AL 2/ X

2

GaAs B S, tA@%é%ﬁR‘%ﬂﬁ?éK‘ ’



=




GaAs 8« St £ Ao 8 Mo T A

R

-

Ll ¥BPBr~oBEUAIMTI AR 0% Y- — -

§1.2 ¥EBMr Ao%figMHA M T 3LFR o IR -- -2

2.1 S| F~AoREBEYA- — — —— — —- 2
22 GoaAs £~ ¥BREHA - - - — — — —— 3
1.3 AFEFRHREH- - - — — - — — —- &
- - - — — — - - — — =~ —— -5
2% MISHEEmIsEghEsm- - — — — -1
82| MISHLENRS - '%F%f}iﬁvd>9"7q
A~ EBEHK - — — — — - === -7
201 MISHENDRE-BLMM - - — - — - 7

212 REFEAFBETIXIORERWILY
FIR — - — = — = — — — —--13




$3% ALO I EWIRBEH > Gads MTSHE-- - -~ 24
$ 3. | R 24
3.2 ALOEYNENR--— - — - - — —— 2p
833 AMOGEoSUE-- - — —- —-— —- 23
$ 3.4 A0y /GaAs } >ANMTSHAE - - — - —- 3)
835 A0y /GaAs MISHSE oMLt E -— - —- 37

.6 HEhAEH--—-—- —- - — —-
3.5.2 AL O ETOERAIPA w UV K B24T—- — 3%
353 MO AERmoEHETI=—N-- -~ -~ -4
B3. 4 Mi0y/GaAsRao - SBRAIT-- — -4

€37 MBEAL)c Gaos As ‘Z,d'/f%%%i' N*E GaAs E

A AL RE — - —— - —- - —— 4
§3.9 FYXbH — --—- e
TR - - — - — - —— 5

F4% Gaks /PBARBINREMHELRIHE - - 53
41 #zT -~ - - — - — oo 53




P i

§ + 2 Q\@Zf})ﬁﬂf\“?{l%’%f‘z%-——-— ——————— 53
§S“5 ‘;5'32735%;‘—‘—- ----- -———————-5‘5

S BHEFERfGoH —--— - - - -—- -- 5

§53 PEDINIXTAMREFORERZ AT}
e23I¢ - ——--—- —--- - = 67

§5. ¢ TIXXUANSpBAME)XEMHE ——— - - 69

§5 5 FEH -~~~ ————- ——= - —- — -2

KHE o o . "
FUE PEDs 13 VAMoMMHE - —- —- — - 75

) #METo-- - — - 75

ir3

$62 PED LN 1>UMMBOMR — - - — — — — - 75




P lv

§6.3 PED "2 > SHREFOOM-~ - - — —- -7

631 BREEEERES LS, Toe ——— - - T8

6.3.2 ESREIETFIZM/ERM - - — ———- ®
St PEDL 1 - SHNoRABTAE - - ——- 8
§( 5 FUH------—--- --—-—-=-------F8
<

%7% PED S 1> BABERT 3 S: A% Gaks
____________ MIS g -—---— -————- -~ -~~~ 13
STl #: —--- -~ - — ———— - ——— - - 03

€72 PEDY)Y>BARE/ S RAAFRIGT-—-13

873 PEDINI>ZHEEAEMOD S: 2 @K
FTITAARLFEHE --— —— ——— — - %

§74 PEDSNILFAKE/ Gahs B@ 0B —- — %

7.5 F (Y GaAs MIBERIFTo P2 0RE ——-- 98
$70 Fem - - - - - 7
g e 1




- = — =~ o}




1% F %
§/ | *EMroRlRREFALMAT 3mEo %

Li 7{8r\'{eu0 5)‘%%};\/)}2)\ 5 L 22y 0’)?3?257?7{%2 L. SkoCHe/
52 s, Tk E , R EBDMAL 0T RIR. %85 (1930~ 10%4) D 45
BEOFRY tyr, 1. Si7TL - 7R o2 TIT 3 19605 F T |4

VIR RGN R RERRE L RSN IR FEF L AL, R, &
L3FRAR OBBREIX. Z@ASIN Lo s At 2% 0,
RN s 22 4P s RABEHLY 229 0 RkMY ), F
s LALURMMEAES MR THREEESAT LS 22 915 BA
THRL T 0L nPATA SBAEBMFZo0PA B o HFC 3501
S ERSH R, B, 3Hhds p-nfisaD<ondEmn) - 7%
4 35 3 hEMAL L1 2 E T FE 3. 190 B 1t ST
bt ZHWIAZE L ORAE L L, SO RBAMRE M I AR E
EEAR LT 3IST L -7 HRHARE L. 2o BHjo # LI L
TEDEMTERE AER L AN 0 4A. MOS FET (M-
Oxide = Semi condurtor Field-E{fort -Transi ster) A F A2 3 kg, -
Y 1960% #4s ¥ i :; p4e£az~5;02-§g p AT I Metad - AL 0, - S,
) Metal- SiyNe=51"7 Metad=pd,0,-Si0,- 2 RE HFFAMIS
(T: Tasulator) TA A4 2 AER L,

[960F X EFDODMOS FEToRAW. AENHIES
Physicsy, Y fdh 2% (v 5BEMoE. MIS
MRBEEAM Yo HR KGR 68213/ FAHRD
F1 1< k>, 7(*50)’1’15,%?57@1.73 T B 47
TICHEEBME DR OMIS F AT EIEYE WK
Sotk wER A oM. MISHRE né”ianﬁ\/hz@@ﬁ@ 2%
?i‘F\T FEEhE aREn R, FE), 24T 0 %-T L3
YRR, MISEABREL T vk oAl i, vy 2421,
TETFRARADAE G D AT T o3, TEIRTF A AR 5L

k TM1S

TA T
?E NAR s &
PR BT

-

Drfé

\)}"

73
5%
n ¥
3
_




B (L2004) 0 S0, » BAES (A o ¢y VU I PRI ANS

P2

A G FR AL cofEERfE LT, SE) L TRk A KA
¢, BREAT o L KB L 8- Gahs e E T AL -V
A E BMMTSHE rEEt b TEATHAREAGI R s 5 h T

93
§/.2 ¥RXr ~oRBBYR MY 3R o LK

§ /.21 SiLD ~AnNRRBTA

-‘M

‘55-75—\ SMITSFET ot woInswlator x 7, Sio 588 1
, 4 (Pl\OCch‘gﬂiCrﬁf*G]Q%Z BS G (B Boro-))A,Q,_03
ﬁ\é f)\ ERROYSATOR. PSGHIMAFT 9T, 7 —1{ERAS

PBT 2E2 (Bias- Tewmperatuce Treatuwad) R T 3 2 B A G
”»q) ALOy /SiR@o i, SiO/SSRan Bty LA, 1,
SRk BE p WAL LA 3 10 /A0y 0 22 HE2 1 | 7 n-channe]
FET » threshdd REE 5 ¥5 2 $ 3%t 53 3F %t
TR SnEBBATABEIAY 338 A4 T h w3, passi-
vation B ¢ LT 1E. Si0, 04k Na 4 7 v F }T{?; ﬁi‘gjhﬁw&o K
T o SiyNex ALLO, % CVD (Chemicad Vapor D@Powi:oh) &, T Ak
EYY 3 h AR s v vB, BERE TR, PE D (Plasmg
Enhanced DePos. ion) = K )Lt tﬁa‘)(, '3 (£ 300 C)‘C S{F L ﬁﬁﬁ‘ﬁ\iﬁ
T LS IRk passwa‘{-)n Rt AT AR T RT3
21 M08m£®§~mﬁMLm#3ﬁnm\ﬁ%h%<ﬁ5ﬁ
MO STRENE £8938 S0 MIPMIAR L £ 0. kKRR A P 2H A
% %3, T LE. BRE s Si0, s FAES mﬂtﬁsﬁm TPAE T h T o 3 A
cFERBEAESCE R L o O EEFREHNTREN TR ;- ¢,
TYW3, FRPEDERAL CE. 75X 2 F<nagm<c B .
IR L DAY . 2ok 6T 52T A EREERL 713
CHYAL HA LU A v, T LV,




]
(ON}

s/ 2.2

SoFaag <

DoFin} ﬁr A DO _pi,

o1,

M s H
FEIRAES 2
ERLPT O,

y ) T

ST L — FH 5

2
L

GaAsC AN o3& T &

TORBNWBARBARLEAET, 29F

Mt 33 T2 9MERARLIRE BT 3%

FOTEAYWIRRI- ., Akl . CaAslitd
20 RELAR o BFR AL 7 /b;hfcg) LA L

RETH, T, BrAsnBifcire BAEAE

I/
PEAE A

X

9T

L}

3

Gad S

<

‘1,{”5 (T 37
et -‘-r'x w’t, ﬂff? I<

Ao oy AR T
M B

e }

N
o & W O

- =z M

}
CEHIR A 0

R %

L% ¥ % 1 ISTE
LAk Balti
foxio{a:hon
nitridation
insu\d‘ov'f
k/)(ei;os‘\‘tio\r\
] CVD
MBD
PED

’L)\% 37\1531)-—;\7

tr A

cltfimt‘l’:n NN E
SAA S
ok M T S 58 &

no—- '\,‘\C’i"—ig M I S /*‘f :‘L:f

FEMCA T3 A

S Sl
KAV N e AbA S K
5om 75‘36)
o Rk I2

~E§>+
J\- > T . CW‘\Aﬁd)
o g A 2
D (Molecular

(E L 70 BA év’%f}i?)b

EAEEST 3 ta &
IR 7 afiumuia"fi-—;h .
B PR
-, m\‘o{?ar A SR

B, (B10)
Plasma B% A6 (B4
[EY LS

Al,0, (cvD, MBD, PED)

SisNa (CVD, PED, BIRVERYT)

St 0y (CVD, PED, BARA%E 208y 7)
G Oc Ny (C¥D, PED, & fRiEmivs)
Hy 0, (MBD)

Bighn (PED, 2¢°>=27)
ALN (CYD, PED)

1 Chemicad a0 Defos‘\t??'\
S, Mo]!cu]ar Bea_ﬂ\ DC?QS!*M"
ED: Plasma Enhanced Deposition

GaAsLaAn %ﬁ Dieﬁﬁ‘? 7 /J‘i

RTERRCH Y ) -
B LOREFRARA, £,
VE (B84 ’é’(ﬁ" REBRBET . DA H
48 F
Beam Deloosi;?oh) /ﬁ 03 ng‘ !‘ﬂ ¢
M:-}é

99 < n GREA MO 3 4H 3

£ Gany Bin g 1 ¢ 0 Gadsk

7 RAAK T L
/f) %@kbgfﬁ/ls
E A

BS(LA40 £ 1638 < % E

EY Al
a7 is
I 4

KA RY £% 0

GaAs o M\ola"\!o e
, o5 g
AEIR T R AR
Frbhbrahitds

% w» k

AENE (B1-] % 02
DO EAT S5 T

A EE - F
e L~ ?,

N =}
T, g

20)
< N > 4
opiceyr > o .

Fkoto emission 9

TES X 5 T .o




P %

ColsRB NN YL ZREMAAE LA 0k G Z@cBEE 2
LSERT (Au, AL, Tn R ) AP BREYT 3 v 2@ BRITEI A E
T ROFA AR TN, 2o g, SEaATEAT MY
m%ﬁaaé@ﬁmzts\m%%%h¥7f%f%%hiﬂﬁﬁ
A"Fassivﬁe T2y CHRETHB. FE S TEEL Gadso B E
Lo RIBRATA T BEErn y, TE®@Kk % I ’rﬁi*ﬂxaGa/}go
E‘«Za’t@'f) (native oxide) "X 3t 0T H3 2 ¢ & o8 Lt £ @,qAS
Sﬁwd)m‘ﬂ . OA 12 LT 20 £ & o native ox:“]e/gz iR A
L. GoAsZERm c312¢ 5 27 RHRBRAEETXT I T icAh, Tuy
AN, LALBU » RARB2sh TOh o oATRKET R 3

o

3 1.3 AT o R4y

O ESHERASEL LN, Gk ZRF UM AMT S 7K
f2AORBRLEYS 2720 B10AS . Gabs /RN E i m. 19
" 5 75\57%§ L E. fﬁ&/{f#)*\’(\)gﬁﬁ’ﬂfjo) FCh Y $AToO
HAATAN A 9gt0 TH) . BE € L L Gl 5y 4o HH
B # 0t Bh AR ET3LT It 55 p 10 32 v k.

| LENBNTCE 3.

