁モ求初台ヒMNM札乱tこ打lZ I-14eVftur o.i3eV

叫MNS席畳L=7日日時evKVO.明evが得ら鵬.

こ小らQl止173-2 1'正-vT; 505良のS、岬のtmP三軒

はqev良l>'1.4/,eV t憩h翼r15が, 2i<nzrap leveU

存在を待z&で・施して、-3.ト%1和の耶すかTJ-衣

鑑l了オづIJb碑吋,て知らvL3榊IてSc/N flv組打払

が確度Iて麻存するr^x s川硬度(て∫,乙トラ・n't)千

均釆丁'qt・果TJ5ニヒ,艮レ凄棟の産、l (Sf 。rA」)l'J主

70ラス"73、ウ01膿砿頂補聴o適、- I;帰甘帥5.

上乾のイ綿布希l=)l一て更Iて庫かめるたれ伯温
偲醸T・のf*./siN (.i<A(>t)/Kl良vM/S.・N佃的

/'M-SiCIOo)株畳のI-V博徒I F-N且びP-F pLot

IT:石碑t鞠・Iうca> ii>) i絹す. 3-5で待ら>mt埠
麿高rヒ下-N pLotの傾ぎ.艮ti・電丸の絶対値から

求dlたト和L電子の肩知官をksMNM良びMNS禰温

a;」日田　　　KFZI J mWBSMffl門3 *サ<>?・#i. ^fofl日

が笥愈大きItのct trapped ch仇*%t l^>乙内部乾草

が申可電唇も更なること紺韓摩高さの柏膿TJこ

M*N豊(藤expト留)exp[i(竃芭A-2,

c-JJs。(4)

Js*N - A*T exp(一旦等塑) e両群伊e坤ト等らe甲骨　(5)
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よるし考えられう.硬度坤r7ぎ・*J:命lT lbtf>濃度で乃

るが.こ*uT韓壁高丁しり房けTW+ipfji-盲も金^そ、・＼I

ろ・一方PooU.-FrewkeL flotJl、ら碍ら舶葡色幸
)了38^42と。で監準l二六才r;蛙か綿ら*s. 1肘

りF-h/i硝ぼ高温領域て　トNト和し1-才低遺億

喝で支配的l;恥が.上の追東胡域、13 Metal/Si・N

かTSc/ScM確度あさ,トラvT護良k頚丁恥、lて

引六Tkfut*. >(?/Urr,確固EjweibJl屈貞臣配

scN膿毛も7 MNS確息で11高電野(4*10♭V/<*J

噸喝、で室温丑で・トNトユ如しが弄配的で・9)S.

こ恥- SJ N守のトラ-,79への乾的な電子淀Lか一環壁

が商l-T=ああ追号で怒ニJJIてくく′ P-F伯尊o璃与

が空温城上で、tか末さくなら恥・こtlて∫う,.

5�"

10

T

o

　

掘

o

 

T

o

 

T

o

(

>

＼

∈

3

V

)

　

U

l

[

1/E fxio'cm/V)

20　　　之.5　　30　　35

16　1.8　　20　　2.2　Ik

J盲(Xt yv/cm}

?

0

　

7

0

　

7

0

　

7

0

　

㌔

　

S

o

恥13 cat An/SiMoWA且億鑑ol低温押野櫨

恥I3ck) M/S. NC醐)/ォー紬o)都的低温相棒旺

4.締韓
孝袖丈で恥1ら肌E PCVfl-Sifl膿IT S√/Nの比

がらみもヒSけfchで*'J,この偵向t3凧.膿の弁

が太即・順守Iて.耳・ Sc-H・ N-H bondsが呑4

- LOユI ch-与の井--*一存直し, ○鵬の節食水着rT過

#1]A-のd"甘Lb3 bcmcl "H柵佃lてりiK*)&・岬
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番壁高丁示碩層の増末k如滅ケす3二YはSJ

sこN券面の肢看護夜か'取長崎PBqヒかく&N中

へ0)孫寵加東l=より伯下す3ヒlて嵐明ごtさき.

C…entやLTSからケなくは27のt仙p Lev/eLが
礁郎dW=。 MNM, MNS稀且のFV時ォ.tT鴫野

色屠(へ4-x|OもV/e*JてLt押れ曲州を礼, trapped

chargel-J5内部亀奇功乳小が生L'、い-3ニVE*
唆してl-き。 MNM扱げMNS構並lて舟、一之.正魯aTe

的S時o)伯尊磯風lT卒鷲的ド剛で,高亀恥

恥)～.高温領疎Z・・l才Pool*-FrenkeL吃尊,伯退
職軟で、r7 Fowler-NordKeiwい宗lLが青嵐的Z・・
SH
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