FrER R . BRM B S T - THW RE# T3 Gals 71 - 7 #
WRED Fw , RatAF A o tA 14 . #E Doping 42 k
HE3I T2 IMARC, M) E3 RN E GAs £ TR T3 2
(BB, SIE A BRI N AT ML . Gbs &~ » A LR
MY UBRBINT 35 %0 (A, Fio 1k 3,




}

X

1)
2)
3)
4)
5)
6)

7)

8)
9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

Ax

J. Lilienfeld, ¥B4%3F 1745175 (1930).

W. Shockley and G.L. Peason, Phys. Rev. 74 232 (1948).
Bardeen and Brattain, Phys. Rev. 74 230 (1948).

W. Shockley, Bell System Tech. J. 28 435 (1949).

D. Kahng and M.M. Atalla, IRE, SSDRC (1960).

A. Waxman and K.H. Zaininger, IEDM (1968). Abs. 3.7.

M.J. Grieco, F.L. Worthing and B. Schwartz, J. Electrochem.
Soc. 115 525 (1968).

& KL, 4%>¢, Proc. lst Conf. Solid State Devices 125 (1969).
D.R. Kerr, J.S. Logan, P.J. Burkhardt, and W.A. Pliskin,
IBM. J. 8 376 (1964).

T. Ito, T. Nozaki, H. Arakawa, and M. Shinoda, Appl. Phys.
Lett. 32(5) 330 (1978).

T. Ito, S. Hijiya, T. Nozaki, H. Arakawa, M. Shinoda, and
Y. Fukukawa, J. Electrochem. Soc. 125 448 (1978).

A.K. Sinha, H.J. Levinstein, T.E. Smith, G. Quintana, and
S.E. Haszko, J. Electrochem. Soc. 125 601 (1978).

R.S. Rosler, W.C. Benzing, and J. Baldo, Solid State
Technology June 45 (1976).

%93, BE® 19, 90 (1976).

F. Koshiga and T. Sugana, Jpn. J. Appl. Phys. Suppl. 17-1
465 (1977).

F578 18 1977F A% TR K RARIR PR IAFIE L p. l6l.

H. Hasegawa, K.E. Forward, and H.L. Hartnagel, Appl.

Phys. Lett. 26 567 (1975).

H. Hasegawa, T. Sawada, J. Vac. Sci. Technol. 16 1478

(1979).



19) M. Hirose, S. Yokoyama, and Y. Osaka, phys. stat. sol.
(a) 42, 483 (1977).
20) W.E. Spicer, P.W. Chye, P.R. Skeath, C.Y. Su, and I

Lindau, J. Vac. Sci. Technol., 16 1422 (1979).



5

§ MISHEerMT 3 XSAHFIS

%2
2 2.1 M T S/FEE@ %% -

TEBM
A% 4% |

MI SMETFRE2-1 R 2FE) K*F

BETHBRBE T AEIBYEE LT
3. /i/ékr~msepvso§3 BEEEATE
3¢ FRMHEDEEGEAHRINZ, 0
t%hzﬁﬁégﬁf—kﬁﬁnx>té
IR S MIS ®FE T (Fy.
2-2) f’iiﬂf?’éénfﬁ}ﬁ—l}?z Ltwy 3. 2
TR PHWEBHEBREOMT SHYE
-TEHMN > 1 EET B,
Fig.2-3 WMTS HE o # - ki
NAT 2BE Eeph LEIRE T 71
£ -5 4% 7 |

¢ V2 1 3,

FP'FPO e‘F‘— rhe

g = %/tzT,

7\.?0’ FP ® )j\

S4 EF LTty 3. BT

YO R B4 FOBERAT > a7

TAFRERAY PASA 3 zf%‘%if

Y33, =% FEREXTFLuaC

z5 . %éﬂiixm/%iﬂ“\g’?,ft&\%
E1x 2 hZ hRA TEH T h 3.

- }'“_;—7\ ¢ -1)
%Pl,n.Ppe - Fo (1

(a4 - Pt

®3>9

729 > -BE
. v :
dl Metal

IO TIIATHA IO DI XA IT TGS

Ohmic
Contact

Fig. 2-1

i F';g_; 2 MI5 structure

Fig. 2-2
- Fig.2-2 MIS FE T

-
il

r 4

i/——ec

P

L
oy —Y —-—E;j
N A S U
T »_'5_, 1 Er
v Ev
/ €s
0 >X
e dox
Eox
Metal  Oxide Silicon
Fig. 2—3 Energy band diagram of a p-MOS
structure

dox=oxide thickness,. Vox=potential drop in
oxide, ¢,=surface potential of semicon-
ductor, E; =intrinsic Fermni level in semicon-
ductor, Ep=Fermi level in semiconductor,
Pw=work function of mewl, y=electron
affinity  of  semiconductor, g4y =dielectric
constant of oxide, and ¢, =dielectric constant
of semiconductor.




An Ak p M EBME T THEIRA, THELEA T 3.
¥FRALORO PMETERALOO BRAT S 33 h 3.

P(’()z?(ND‘NA’fFP-%p)

(2 -3)
REL . M

NatlZzh % WFBHEFOAT LK T —B R Py e
79 - BR

PREIVATHI. FORRRR TR Y Lok £
f%‘:‘):7 Tifigs

d2¢c0) _ PO
d x* B és

(2- %)

14
/4

TEBERFoBEMUETF T3, Q-DALRCBERL

/{?Zt—(h ¥j4$/\’\/7 F’ZH@P(X) OEPS ND"/\/A:’},\F‘)*FPO 2
___________ Aoz . [ A (e =[1UEHA(F) ($nLotiom
5D KEE L (2-9 ‘:\0) A9 2FUCEM. #4732,
__ A% _ 4 2T Mo o
E=-ux =~ gL, F(et, Pre (2-5)
A BN
VA
€
L, = ( 2 & ) (Debye leayth ¥ of %) -1)
2 Pp.
4
_BY Npo , PF :
F( :{(ﬁp-rﬁ%—')*—r: (e -pr-1) e—-1)

@EOREFo T 4700 s E T g

TP R L Es

x5 3, FEMhEm 1t Tl T Qs 1
LT (2-5)XER O 3¢

¥<0 o ¥ ¥ B2

/B T QAR -
oy KD

2 ¢33 ko0
ﬁ)k').%
53,




=—-& E_ =% F(p4% 2=-1)
Qs S T %LD (ﬂ 2 FPO) (
%, ¢ % ﬁﬂx@%%ﬁﬁ%f%C}ﬁmmﬁf$ZBKBQ
Npo ;
10, & |1- e (e 1)
CD: 1e :L e (2‘8)
s p F(ﬁ?j, FF,. )
MISRBRERLFITI 2W®BIZ2ICIR. 2PEER2 YL
F3®B C oA BHETELS RD . 31 4
C{ Cp
C= 2-9)
C:+ Cop
&
C;:: Z‘IO)
dx C
2T &, b HA R A AR EP e HBE O BETE 3,

!

~

mu7—4w\471@Evzzﬁ@$%Czawm§£fm3Fw

%TQNLQt%mMﬁ BRIV e to@MEir 20 1%1 3
B . %Q4~@Qsz‘éDMﬁ£
Ny RiEAF v tmer g, <o0@s
—— S Qs (%) 15> 0fa1s b N3

xP(qly, l72xT)
(ACCUNULATION)

SUADAED R RARR S 7 G4
NEET ¢ B 3,

O) ACCMW\L\]O\%EOh@é\I;& U"S<0>
A EBDEYH N P AE
LE
A B ‘ M_;'( w3, P,>°>7’7lf>a,
" e e " ey (b4 =10 e E g3 ¢
e-1) , (2-%), (2—‘1) R 1
P /




p/o

26 kT 2%l
Q‘Sg ?LD GZRT (2-“)
s %
CD'E f . €2kT > (2-12)
D

C= Cu (2-13)

@  Flat bawd %ef (4 =0)

. T & .
“p~ P ESLY

- Y| :CFB (f1lat band }5%)

® Depletion AR 14 (0< 4, < 45 )
FEAFELERoE RN P ARZ L. FZAABAR AL . (
9% 13 A L1 o 2 h Y | An Ep ¢ BTN HUE o~ IR
MEET % 3) 2008w T Pp, =M @‘”3 (i 0 542 ¥ay

7oy (Mep ) e i AU (2emya ks
1

, 4 S
= * C:— ';/ ‘--'- e / [ e
02 () R
%
Fs ) . ) (,‘2_'_‘ 'S’)
= - "" <L
Co L, ( 7 & ) C,




p

(4) Weak jinvergion /'?\QTEY; (Fg< % < 2%8)

FPEBFR Do mETIEPFA AR\, Z@BL sk 7
b‘gﬁgkﬁ"&%a;mv‘ 00t HRA YR —<BH 3 A
Ysx=2%g -clz:——ﬁ\é’, ’“I( B, Npo=M* )Xy 2-15) R 0
‘ﬁ\,uir@?;):ntéwnt@ 23. LA UFTBESNKLIX (-15)
AR - £21 kKX,

(5 S'trorxz INVOYrsSion A‘,En. CSLS>2C’L6)
FEFE@NBC A ItRE L. (2-D X0 F i —"’;—j}eﬂ
A EBELEY Lt 3,

3 %s

Q ~ 28;‘11—(%!%). 26T
s 2 Lp "

£ Ag

n 2T

Cox (58 )€™ » G S

) L
C~ C;

BL G rISEBATOIHR 7 EES VT RDA B R
ETUH) GG oAR ko) §ak B A BHET T3 #
BERF T o XET3. AANAACEKELREY 04 T 217
1T IIEERIBEETS G rELEF3 01 oA AL <

NAE:% kT 4 .
CD,\:'(%-I ) (((,s_.-—é’— <<CL

3
(AR |

% N ¥% s‘trwa inversion ?Etﬁ{‘azﬁ%; e G b
Cy ( Low fre}-)

GNa b V2 LT \% (7—“."7)
( 2. ) (‘“T> (k\;}\ ffyaz.)

C =




p!2

53, RAMS A LT P LR ENGE

MESFYCAHAICMISHBE 0Z

=7

2 C % o4& IF F‘;?.z—s » ¥ S\
3.

—

-2 -%s O s 29 3%
—_— (PJ
Fig. 2=§ Variation of capacitance of MUS diude \, = \/L t L{g (2 - '9)
as a function of surface potential
(Crg=flat band capacitance, and Ci .=

insulateor capacitance).
-

- C

high freq.

R tpAe K4 7 AV € % o FA1% 1

&

TV rbs 43 8 EC
L% 4 IE

Qs (%
V = 2; (2-19)

THIA L (2-18)R 5

0¢(%)
v = (%, + ,*S (2—20)

C.

AT IER-7 A1k , TE L3 ht3oT (2-20 %

Q;(‘h) )
) By Vo RMEAG: K3, R CUTASs 43V Y Co MG E

F—n‘g. -4 R 2% . st ronsy iny er-

/G G §|‘On/’|;§f§g'(“ ISP e X4 P Ag TE
10
/A . ARy s A-
osf- Cu(FLATB_AND\—— Low AR RS R ?Z/%’f/l QR 1
: CAPACITANCE ) FREQUENCY o - . 4 “
ol POR2E DGR BT REK
G 08
< o A N
© FREQUENCY (T 2% ¢ B" 13 ¢ 4% 15 A L%
04t e
m \ - - e
v\ roNECUILBRILM L 3. ff 5 T "’i: rd /?g n hw
o2t
. = -
:z’;ﬁfggggm b>2% T mLME Wn & Y.
o 4 .
-V — o —= sV (2— "‘) f\ ) ‘;

V {VOLTS)

F'i?,l—é C-V characteristics of an €, &(zl\/;\&)z(z?sxz_ c
= 8 e m

M1S structure. W 2 ( )

v— 21

P /




P 3

~FPMISHACRR2BE o (EIBE kxR 3E 1 KA
TRG KA PRERETEL CEILRZ R o W X Wa 3 2
3, 20t o RF-REMHME Py 2.4 153, (NON-
EQUILBRIUM) KA P2 BEHN HI/8EHILY v, FEMAA
EREIZE S T LFER R YA 3,

~

§212 RPREMAFELETIXZTOBRERARI G797~ 2

Bo BB EF>MISHBEcI 9149213, Eadnsh
EULRATRE. o -2 BE U \EBEE 25, BT 0 Ly 2

MNATEA ECE YRS R, S5 k2029 29> R
AAdfox oz, 2% 1. Bol- 752 K930k 2ABE
L. EBFAEENT 3RO RNB L TAL3I 22979
ZRASBRVERERAI > vt EE L. MIsHBRE0Z/BER €3

>

P/ A7 2V EEYT, ARINZASERE Q 1.
QT=Q$+Q$$+Q‘F (2 -22)

TE23AhA3, 22k Q 1821 | THEAE*B4Ea%ntmM
BEEA, Qs BEB KGO THERA , O HIEEN 0BT BH
TRETEBD. DCAAP2 1k 1441245 TEsEB Lty . A
CER ) o, Q2R L5 L2433 RS,

iT('!.’) = ig (‘t) T {s; (f) (2‘23)
vo () 1%

by o (495 (it _

e (t) = Avs) d%J) (2-2%)




___________

cEN 3. )=k, +td% 5¢s=a€£thI<r. Co-%—geg

THIBS
lg(B) = jw Co 8% (2-25)

EhR3. h L RBEMEELEZI TR, A2 6 Ys ¥ T3 ¢,
iSS({')'ﬁs

Lss (1) = Y5 & & - 26)
rSdle
iT('lT)’—'(;lNCD"‘Ys)s(f's (2-27)
th 3,

fpAeBRE VI, ¥FBMEXHBEB 1AL T 1,

V= %(t)r?f VoraV (2-28)

s s a-v._._bcal‘" |:S$%\—(\t;ﬁ%%%[(?*2’7)'ﬁﬁi‘m“3
LA

|
oV =L (t | = -
(0 ( iw C; K iw Cy + Y, 9

r 3,

E@t o vy ey 422 EFn3h2m1. Shockley ~ Read
nEF Y % ke nz27F A0 ABHIAR. - THEHRAL >uH
343 3,

FooR@RHERT L. HEH) 7oA. HABEA SR
W33 s RE L onm ¥ B4E = 5 3TRAEE R Rz bR %
C-;(*) I




RO = Ngg Ca [1- F(1) ] Ny () (-39

G(Y) = Nss €n £(t) (2~31)
SITL M REEEGEA, Cn TR I RBEY, en g
ToOMBEEE, FOX AN A5, (D rtE4ER 0T T
FETUH 3.
RO@FUENTIRRE A

Lss(£) = §Mss { G D= F (D] st -~ enf (0} (2-32)

23 vFEf® bt ngd) = N, FONs X LT 422
AN . (AppendinfB2)

%2 Nss ‘)Cﬂ ("‘fo)
. -§ ¢ [2—33)
T I‘l",}-V\J {0 s
Cy\ 'Y\so

Lss () = jw

> 7T, Ysi& Co= ¢ WNss, (F£)/kT, T =4 /Cn, = Rels
DETIRCEBOTE S, 9> 27%3. MTS 2 0 %(59 Bt
(2-29), (2-3 X F ) . Fig. 2-6 (@ 21x

4 a-li— q% (b)ﬂBZ;\:%,T’g‘
Com= =:9C'== EEG’CE= 36,
" ’ Cg Wzt . C9
Lok Vo=t VT
(a) (b) (c) '+ w T l-f- W T
| | (2-3%)
Ca=F 1:Gm=r iGﬂl .{‘% 3 5\ ; . F\‘J. 2-6 (£) o) CP . ﬁ‘ GP
i& 1 RK Y H 3,
(d) (@)
Fig.2-6

Equivalent circuits of

“an MIS structure.




p /4

Cs

Cpo=C
P p T I+ w T2 (2-35

G'F_ C, wT
Wy wiT? (2~3¢)

‘%%@;% . B CFRIRESISASH L1 3 328 ) 3. 3D
XeA59 301 ¥y

Nss £, (1- {)

(2-31)

Nes B Cn N RTRES IR AEEA L TETC T K351
VY FRIL,

s Mss 4 -
Yss = %Ns,@.\(lfw T ) T,L% 'tam'(w'?m) (2-3%)

133, 22 kR T = Viang, ¥ 3 3.

Ca = (v\ <'\l‘>-t-
ak
- ND ChT
1% 3 Hh
| %
- kT
Tm - T < '][-7,& ° C (2 -}Q)

N - =
XS, 2wy LEFORTFR, 6 5B T o farier e 4t v
2. L+ & » T




Ns -1
CP= CD+ C}A’s ‘taM (W Tn\) (2 -4%0)
W Cwm
Gro s p (14 WD) -41)
w 2w T,

th3. RAMISKHRAORE , 2249 79>2 & . 2@ £t k
K3RMRBARNBEIR AR, 35 XL 03w p® 25440
BARtRBCAMTAY. MTSHEo%Be BiIx. ¥EAER
DBIREXRT 3X Frg. 2-0(0 n X 5 LR,

S22 ZafuR Kot

RIELELANRBT EIMIS B oR 46532 5. Fiy. 2-¢
(DRI ENRIEARENI 2972792 TH3 . v FE. LA
FYA/RC P2 nRRAENTTIMWEELL 3, AE 2 G,

Gm ¥ F\\g. 2-6(b) Co, Gy tORAEIERY) XS5 E(THED

- ¥F Re n#nREX 1M T Py 2-0(D o G, G Edn 3,
R P O 7

Con(V, w) = Cn /[ (1= GmRe)Y T W G2 Ry ] (2-42)
G (Vs w) =[G (1-6mR5) - W G Rp)
/[("’ C—mkg)‘l-r W C-.,:‘ Raz] (2-93)

Rk Frg.2-6 (b v @ ¥

2 x N
i 6 G *
Crr(c L - r) - (e

’
6w w

(- 4%)




6 _ "\)z CLan/
Prfw(e-ol))+ aue

-5

k> T Co, Gp WRMZAEASESIRIH T F 3. 0% AT AR

Cs = Cp - Cp (2-‘#—6)
s= § Mss (2= 41)

YU TR EEFETZ. 221 C 13 (2-9 RASF %3
L FE(2-36) K E) Gp/wERREBE wo BB ¢ L T plt ¥ 3 %
w't=['(ﬂ%f/)’§z’@3, 2o YT G;p/w'-‘-%/‘/”/Z T T 7 3
CEBEAEER VAR AL RB. K@M A Jop vk FHR\
TAR LT 3384 1k 1E (2- %u)a«‘(a 1) X ER T Mss Tk
ABICHT I, 29>-9 29 22FM (TEBEMERETS
3RBETILA 1A LR FATY 3.

STETORIBT. A - AN PR VOMEK Y | T EREMS
BRARK AECRND . A>T gapth o 2B UM EASH E K % 3
Fwvrik 28FX7 2% % chp1BEVoRMEE Toh KES
Ao cohibkiz, 2BFMATE I RET T 36RAKREEH
WAYRR Y. RO ARELRETERVSAMRBRER Y35
AN H 3.

O BRARETERMY L & - V2RI
-29)RA¥Y). dyv= C“dVHWs EAhS.

Vg
%(Vﬁ—‘,@(a):j (1= )4 (2-4%)

(2]




Py

TAEV R4 P2V ERHT3{Ve) -6},
”f*m%@ﬁﬁﬁ+5h%?3r>mMﬂm1%?LT?ziﬁ
T - BOBEORAPREN3 $EHhEBoON L B ) 0'g
3. BOEEH IR ERNEISLFTZ . (2-49) T EI Cp A
VoPA¥z L1 fE3 . (2-495 RF 1483 2 L Bl - %]
FH VT Cp & plot T3 el 423, e (2-9A5n £
3G ERoME Y\ \TIRA-07T 35791 k£, 25 oA,

actumulation 3 X weah inversion §ptE<E A 3K 1=, Cp

DAIRE H Bk T b FNFATHETZ . Bu=%(0) T B
A NATRAV X hoMBENER T3, 2 h £ G (k) =G

“GUATEY . ¥R % tHET 3 gap Mo TR AE IR
<5 213h3.

|

E—Ey = Pa t+ ¥ (™ 9%) (2-49

E-Ey Pp + s (P7%) (2~sb)

2R Ey PR BEBLERD, b P nizh%  (5FT EL
W, ALY TZ AKX EE D L.

b= (kT/3) An (Ne /Np) (2-51)
Pp = (RT/3) An (Nv/Na) (2-52)

T3, FE L. Ne, Ny 13428% [BRFH oAb Ktk &
Mo, Na, Ik F¥+ -, 7920 TABETH 3. FHMER M (
v =D, A) R inversion AR oFR AT 4 S (2—11) £ £@ v

2_(dC® dvy A2 dc’l)" -
e = ) & — .2 -5§3)
N, %&s(dv d‘fg) 2E, (dv (2




(I[J

“

LY LA B+

PERRREEMY K K- Vi R&K

?«gh;icxrh G 1x - A 1=
oA TRy T, Cp HS
A. 24w .

MEEHEN IS B . E@AGoREF LY XT3 . PR
F\E G k- ~#HI3IRESTH3
% * RT3 e AT
ERHEBESAELTIZIFIN T H3. 20 kx
&ﬁ%ﬁ%o@&tﬁ?3§m¢\§@¥ﬁ0a>xf
RE SA 1IR3, 20 53

3., o 32

vy AT

Fo 1 % &1 . %@fmtﬁm

ERARSZ r SAREZHEAS RO I 5358 Terman 347 € 9 A
T3,
BEETEEHSSEIH3AE T, 2oL BEERIREI

. FFEMoOBRER ARG 32 ER

S Gro\y Brown3 3708 % 23, o A4 A L K B DK
4w 3o AT E 3.
Appendix
(23300 B €475 . @iz Ro X> k& 5 3,
Csglh) = N5 4E (A-2-1)
(2-32) X £V
e O R N (r-2-2)
7N S BK M3 B AR R LB R L
fo=4,+df (A-2-3)
3f =t expliwl) (A —2-¢)




p 2|

1€ - T

4 = jw bf (A-2-5)

BA-2-5) RE (A-2-2) KRN L, §fr>uv1HBe X

o (%o N
5§ = fa ( ii{os B-2-0)
s, (14 " Ns,

FiFEr o B4 5
%NSS C"\ (,\ {0) %So = %e\\ ng-fo (A-Z—'I)
e 7 ex = Cn Mg, (1= f.) /o - 2-9
(F-2-3) B & (A-2-8) X% 2-32) X KMANTF 3 X.
5 .
iss&)=%NSS-C“[(»—£>MS—AS,,7.—] (A-2-9)
(A-2-6) £ & (A-2-D KX LA ALT.
iw g Nss o (£ SNs

bss (t) = 1 . (A-2-10)
| + FW To Ns,

C"\ ?\So

Mg = Ny e"l’(“s"“B) 1‘.%3. SIS u;=-z—%
e = _}_(f’ = 3 24 £
B "33 BT % o

° Ne¢
'DL{S




p 22

dNs =N; erp(Us—Ug)- T U ¥T) 3,

A k)

SN N ExpP (Us— Up) - T Us
vy e op (W o) =23 Ug (A-2-1)

(A-2-1) R E(A-2-10) K IANF 3 ¢ (2-33) AA4F3 R




1)

2)

3)

4)

5)

C.G.B. Garret and W.H. Brattain, Phys. Rev.

1055 (1967).

F.P. Heiman and G. Warfield, IEEE Trans. Electron Devices

ED-12, 1967 (1965).

99 376 (1955)

E.H. Nicollian and A. Goetzberger, Bell Syst. tech, J. 46

L.M. Terman, Solid State Electron., 5, 285 (1962).

P.V. Gray and D.M. Brown, Appl. Phys. Lett.

8,

31 (1966).



[HE U3 GaAs RBOBAGHMEFECT 3 ERA LT3

F3F MO BERIBAI B> GaAs MT S B L

§ 3. | %

s

ThETIR, GaAs @0 433%, 501X Galls MT S FETHY
noactive TRNA4Z2Z AKAGEDI. V<2 A 00CaA/RERE
PRIEAREN AT R, " 2 nsoFrn. BEELSY 753
ZIBAC L5 3 nabive oxide A T3 Bk, CV D (Cheni-
Cau@ Vapor Depositton) X 2/ 7 1) L 7 1=k 3 $ENE 0 A &

MR YAD 3. GaAs o native oxide H328 . Gahls X oxide o
i?.;? 1E. B FIRE SR BEATHC . LA L Gads i3, Siv ik
H7.9) 27% T, GarAsoBICEAN B3 <~ | 3 WAoo BN
NEARERNE G 2B X 1mE > 7. GaAs/ native oxide 2@ o A
FRHARELE BLE S A1 Ve 2. AsoBILAAA T T £ IR4E K IE
WL E 3 G, 03 Atz oy GaAs 1o (NA T BN BIET 3 Ew .
WUBTLBENREC T 5 $FIREA S Vv, Goalds E K BRAMERE T 3 5
IV, RORBMELBE S t AR, B4 bb EAS®H X
A% Vo 2o R, GalAs E@ASAAZRE L1, L3P B8 F
%45 (non-s’tofck\ome“lrnC)*d\%@JZ’”QL y TUEY, 235,
native oxide ZHMEREHE > GaAsM I s ML -1X. F4 s
TRl E+ 0 AH 3. 2hik.

OBl n- GaAs MITSHM g accumulationfii k835 h 3§

FRKINBE o BIKA R
@ p- GoAs MT SHHMKE & o T 48 212 inversion BF 4,
o %v N PI2AE A I TR inversion BT ENE K 2
S T 2 h S 0R R, GaAs o band gap Pz ik, Ak

mdgap A 3EEF A T, BRALRGSMALSH L 1032
CEARBLTV3, ¥+, =0 F 5 B8N, Gaks MT S o
BERESA Y I, A S o BHKOBAN. REAM oML

P /7




75\%3: \C’}J\!A')/J\ 77’;\0

p25’

c T BTk, BEEAFTA, TFEMBDM (Molecular Beam
Dfpos‘rh‘on S2) X 3 AL OREE T > CGaAs MT s A o5
AN 202k E N 2V TEARS. MBDIRE3 ALOZRVER
m .
AL O BER., GaX® As % OAF » - TH L TR AL T
GaAs /AL, 0 RBRiL Mo BRBETMA\EIZS R~
sharp MBBTHD 2 ¢ AFRITNI 2 . (REnBAS
S’\qrp BT . 35k Ga v As o nonstoichip -
metry 1 2 N3 v 15 n3.)
(2)M BD k&N, EHm2 (Koo ) TALO BAFHART
X33 ¢,
(nMBbim SERF (~Ix/0° Tor) TATH Y Ex. 3534 (
Contamination ) n%%"i Tl <uv 2 ¢
GOMBDMIZ . REoRFMARY T T,
ACHKABITSND, LA LAAS . EFH R A 32RnES BRREA

>

OAY 02 045 38O R ERYTYH 3N Mo > n 54
CHEBC-9HhS-ROEEERTERTTI 2 ¢ FEIICH
8<% -1-2x¢.

@MBDIEERAYERROY LtHIFRBE ) ARk EAAT
WA, B2, b AL BEARCL-9 a4 2oRBOE
BAonhkd3f AR pRERPLAT LA -7 283X
A2 0B A, MBD RI1c &3 AL,0; » deposition P R
>17q»:‘sj}xvraozﬁ‘z@%u:‘xn‘t\ —?’H:%‘&‘VMT‘

CEESORAFEC . T T L BE VB gehth (T
?nffﬁéé"‘ﬁi—w'\T'M%\,qum A2 E R 4 ¢
EE, THRIAGTHEDNRZ, LAL/ID Torro 3% BT 15, &

R ETRBAZAFIT. BT Y T £8 = X573 3,

CEA K AL et S R ALY /GaA RO A EfR

P 7/




P 26

T
%
i

Al

w

t3RDIT ENREE R, AL O, REAE F 2 AL,0s KEAXE
Ho?=-AFEAR, F. RF. FEfAL . B8R AR tHEA

§3.2 AL.03 B2 o A& k%

X0 N, KA O BRES Y. Bl 33 R0 ES K3,
ODEAR o B Ap e 45 H b5 1o AL ORESXMB DIt s ¥,

ThARE Yt 3 5 k.
OEAREARR L MBD¥RE, T AL REEHRET 3 532

OEFEABIP T oOMBDIAR £ 3 ALLOREA B 4,
WEBEATP L. A > UV ERHE4TH v > 2 AL 0, ERE T
t 3 bk,
MENFEWE . AN 2 Ta B o -4 TRV TALEE
RIATIIAN. £, XRREAL EEBRT T3 BT e h
MEAT M, E .
OFFC-ahmBIt ICEBAL O ERERLS FIE,
Fig. 3=1 I*ESLW, @1z RAy kAR Oy MWERE*XTT. 4%
Fr s AE 2% (0 Torr MFOSER KL UEAE Y5 in.
DRFL LARAT # SEHAEO, AZEFXNL, Tr16°~ Ixid
Torr DEFA RT3, -4 (M 215 Ta) t BiiAdth | <
AL ¢ ERTE . BB EICALO, PBEERESr tFE., BEFRIE
KTRE/Z3 1 F >, T E=4 L, t- 9 REE F99 7 controle § 3
SNl EL T RARELTEIE B L. R, 2hIR. 6
Bhav ke —n =T 3a HRELO. MO RoKEER L.
Ao A/min TH 3. BEAFRIE. HEAEE 40d/cec o fH 2 £
TY ~20000/sec & To a0 x =53 >K>T v A5 X><
V3. Py 3-2 0% @o <EAREBERS LT T




bell jar
(stainless steel)

substrate heater

~

‘(/,/' _—" quartz

—AMAWWAN-Z_

“’—”/”-—~' substrate(GaAS)
T L |

‘-\\\\\\

—— ‘Sample holder

quartz crystal ‘L“~.\-s~.
<

~~ shutter
oscillator Tt

1/8 inch tube

—— (stainless steel)
to variable leak
[ }—} valve connected

with pure 0, gas
line 2z

w |
U\\ heater and

Al source

vacuum ion pump

( 40 1/sec)

Ti sublimation pump
(2000 1/sec)

Fig. 3-1 Apparatus for molecular beam deposition

of A1203 films.

Water-cooled substrate(GaAs)
1111117710107

hy

uv 7 N

Irradiation . 03 Beam
(2537A,18494) (~10%Torr-1/s )
Al Beam
(1004/hr)

i i tus for
ig. 3-2 Schematic diagram of an apparatus :
Fig growing A1203 films under UV excitation.




P 2%

£3.3 A1203H§O)§z@:‘\§?1’?ﬁ

ALLOs IR S 3584 3 R64C., SiEME I ALD, N6 RET

CIRAVEMISHAY RV, BE-BEEM, 124979

~REHM, BR-FESE(TRANRC-V, G-V, T-v
%%zw%af%) ESAANE. 2o Lo % - 2037 %
3. BN 0BV RBEE3EEE. §3.200@, &, ®ohiETH
s B 2o0% 1% RS0 ALO Rl 20T 3T,

ST R Bepa AR EATAD G ) AFE AL, PEo 2T ) 5
TR 3. o RAERE T . MO ERER . B e 300°C ¢
| hr. 14 oozﬁx?Tsufw»L#m AL =L Bt Xk
EF3CRBOBMBEES MISHEALQ AT 3 32 b A, E

MB DI & 3 A/QIO} ﬁ%};i 7 ¥ D%*&)»f’ R ﬁé@ sFCEE L éf
R0 COCNTCEH >R, MOsBEEF 0 E4BE 24 B EH
NY==-NBE300C IE. GaAs EHRERAY T ¥ 7F T80 A

VBET® 3. ALOGBE EAIWENTHNELR. 20 2R .S/
AL O/ BREI0AREE 0 SiO A £ " 2 A0, o 3T %4 TE,
¢ CToaccumulation BB A LS L E ARG s —FUE

8 ' P-SKm) 95k ALO;
P-si(my 958 ALO, L 10KHz
1KHy
m -
e |
z | | 5
o | ' 3
2 s
F] 2
3l 8
2k
m-
% b |
_Blas(v) | o = p 6
Bias(v)

Fig. 3-3 C-V curve for Al/Al.0 . '
273 Fig. 3-4 G-V curve for the same
(95 R) /pP-5i(111) structure. comole as sh in Fig. 3-3.




P_2'7

. Fig. 3-3 3. AL/ AL O (WA /A Bk o | Khnk 113 C
VA T3, FR Figo3-4 AL TETA D /0KkH: 1= Hl}
3G - VHEMTH 3. C-VEME»S A 32 Foer 7L 21%
CALOREE 2 13 AL O / notive Si0, RBIAETI NS, TS
F33acRbhI. C—VRIWNG- VHERIET. 7' = kN4 R,
-V Yo, 2@afhsdsnTEon3 AR, BT » &
Fg% A 85€ 277 v, Kar —Dahlke 3% - &> T T dKERE 4
BE S % Fig. 3-57 ¢ . 2% 2 ETE O EABSLARE £ > Si M0
Sotnx J:<4lX’(\)'§:2)Fu‘;,3—5li L-VEMEERT. o ¥R

s
P-SI(111) 954 ALO,

S0

]

>

(2]

g

w Q2p

o | A [
Ev-0 1 2 3 %

Surface state density (v107crizev')

Fig. 3-5 Surface state density distribution of the
same sample as shown in Fig. 3-3.

0
ol gl — Experiment
10F ——— Theoretical
(Metal - Si conduction
o't =) band tunneling)
= 85 %aNu0,
< -
- S o} =2y ~Xa0,
o - / 22,05 eV
g o mteo/m
Bl "f =0.12
W0 /
. “ i PO11)Si-ALO, (80A)
0t I Al
i
i
H
A 1 2 ‘e 1 ‘-30[ l' 1
0s 10 (L] 20 23 . )] -1.0 -2.0
Bias(v) ; o _____ Bias(V)
. Fig. 3-7 Experimental and theoretical
Fig. ,3-6 I-V curves for an Al/Al 0, -V curve ame sample as shown
(80 A)/p-Si(111) structure.  ° tn Fig S5 for the s

p 7




X I77%

B

Fig.

FIREF LY 3, Feg. 3-7 LR TES 2. WS OB TG
R FTf\v\;JS‘ S, S0RETnE AS ALD vl B o
/6%;/(‘63?%5??—»1 2.05eVA4E sk £,

SRS OKRE AL SiE) AL OSEBARGB TEI e AR
I h k.

REREREAF( AAF) L, ASUVXBETESGR AR S RE
TR ALOGRRP ) R HE S MISHEEM TIRARELD - 5> 91
7NN S

..MSH—N.D,Mooi)-psxm)
{as grown)
W\
= T2 a0 1 2
Fig. 3-8 C-V curves for an AuSb/Al;05(200 &) /p-Sl(lll)
Structure.
Fg.3-% RBAAF. uv RBHATTRET ¢ ALD REEHo> S
MTS ﬁfé N grown n C - v»ﬁy b 363 . QCCWmﬂqf\‘On @ffﬁl:

RS AIZ I ARBARE. 0 B EKAan t 0T H3. 204
P85 832 (260 e) oM 7 = — N THE AV T 3.(Fg.3-9)

13)

6

Iy 600,
NQ
24 c
4 ' N
T a
g £ so0f
3 2+ 3
S i
b ]
o
400
Y 0 1 2 3 S "
Bias (V) Frequency (Hz)
(a) (b)
3-° (a) The C-V curves and (b) the frequency dependence of the accumulation capacitance of an
Al,0,/p-Si(111) MOS structure: sweep rate, 0.1 Vs™'; — —, 10 Hz, illuminated; - - - - - L 10 Hz; —, 102
Hz; —-—, 10° Hz.




p 3l

o PRSI UVERMEE> T . ALOGRERRMA S A0 R
BERAMEN TR THL (MIEAL 3 REEERZ oA 4 »4¢)
FEU R x#F2 S 3. Fg.3-l0 & Frg. 3-%, Fra. 3-9

Ec—
w-
! - a8 grown
-==annealed
£
K 5
>
2 a5
[3
: -
w
Ey—0

Surface state density (cm’eV')

Fig. 3-10 Energy distribution of surface state density
for an Al 03/p—Sl(lll) MOS structure.

G CTC- VHEAS | Ku-Dahlke3si v, 435 ar £ @it

TEADEAT. y=- MU ETT Lo REFALRE L o a1own
DEN R KA TEYRAEC  Fk AR A AUV K924 0 o ¢ *

o\mzmm(q 3-§) Iz tex T £ vg&rfﬁc(@,-z\)%\z/}

hA 3 75 hH 5. %7{61 fZir UV%B”Q"{ = & > Yi?‘h}u%ﬂﬂ’éloi
/ﬂ%@#@s‘ SeAbh, E,

UVARITtT  EHAiroonatds cin o - 7 B LA
AR BRATMENE O S XA DA > T 3.

33 4 MZO;/C—mAsF‘/;} NMIS%«%\}&

-0 g’”ﬂfj’\‘% GaAs MI S 7%&‘: flo - A,gzO; Hfﬁ%/i- %/ﬁ'{‘g ’ﬁ
= e 34 2 AEPL Lo, 832 TE A Mok r, Tt AE LT
Yo U B3, 3k ALK E L. WBEEY L T 300°C, | hy
0 0,7 =~ LEMAG, bR AT - E4T 5, T OB,

Fig. 3-11 18 m-GaAs (100) /24 A ALOy /AL o C - VH

Mo BLREAHEAT. 58 GoaAERo efch\ng( 1% . Br& RAR |

P/



p 32

2
I Fig.3-11
i--5'1 Capacitance-voltage characteristics of a n-
% GaAs(100)/24 & ALO,/Al structure at various frequen-
-§ cies: (1) 10 Hz, (2) 100 Hz, (3) 10 kHz, (4) 200 kHz. Al
J

gate diameter 1 mm and carrier concentration n, =
= 1.28 x 10" cm™3 (Te-doped); sweep rate: 0.1 V/s

RXA ) =N, 2R HaSOg: Ha 0y S H 0=3 % 1% | RTATH »
TV 3. efc'«\ivxgm‘ziiw Itk 38X, RBMo B A, £
[f{ MH: To -V 4~7 1. 200kHen % h X Ix ¢ AX—-%RT
20T, T R IERUTORY, Fig.3-N KRS h3¥F5 7,
C-Vh-TorzHEARES Ma W XFACRTL S ZIE. &,
LA (R100A)ALOIREE® > T T LR o0 £ 8 5 h 3,
ALLOsREAN . 2h BAF T B W ELEBALTE By v 1x S/
AboOs /MIRET FTERER LA H 3. 510, Goahs oF GBA
---------- AL OEEFFEOIE300°C 9 P - PR L IB/AEES 3 X
S 2ORTERAEASE L RCH 1, TRERREA B ORE L.
CoAsZ®EBHICEI SH 3, Fig-3-12 (015 p-GaAsE AL E M
wTiM T Sﬁﬁﬂ C- VHEMHETR T, SJEror\g, aceumnlation %f{
THC=-VA-T R, 20RBBTIELLF NIy 97892 At =
CERERBFHT ABAEALL . R UT YR Y . A0S B4
ER3%x10°V/om ME<4H 3. |.4L MH: o C-V 4- 5 IT.

p-GaAs 0ZBBXF L A a-Gads o zxh ket A, LHL

TCEMLT O3 2 2 LT 03, a-bads X AL <. AREK

‘L—,: -
® £y
* e 57— °
bias(V) ——
Fig.3-12

Capacitance-volta,
diameter 0.5 mm and ca

ge curves: a) As-grown p-Gaas (100)/73 & ALO,/Al structure. Al gate
annealing at 300

trier concentration p, = 8.4 x 10 cm-3 (Zn-doped). b) After hydrogen
°C for 1 h. (1) 100 Hz, (2) 1 kHz, (3) 10 kHz, (4) 100 kHz, (5) 1.6 MHz




P 33

AN RRLTONR C-VA-TolLZFLYZR PP, T

W32 AD AT, HaP= = (300°C, The) 13, BREA 8 & A
Ax 3N, Frer7y S 2%Er st 3 e A3 (Fry
3-12 (b)) WMEOFREEE) ko r AXZrn 3. Fig.
3=12(b) A S A MHenC=V =7 A 2&EAHAANHRE LD
XL Fon RFEWHA - T B -HT3 S ¥ AD A3, Toehs
. - GaAs » 200kH: ® C-V 4~ 7AFTTE> R, n- GQaAs
THZEHT TS 20 AIECALF/L S0 kL T, p- Gads
NnEBATES ARSI L TNICRANY. C-VTH -7 It
25 h3 LT HAREAYNORB Y Lt . BREMBTAT L Gaks &
BRHAT R D deep Trap & RIS 2 XA FCAT50h 03 AR
S0 1RA . EMAEECH TAETIA LTIV 0T, 29k A
:\c!?}s{ L)1<\)o%f @Zi'i‘léﬁ” Al, 0 /?XF’/\m Iz Gqu = 0
LWAETHh 2. GaAs o native oxide (2 15A thick) DB %% &
FAEFAEZ 2 hsoF TR, ZDEMN native oxide /
GoAs RamkAE Lt w3 E BCFeRfL1v2. T TE
ThanF2 § 3521 1% . native oxide B 3R ALLOs X R T 3A
Crative oxide /Godc B@m e . Ry B AY Bt Ly ¢ EL
SRy . m-GaAs MT ST%-I%.@)\ -V Blen 38 Z 5 BT AL
23500 3k wc . native oxide /GaAs A ABHE L TIAT
Sak & midgap ASABE AN T1ErBETI . B2AORE
A 4 £33, 5, CEFHNIFRGEATAIED K Qahs k>0
MIH% n4mOHEE 3. (Frg 3-13) (- VHMAS .
tRSARAES T E R 03 EFadn s 2 Ce L, §2 L2 THA

Fig.3-13

Equivalent circuit of GaAs tuanel MIS structures. Gp de-
notes the tunneling conductance through the MIS structure \nd Gp
. the surface state conductance
Cor 4

T,
c,:IE .G(w%b‘p(w)

P



P 3%

RESR.ROFS REERARE FHD .
9 Nss(%) |

P wT

tan (wT) 3-1)

ST B 1 GeAsnE@ATUNL, Ms HETEMCERE T
1L 4% [z T’éfil’ﬂ%ﬁéﬁk(ﬁﬁf 3 ﬁ@ ’—%ﬁﬂ) Ckwg\‘v\? ’tfme CDnS'tan'f
T%3.
Q) ER)S, h wrs»l T, CrIRZEABES G £
TANTCH3, A, T2RFBE C TRATHEL SRS

l ' I

= + 3-2)
C Cox Co (
X4
Cp = [ 25 N ] (3-3)
Z(Y’s—kT/‘g’)

-~ 0~

23T Coe 13 oxide (ALL0:) 0 BF . Nk Gahs 0 Fibh
i%/‘% ) &s '_‘I GaAs DATFT H3 .
b) fANY) Yy b wr«| TH,

] /
 _ + (3-4)
C COX CP 'f' CD

——

T wlox»Gpefak LE. Fig. 3-0 ERUEARNE
N DT A ATV, [ VIXEHERA TP XK EHy
t . n—Gahsn %(@7F°7'=‘/°/,5}\ I deﬂet’\‘()h A\;Eféilt FYE ST E
), % o AN FRbT AT HIICEFT LT 3. 20 & 1N
L7 Cp(w) BRAMBRTELLCRBL LT3 . A>T, 28783
B AR T Cx FES w1 oA, GahA Eatanfihn Py
SHnEe T - T oY,

A wild
e




p 3%

Fia.3- RA VKT > TLOEGXT> 9L S 2%F 3 £k
200kH= RH 3 Co % (3-3) Ak fitTtz. @Az

N 2 N - 3 2o L
S B XK AP ZVORABEER. (Fy. 3-1%) R@atfireg
.U :
8-70 -
Vol Fig.3-14
‘ Bias dependence of the surface potential for the sample
Wrm T

shown in Fig. 1
basiv!

Ce H F—fg.3-n n I0H: o C — V‘I}";"J\S (3 -¢4) ﬁéﬁ\)?
%smz,:m;s:Lfi&shti@%&ﬁéﬁﬁifw%w
(W rRFZT . GRFTOSeVASARTF e h T hird 3 a2 (

&0 14
§§ o5} :g 1wk S
fL— Pol
? .E' w 74'7” 7 i T T b
sutoce stite dersity(om sy ) —e

surface state geasity (cmeV ) —e
Fig. 3~15 Surface state density distribution: a) the sample in Fig. 1,b) the samples in Fig.2a and b

> 10 e eV ') nEBEMNEDE . ALY LA NIE pinning ¥ yn
n-GaAszBoBFEHN P OEHRABE T A3 CE2L3h 3. o
EREMEREAD L n—Cahs / IBIEBSRE / 44 BE R > ) 1433
H3dt e & T 37 Fig. 3-15 (D1 p-GaAsk > v 7. Foy,
312 (VBRG) A5 AR LT SR EREERAAT T 53,
S Al hy=— LA AEDFILEALRAY T T T3 v AhAH3
o Fg 3l B0 GaAs JARLD, DB o ERBAERE S By

[—
(date)
S8 |
3
I
Gods
Fig.3-16 Density-of-state profiles of surface states for Si(111)/A1,0, 5_0:
and GaAs(100)/ALO, interfaces

T A g
Surfice state densty (cm gy ) —=




p 36

. kar—Daklke 3hx x> T RBES/AL O R0 ERSERE
MAEFRH IE T F., X Fig.3-11T 3 GaAs /A2, 0 Rt Gahs/
PIEANRR R B 2@ RAA R ERBIRET §. Fe.3-17 1 $

Ec—
10r
. g
Fig. 3-17 §
ISQS-
Density-of-state profiles of surface
states for GaAs/A1203 and GaAs/AGW oxide
)

interfaces. Surface state density(cm‘eV')

DT 2200 E %Y TR EFEET T T HhTY 3 09 E K<
“HLlTw3 2 AhA 3 2oy, A3/ GaA R aak
BEAN. AL Oy v GaAs o PAXHBAET 3 native oxide ¥ | Lads
NRB®EAE LTV Y ERRT 3, TALYT BT Y IR
\ ?EIF\&’ 1Yy h %S9 nﬂ%ﬁﬁﬁ‘?%%f%fgﬂ%%‘zitx 3 £ 0
AL 3h3. Fig.3-1Aa3 SiR W GaAs Rt midgap 43T
FRSARAEAH K. RAMEE I CRNDAZ, Seon ek
BERIE, XL FIBT 1% (0% alev! o 4 -9 T485F 3 . Gads O
midgap WF T E@FGREE . p-GaAsMISFhE S C -V i
-~ 7 )< flat- bard A4 acCumulation AEIXAR 5 hy v 4 s, R
S0P oeV oF - 4 TS T3 X R bR . LAL L midgap
ASELEIXARE0 EBYMABET 3. T0Fr > UBBANZES
B3, Gals 2B RHHET 3350 native oride PG AF 3¢
Rbh3. ZoRdVE . Gohds 2 F o e%ckcngﬁ% AT R 3

native oxide . GaAs £® L FROFEE Y LB RHNTES
tELIt 32X ISAIASTHE D . Cals / IBBEAR R B0
FRUAREAFA . Gals /AL R0 2@ R AT k.

DT T vy 2y (ng, 3-17) A5 ESRRA A cr 7 Hh 3. ME®

P/




|Gohs FBEBHE T3 Gahs o native oxide k¥ 3+t H3

P 37

DR BELEE R, P =-NkE>TAECAYT 3, 481,
CaAs €@ OB\ native orvde A mid gap A3 rozin £ 4%
Bk FREgE®EE tHFI 3 E 1 3. Ko . 5 1
PRORBALEE E PRI Lz . Galds o BIGBMOCI TR AR
A% 3 R . 2 TR L) PEES A TM 1K, woleclar
beam epitaxy k¥ , T GaAs ERET ¢ . ZItkE . hative
oxide A TE R VES k| ALONE XETTT435h 3MI
SHBEEROVTAHAIRNITHIS . k. GaAs X EAL FEE (
IR ERRABEEN LT B R . e VA0 KB U Rb o T HE
TEXR I RE, T, CHGBREENEBFERES%H H425 N
T3 Un L B GaAsE FBRLME AT I AEC I
ERREMAFRMALBRADICE LT 3. 20 12h Ik,
Sprcer 3V AEEFTIF S R, B2 AT A Gads £ kKLY
FREAABE L L Vo, BBERTA GalhsEREL H T A 1mvd %
TI3E T, GaAsEB R ZQUEAARARYT NIASTH 3. ¥ 0
SX W NEBAAT\IRATR AR R0 E O M4, BLE SR
ERT)BYCRER 2o AL MAcThY s Yy HIEA TS 3
L MERIAN CoAs EREBRE LYy 5k, GaAs Z @ - By
WA TI YN B®HTSH3 5.,

§3.5 AL 0 / GaAs MT S *%50) ilrek &
GE 1 M, 05/ Gaps A®o @iy, M0 TaiE .

YEHME L, 2028 Y 7. =0 k575 native oxide 1T, 4&
BT LAt 2 REYIEF LI A VEREEA ST H AT F
. GaAs £k domg'liv\f} bond ¥ 2o RPEE AT 3 £ £
ke Z2TE-FApY LT . native oxide oMl ¢esEd hif
RO K 35¢E ik, 20% B, EFM 20X AE 1h ki

77/43'@7 ‘Eﬁﬁef:\),h/)"’( f2 N E3R




p 3%

€35 ERmAEH

Al, OsREX EP & . B 1c B4 E Ao BAZ 0L AP L A 184 kK.

o BB E REF TRV ELT . 100°CBET TV BAN
FRAZIINNAN DA > B, 2o EFHIGRTR. Galds o 2@
ot SH I RE LR, LA LAHFY . A0 §RET U3 I
CGoAs FaIE AL BEERo -4 (Y00 cieE) A5 o BARISTE
G 3. k. BIBoC-49 ASEE LK MET O FEE KL
¥ <, GoAs hE%ﬁﬂi@@Z‘HTBﬁZ’*Wﬁ*%7\13ﬂ§c
FH3.%, 102 %403 B3 Rk EREAT(KAF) L E
o LA U . 250 T425hTE AL, 0y RERARET N[ PR EnHe
RE, 1AM LTV, 2nRBN., ERE® LA\ T ks,

W CxhornT)mhivdAcELSh3.,

Capaclhnco(llo'pr)

Fig. 3-18

p-GaAs(110)

as grown (aswol,)

Cc-v characterlstlcs for a p-GaAs(110) / T
A1,0,(180 A) /Al structure. ‘.

Blas(v)

Fg.3-18 W29 F5k UCTRME Lk p-GaAs(110)/AL:05 (1304)
/AOKEYE o as grown 0 C- VB3, 300°c TRARIZ TR
E L%k p-GaAs MT SFEE o C - VARME (Frg. 3= 12) X e L €
BRBoORRLEABNBE LAY LIV 3N AT LS AR F
K€L > Ty 3. 20 Y f. BV BE&ME (fast state) o
5EE RT3 . GaAEREATL R ENIZ. AL O3/ ol BB
FEROVDALBRINY)YBIN (S h AT ITNTo T LTUME
AhREXEHLELZ FLLZ AR bhyorteh? v,

"
N



$3.5.2 ALOAETFTOEMSHn A AUY BT

5
ity
2
2y
%,
8
1} 1
[} - 0 a
3 -2 1 ) [ 2 3 2 1 0 1 2
Bias(v) Bias(v)
() (b
The C-¥ curves of an Al, O, p-GaAs(100) MOS structure (a) annealed at 200 C and (b)annealed
at400 C:sweeprate.0.1 Vs™':—--— 10 Hz, illuminated: ——, 10 Hz: —— —. 10° Hz.
Fig.3-19

Fige 3-19 (@) A4 (b) X, 2 % hkEA L FTUV XY E
BfR ., 7 .200C ,3hr7 == Lk AL/AD,Os(2200A4) /p-Ga As
(o) R W 2N ETS IR 40C 30A p=-n LEYF-TL OC-
VEMETH 3. 2o Tho AL ORBEIE, REY < BARFEAG
UVEBAE4N, FtoT $3. BRAP 270 FIEKS %1,
400°Cn P~ k¥, ThTARARYT3. 2o ARKEARYA
BAL, U AL 0540t 0 H2 A ALO R It Ga &
WAs BRI AEH LI B, SERAE TR ALD, Bl ke
BT AMAREY L FR A7 2 BT D K BAMCEHIRE S . 4ooC
F=-NLEIBEoAaALT Y. 2B AIX. inversion layer
ToONEHR) PoOEL IR E3ZE 9A, Xud Thversion layer K.
A LATEHE 5T 7= -NKk&Hr TERA? 24T D % & F4 5 85
BRABACHE, L EwTH35 . Fg.3-20 kAL 72 7 Lo§
TVANMERY . 7= - ABEY) ERCERIIA A 27
%ﬂ’y TICAHR  C- o fTENERA pa Ak % (1 <
stk Ry AREIEREMEANRAY . A
M0z BEFAOBBEOTAEESTI. 2249779 22 €= 7

PE7MEASHE LR, ALOGETRBA ChEETE F 0,

P/



p40

Conductance (x10% L)

2

Bias (V)

Fig, 3-20 The effect of annealing on the G-V characteristics of the same specimen as in Fig. 4: curve 1,
T, =200°C:curve 2. T, = 300 'C:curve 3. 7, = 400 ‘'C: 1 kHz.

BIERBE L hexl0 e TH, k. 203X &, ALO;REF
NG BRNAsBTOAR OF Y = - LIz F> T T 3 2 ¢ IS ¥T
BUTv 3. (83 4%8) o @BHtY > £ center 7L Ag
AFy TR A rBbN2. 400°C ¥y= AL LlEkT>TALDE
@’ﬁ’?i?}%i Terman 358 A L T'\%T’{.% LR 422 . valence Eqm( rt
10 emev, midgap L H O T 10 omev! g k. BB,
ook He v BWEF. ZRMR)Y 5, hYdIvEu. LA |
CKETBRA P RATARS OREEREAEAAN . 297 3> 2%
€433 MEAEIRIED SXA S, fook He EBMAWY) Vo FZ R
Tt BT o kT LAV .

$3 53 AOKREHOER? =1L

p-GaAs MTIS CPAHATot2, 3 5b3s ALOREARMY
UV RBHETC 7=- 1 %4748, THRME LE n- GaAs MIS %
5 PRARBAACRE/ n—GaAsMT SHEE Y EIM, 20 C- VK.
accumulation A x s HABKARERT LR, 205 EAT
{F 2k XKk ALLORREMR k| n—Gafs & @Jrckmg L k44
CUVERHT T lhe, 7= - A (4500 LTk, Fig 3-211,
25 LTRME L E n-GoAs MISHEED C- VAR G-V Hit %
Fd 480 . oy TR, B BBET 2F T 200C, Lhy

UV RBER T 07 ==V, T A 2F, 1207C, 3040 7=

P/




Rl

415

27
a -
k=) -]
= 4} S
-
i :
1, ; Js 4
(53 ’ 8

i i

0 —

-3 -2 e ° 1 2° 0

Bias (V) Surface state density(cn-\zcv-')
Fig «3=21 TheC-¥and G-V curves of an Al,0;, n-GaAs(100) MOS structure: ---~, 10 Hz: ——, 10° Hz:

———.10% Hz: sweeprate, 0.1 Vs,
Fig .3-22 The surface state density distribution of GaAs MOS structures.

—n&mﬁﬁ*.m-tmz%ﬁ,%%mﬂw\a:amzm\zmg

VANIESRNT BB EET 380 ipapine s
N2l 20, RERAT3PET« 1705 281 i,
Ll Fig3-20 BRVEC=- V- 73R8, £ BEE L. ©
vsa;h5mﬁ%mﬁ§%?tﬁﬁaai@ﬁmﬁémﬁﬁ&a
RUTN3. 1ol tliko2Rr s, 128103, OBERAL

‘%“ﬁhv&wsﬁéww4?zzﬁu¢3<§ytxz;q,mﬁ
%ﬂ BRI LT3 Ty, OG-V h—7 12— r i, &
A32T. D795 NN Y P RBEMRPg3-II T -3V L
V2W32 ¢,

Fu3-22 107 27> 0723909y 2ATEe k &E
FLEENH (ER) 4249, Qlisge3. 5. H/UTE

Gohs MIS RE nZBAMLE BEH 1T 3, N-GaAsMIS 12 >

2@.«@W7>ﬂwi\ﬂV%¢2 acewmiintion W&L,Z“

C_'{@\E‘;\ TOWMDC-Vh —70BE L b, 25 TX
T%ﬁ#ﬁfr“) PeleIT YL A0 - 3501 s kERe
5 MTh L T "”* R f\rﬂ i U n-ﬂ% HE T 13-‘ ;E’»: I >x7 N
:'?‘* &, 11~T’t1 (T \0'2" o W\.\deav 10 e v 5 3
© B E(RER) g midgop n:x%q'zva%lo’ o T -

\D

t‘\&'?a‘et C - \/ﬂ*'l“ﬂjbdnﬂ?" &_JT\T,A,)vmawb
N, NGaAs O RERT Ui oA HmnTres 2, 25 L7

P /




‘muhvbmch— BILIIR s uﬁﬁﬁnﬁi&%i%va@ux
ToR2ERE RBEELrERM v a3 o v gL k. L nlERNg

P 42

EELNWERBTNT vy v W eEBNRZVEEZERAEZ 2% £ £
13- LR TR . P-GapeMIS BBz >0 %, 0Hipe -V
N=773 REEF 25w £ T 35181 - 3 v KT Toeeu-

wlollon 22, T 03 v RE D | »\ vl oRarrok

, Ch Y
;Eﬁ?>%WYﬁ¥$§U§)L3*W?@@30l\v%ﬂ~-9ﬁt
o R0 RERT L Bh, ThI el b A3 Pyt
7 HB200kHD € = VIR BlsSk wn A R U L B. D NTERT
BAEHET 0BR gk <ty okt DAY 0SER ¢y
TELINITRI, A RRZRA 0RO T -7 3R ARE
BET Ym0 REa, I ARAL2RLIT 4 50 1L
CEE scowmudation TR L RWAN Ly B D he. W3
Pg3-22 127l R p ~Gaps MIS BEE & ERRAEE ) Foid 75 ik
R SR X *: INE2H2 . Pegl-22 LR TITL R ES
ALTERAR L, 5<E7 BT T0EABTFL 0 VUL 7 70

DAL EED T & 3.
Mi@m%\?“?ﬁmﬁﬁq MBD MO Bed> GQahs M8

WE 08 . AR MRS = & wauv‘waMT=CWh1—-
‘2\"‘/1‘: '; > ¢ ’“T;_g).‘ f g\ :; o (.V‘/‘g\ 3 )}J\ ""2“\) ‘X\ 1 Q’l’»‘ m’n(x[l-
ve  Oxide 12 ALO:MRpind T\5 ARZ 0 m% Wy By
SLUN?E3. IorT antGals. -ti:; ?\t;\q«m\ i3 e

oude/w‘\- BT )7y Ak =2
02/ Gads BRARTE T oude O

& 234,3ew%
mh$ %ﬁﬁﬁnsmr7

R0 5D7% um<§v?i%iWﬁu(WQ@WLPﬂMNPW7%M
2BV T A0 40mim NHe? = - (U VEBET Yk, = L&Y
PUREBamRINL IS R, (Fig3arm) b\/ i W g
DYz —wis k> AL /guae R@mit< 21 B 5 As B IS4
M&%mtmﬁk%@?L%%%m&ﬁ?@@kﬁscKmE%\
RBEC o O ARI @Y 3R ToEREMATE w33

P /




p

XD TR I oNIIE3I LD ILRS - D0 WY YL £
B3, (Fie3-20) P2 WLRIZIENAPRABAD 7S
' S 2 35 <+ . w A O Fay -
l%\/%QEm;J}waﬂt%%Aéﬁk44/#ALOﬁwﬁﬂ%%
LWL Zeind, TEB2s 3, P-GAsNISRE mii\ 17
= . S Qe & A -
S oWikE s JAROT ) PRBEVPLEEL N3 AER g*4%%
= ~ ~ N WOIED A
7 3. DT Pz -z I, < &iﬁﬁm&@ﬁ TLLuix ALY SR
S AN B B A R E o 2L L
Rlclzgnd 3, 0) 1 - 6'\A =l ‘& eteh 12 A0 A AT 2 He
3RS E v . = 1) ~ - N :
/hlu-"‘?k B L < BT s 3, (FN%B“Z\) v’b\\ QA8 ﬁ@m Wty ve
~ T 3R E 10 w 5 = ;= AL - w7 a
Oxide ML BF| A AR Z 7:\_\2:;1%; Qs R A O SI c‘ma.ae_wy Al EVRE,
i\ TZC—I&W‘L”:,‘L 5 AN 3. %Lp\ v.\/ M= Gaig /3 W NI IY PO ’l,f\:\:)(*
N S NaE - y n ~ A & — = 1=
WY 7 ZREH5 N~ Golds P OG vaconey ILEERLEEILS
c i~ ~ ; —_ i - » "{1_, o
m P ASC DRz - Nl E s REET 3L LAY Y 2\ 3
-]
g .thlbomfng Antibonding
Cccupied(l+1)
Bonding(3) Bonding (2)
48 ——QZZZAZ Lone pair(2) «8 ~—ZZZZZ Lone pair(2)
N/
A
/ é / \ /
’”‘o\gro""\ A
(s) &)
(@) (b) i
Fig.3-23 A new model of the surface states below E,. 5
TRORTRROZFVE L, TICHEBEII 2wy 3, A

E\%—ki@ﬁs P, AEMOERE L TWI A, natije oxide 2l
Aﬂsz BOTRIBLOKAR (2w, WABD >33y 0ApT

IERANRTEL 5p2u 3. (Fg3-2300) Wit Lk, Ao dom
%1“”‘} bord PPEAT I 0L, B2RS w7 LT ‘Li‘:‘s< . B
Fr o B3 LAEL U Rl AR BARE D N R
4\’ ﬁov\e pir M|/ R ERBe»< 3. (Fy3 ?acm o
TARNVE = VAV GaAs O energy gop AT J 3okide O band
%?DQLﬁLr-EK&cwuq;aﬁ,z%an,uwmum

P /




p &4

3.

334

(BERI o V2w ARARRCE L W ) ooxide PleEh T
s BT Ndoangling bend MET 0 BERE ) 2 BE MRS 3 % 2
Lh 3,

BNl T - GAsMISERELN3IRT0ERA A% K F?'ﬁi&z\‘
P-Gads MIST &0 3 3 51\ N3IRERI LAY NIAERED

CWER g B o Ba3i3askRTo dangding bond 1‘ L. %
T2 AN BT D UETINCEE STV MISHE n BT
EREz; l‘ﬁ;» LR3I PBCOBEE B *“?_ﬂw TE3 290 M
ML 7R A BW. ot?f\/(lé\m Y= -Vt &3 /K@ i";ﬁ@.%@ i;‘?{";ﬁ Z
)E»«rp&:; TR TI R, S =N \‘3%@@%2 2 < DXide O
PO Stoichiometry €5 I<HMIINE 053 e Tk © W

GafAs & oy AL, 032%7
//ﬁ'it’i' k&

AOs /) GaAs S o F—siiad A ir

Auger peak height{arb.)

0 2 4 6 8 10
Sputtering time (min.)

Fig «3-24 The depth—composition profile of an as-grown A1, O film on p-GaAs(110).

R T O A A LT,

Av 7N o AN ’) A -

St Y, ?rowh AL,Os /

< e

T H 3. ALORE ¥ -4

P Yo

p-GoaAs (100) o in—depth protile <7 %3. 27 Ak
AL20sH 0 82 52T AL, SEFLERASIH R OUV LS\
0T B3 AL OLF 2Ty T v - g S A min

BGa B0 As 23T AL B

P /




P 45

ME R, PALOBERYE > TA& VE GaAs o native oxide 4o
L TTEE 0 RbhB . ALOs /GaAs R&@ATIED ALO RS
P X, Ga AN As/ﬁ}ﬁ\"@é&ﬁu IR BN Iy % v 7 L= kA
MH AL O o TR R RN 2 HAER T W Sh 3. 20 £ K
BZ Y 3¢ AN AN )50y S BE\ EBEESHT T K. 12
ﬁ%$§ﬁ5ﬁSM3@zm@—ﬁ75a7:vw§§££ﬁtt
< ALDsBEY 0 Ga AR As B3 045k o §a2 A 3Er T3 2
REEA D 5 M T 3 .

83T MBE Alps Gaos As TR Y h £ Gads £~ ALD,
A2 o s B

M. Oz BEFPr . Gohs 5B o SJrofc}\EO‘me“try AT hh i
kI3 R . )u/ OaMBE - GapAs(lo0o) (dz "»;-.;'/O em >
DA -J oo v 3) BolkER. BPAEICE YAl Carxgds (
A=0S)RCER, . TFE S5 LT, MBE (Molecalar Bean
Epitary ) =¥ > TRE Tt Gahs £ R o BIET Rk 248 fhg
MISFREE > CAAZ . T T nAofhtn - M/ AL 05 (
S00A , BEMEMBE 400°C)/ MBE- Mys Gaos As (200
A)/MBE N-GolAs(100)T%3 . T2 T ) Botarty. AL/
Aby 05 (1000 A, g%ﬁ%?@i"&?;@%}/MBE‘A«QM“ GoosAs
(500A) / MBE -n=-GaAs(00) T % 3. Fig.3-25 3 4 Frg.

d\

1,.Ga . As/n-GaAs(100)
AL/AL0 /Al Gag A ‘,,1
/’ V4
200} ----mlm ‘,' e
'E_ __.......IO’H! /’ ‘, /f
=2 I —10tHz / , //
. —-—10* 1z A
o
c
2
‘a 100p
-
a
o
(8]
S.R.® 30 mV/sec
0

Fig 3-25 Bias (V)
C-V curves of a MOS structure made on a MBE-Alg 5Gag sAs(200 A)/GaAs layer
(sample A).




P 44

level

3-2f HZ N Th oW >TALOC-VFI-TERT, T>TLAD
B2, B0 BE ¢ AR ATEL BT A *’zﬁ\'{ SN
Al os Go\f;\g AS/C‘\O\AS 5%%1 Iz 400°C T /-\»Q 0. Px E P A‘d,o\r.@'%ai“
As Bl TIREEZATIE » THEI *7f\7’i olee Loye 12

£3 ¢
-,S\“—(‘)F

X076V 422 3, (F\ 2=21) 204315, Alps GassAs T
BT R BEE deep 1evel DEMACTE )X Y F L 50h 3,

ALIALQ,/AL (Gag gAS/ n-GaAs(100)
8o} v
"“'
-~ -===10 Hz o
wol 10 Hz - L,
~ 60 ____103 Hz . P ,‘l ‘,ﬁ"’
s —-—10%Hz ’ Lo
et T s
]
% b
.4
3
20t
»%
S.R=187mV/sec

0 . — N . . N X .
-0 -8 -8 -4 -2 ] 2 &4 8 8 10
Bias (V)

Fig.3-26
C-V curves of a MOS structure made on a MBE-Alg §Gag sAs(500 A)/GaAs layer
(sample B).
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-The numbers of Si-H and N-H bonds in plasma SiN films calcu-
lated from the vibrational spectra.

Bond
Thickness Si-H N-H

1183 nm 40X 10°"/cm? 9.5 10°%cm?
970 3.0x10" 6.0x10%°
400 2.3x10® 7.0x10°°
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Fig.6=4 Transient current for an Al/SiN(50 nm)/n-Si structure.
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Surface States in GaAs Tunnel MIS Struetures

By
M. HirosEe?), S. YokoyvaMa, and Y. Ossga

Thin ALOj, films are grown on GaAs by low temperature reaction betiween 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/AlLO,(=~ 100 A)/Al structures. High frequency C-U
characteristics of p-GaAs(100)/ALO,(~ 100 A)/Al structures are in agreement with theoretical
predictions. V-shape surface state density distributions and midgap state density of 2 x 10%%/em?2eV
at the GaAs/AlLO; interface are obtained from the frequency dispersion of the C~I/ characteristics.
A very high density of surface states (> 10%3/cm?eV) is found at 0.5 eV below the conduction band
edge.

Diinne AL,O,-Filme kénnen durch Reaktion von O,- und Al-Molekularstrahlen bei relativ niedri-
gen Temperaturen auf Gads-Substrate erhalten werden. Kapazitits-Spannungs-Charakteristiken
(C-U) und Tunnelstrom-Experimente von Si/ALO,(= 100 A)/Al-Strukturen zeigen eine sehr gute
Qualitit der Al O,-Filme. Hochfrequenz-C-U-Messungen an p-Gais (100)/AL,0,(~ 100 4)/Al-
Strukturen sind in Ubereinstimmung mit theoretischen Vorhersagen. Die Oberflichenzustands-
dichte ist in der Mitte der Bandliicke minimal (=~ 2 X 10'?/em? eV) und steigt zum Valenz-
und Leitungsband hin an. 0,5 eV unterhalb der Leitungsbandkante wird eine sehr hohe Zu-
standsdichte (> 10%*/cm? eV) fiir Grenzflichenzustinde gefunden.

1. Introduction

Considerable amount of studies [1 to 6] on GaAs/insulator systems 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 MIS 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 yet
been well understood [1, 3]. On the other hand, there is increasing interest in a very
thin (tunnelable) insulator on GaAs from the view-point of application to highly
efficient GaAs solar cells [7] or opto-electronic devices [8]. '

At the present status, however, our knowledge on the GaAsfinsulator interface is
still Jimited.

This paper describes a new method to prepare thin AlLO; films on GaAs and the
determination of the surface state density distribution at the GaAs/ALO, interface.
The origin of the frequency dispersion of capacitance is discussed briefly.

2. Experimental Results

A thin ALO; layer has been deposited on a GaAs substrate in vacuum using low-
temperature (< 100 °C) reaction between O, and Al molecular beams. The oxygern

1) Hiroshima 730, Japan.
%) Present address: Max-Planck-Institut fiir Festkorperforschung, 7000 Stuttgart 80, BRD;
on leave from Hiroshima University.
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gas is admitted close to the GaAs surface through a 1/8 in. stainless steel tube until
the total pressure increases to 1078 Torr from the background pressure of 10-7 Torr.
The pumping system consists of an ion pump (401/s) and a Ti sublimation pump
(1000 1/s). The evaporation rate of Al is controlled around 10 A/min. In order to
examine the quality of the obtained ALO, films, we have deposited similar films onto
Si substrates maintained at room temperature and subsequently heat-treated at
300 °Cin 1Tatm O, for 1 h. This heat treatment is not essential for preparing Al,0,

[

S, bt it has a favourable effect on the quality of the films.

2.1 11203 films on Si

The oxide thickness of a Si/thin(= 100 A)Al,0,/Al structure has been measured
Ly a quartz oscillator during deposition of ALO,, being in good agreement with the
accumulation capacitance of the sample if we suppose a relative dielectric constant of
$.0 for the AlLO, film and the presence of a native SiO, film (= 10 A thick) formed
after etching Si [9]. The weak hysteresis observed in capacitance—voltage (C-U)
characteristics is due to electrons trapped in the AL O, film or at the AL,O,/native SiO,
interface. Capacitance- and conductance—voltage curves have no significant fre-
quency dispersion except in the bias range where distinctive frequency dispersion
arises from the surface states of Si as in the case of the Si/SiO, interface [10]. The
surface state density distributions of 8i/Al,0,/Al structures are obtained using the
Kar-Dahlke method [11]. The results are similar to those for the Si/thin Si0O, inter-
face [10]. The effective barrier height between the conduction band edge of Si and
AlLO; has been estimated to be 2.0 eV from the analysis of band-to-band tunneling
current for p-Si/thin(~ 100 A)AL0,/Al structures [12]. '

From these results, the good quality of thin ALO, films on Si substrates has been
confirmed. Then, thin Al,0, layers have been deposited onto GaAs(100) substrates
at room temperature and heat-treated at 300 °C in 1 atm O, for 1 h. It should be noted
that deposition-of a thin layer of Al onto Si or GaAs and subsequent oxidation of the
film at 300 °C give no satisfactory results.

2.2 C-U characteristics of GaAs tunnel MIS structures

Fig. 1 shows C-U curves of a n-GaAs(100)/24 A Al 0,/Al structure at various
frequencies.3) C-U curves at higher frequencies than 200 kHz are not shown, since
they are almost identical with the one for 200 kHz. Such a large frequency dispersion
as seen in Fig. 1 and a significant amount of hysteresis have been observed also in
other samples with thicker (= 100 A) AL O, filns. The ALO, film itself has no remark-
able frequency dispersion of the capacitance as confirmed by Si/ALOz/Al structures.

2
[y
<7 Fig. 1. Capacitance-voltage characteristics of a n-
3 GaAs(100)/24 A ALO,/Al structure at various frequen-
f§ cies: (1) 10 Hz, (2) 100 Hz, (3) 10 kHz, (4) 200 kHz. Al
j§~ 0 gate diameter 1 mm and carrier concentration n, =

2 = 1.28 X 107 cm~3 (Te-doped); sweep rate: 0.1 V/s

bias(V)

3) The surface of the GaAs substrate was etched by a methanol-Br solution or by H,SO,: H,0,:
H,O == 3:1:1. Different etching solutions gave similar results.
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In addition, it is unlikely that the GaAs surface layer is damaged during the deposi-
tion of AlLO, or the heat treatment at 300 °C. Therefore, one possible origin of the
frequency dispersion could be attributed to the GaAs surface. In Fig. 2a, we show
(-U characteristics of a MIS structure on a p-GaAs(100) substrate. The C-U curves
in the strong-accumulation region are not shown because a large tunneling conductance
restricts an accurate measurement of the capacitance. The breakdown field strength
of the ALO, film exceeds 3 X 10° V/em. The C-U curve at 1.6 MHz indicates that
the change of the surface potential on p-GaAs is much larger than that on n-GaAs.
Frequency dispersion of the capacitance still remains, but the hysteresis of the C-U
curve is small. Hydrogen annealing (300 °C, 1 h) of this sample reduces the frequency
dispersion and increases the hysteresis (Fig. 2b).

3. Discussion

The theoretical C-U curvet) of a p-GaAs MIS structure with no surface states agrees
fairly well with experimental trace at 1.6 MHz as can be seen in Fig. 2b. This indicates
a change of the surface potential from accumulation to inversion, which could not be
obtained in n-GaAs MIS structures as confirmed from the C-U curve at 200 kHz in
Fig. 1.

%‘he origin of the large frequency dispersion of C-U characteristies is often attributed
to deep traps introduced near the GaAs surface during deposition of an insulating
film [3]. However, this is not the case for our samples because of the relatively low
temperature process of sample fabrication. In our discussion we should take into
account the presence of a very thin (= 15 A thick) layer of native oxide formed
before depositing Al,O, [13] and the observed large difference of the frequency disper-
sion between n-GaAs and p-GaAs MIS structures. These facts suggest strongly that
the surface states are located in the native oxide/GaAs interfacial region. During the
heat treatment of a sample, the native oxide might react with the AL,O, to a certain

~ extent, but the interface of native oxide/GaAs will be unchanged. In order to explain
the remarkable frequency dispersion of n-GaAs MIS structures, we suppose that
a large number of surface states exist at the native oxide/GaAs interface and are
distributed mainly in the energy range above the midgap.

For a more quantitative discussion we now consider an equivalent circuit for Gaas
tunnel MIS structures (Fig. 3) and determine the surface state density distributions
from C-U characteristics. The surface state capacitance Cp has the following fre-
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Fig. 2. Capacitance-voltage curves: a) As-grown p-GaAs (100)/73 A ALO,/Al structure. Al gate
diameter 0.5 mm and carrier concentration p, = 8.4 X 107 em~3 (Zn-doped). b) After hydrogen
annealing at 300 °C for 1 h. (1) 100 Hz, (2) 1 kHz, (3) 10 kHz, (4) 100 kHz, (5) 1.6 MHz

4) The theoretical C-U curve was calculated by the standard MOS theory using known oxide
thickness and carrier concentration (see, for example, [15]).
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Fig. 3. Equivalent circuit of GaAs tunnel MIS structures. Gy de-
notes the tunneling conductance through the MIS structure and Gp
the surface state conductance

box
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quency dependence [14]:

1 _quTss(gls) -1
Cp = p tan~ (w7) . ()
Here, ¥, is the surface potential of GaAs, N the surface state density, and 7 the
surface state charging time constant depending exponentially on ¥,.

a) For the high-frequency limit, wz > 1, Cp becomes much smaller than the deple-
tion layer capacitance C'p. Hence, the two-terminal capacitance C is given by the
following equations:

1 1 1
— = _ 2
Cv Oo.\' + CD ? (-‘)
_ geN TR ;
= L3 ] @

where Coy is the capacitance of oxide, NV the impurity concentration of GaAs, and &,
the permittivity of GaAs.
b) For the low-frequency limit, wr <€ 1,

1 1 1
[ (‘”

Here, oCox > Gp is assumed. The small and slowly varying values of the high-fre-
quency capacitance in Fig. 1 indicate that the surface potential of n-GaAs remains in
the depletion region even at positive biases above 1V and the change of ¥, with
applied bias is very small. For such ¥, Cp(w) increases remarkably with decreasing
frequency. Therefore. the two-terminal capacitance approaches Coy at low frequency,
hut no majority carrier accumulation occurs on the GaAs surface.

In order to determine the surface potential of the sample in Fig. 1, the depletion
layer capacitance (', at 200 kHz is fitted to (3), giving the relation between ¥, and
the applied voltage (Fig. 4). The surface state capacitance Cp is derived from

15
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Fig. 4. Bias dependence of the surface potential for the sample
0 -0 ¢ a5 shown in Fig. 1
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Fig. 5. Surface state density distribution: a) the sample in Fig. 1,b) the samples in Fig.2a and b

(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/cm? 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. 3b gives the surface state density distributions for the sample on a p-Gads
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/ALO, interface is shown in Fig. 6 together with that for the Si/Al,O; 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 10'%2/cm? eV. The surface state density of GaAs below the midgap will
probably saturate in the order of 10'3/cm? 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 midgap. The presence of
such a high density of surface states 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 that a n-GaAs/anodic oxide interface [5] has
a similar distribution of surface states as the n-GaAs/Al,O; interface. Surface states
at both interfaces are much reduced by H, annealing. We believe that the presence
of a thin native oxide layer on GaAs 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,0, onto the clean surface, avoiding the formation of a native oxide at
the surface.
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Fig. 6. Density-of-state profiles of surface states for Si(111)/AL,0, 5_0: ! i
and GaAs(100)/AL0, interfaces 72 T T
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GaAs MOS STRUCTURES WITH Al,0; GROWN BY MOLECULAR BEAM
REACTION UNDER UV EXCITATION
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Thin Al,Oj 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 fora small dispersion of the dielectric constant, the high quality
of the films is confirmed from the electronic properties of p-Si metal-oxide—
semiconductor (MOS) structures. The capacitance-voltage and conductance-
voltage characteristics of the GaAs MOS structures are found to be remarkably
improved by annealing in ahydrogen atmosphere before and after Al, O growth for
n-type and p-type specimens, respectively. This behaviour is explained by a new
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 by anodic oxidation® or plasma oxidation? and insulating films formed on
GaAs by chemical vapour deposition® or sputtering* have different structural and
interfacial properties. The native oxide-GaAs interface moves into the crystal
during the oxidation and the stoichiometry at the interface appears to be
uncontrollable owing to the different oxidation rates of gallium and arsenic atoms.
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
high vapour pressure of arsenic atoms in the GaAs. The electronic properties of
GaAs metal-insulator-semiconductor (MIS) structures prepared by these
procedures, however, have some common features: (1) there is a large frequency
dispersion of the capacitance particularly for n-GaAs MIS structures; (2) the
inversion capacitance is greater than that calculated from the substrate carrier
concentration’.

In this paper we describe the electrical properties of GaAs MOS structures with
Al,O, films grown on room temperature substrates by a photochemical reaction
between aluminium and oxygen molecular beams excited by UV light. A new model
of surface states is discussed as a consistent explanation of the observed behaviours
of our metal-oxide-semiconductor (MOS) structures.
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2. EXPERIMENTAL

Al,O; films were grown in the system® shown schematically in Fig. 1. The
oxygen gas was admitted close to the GaAs surface at a rate of approximately 104
Torr 1 57! through a % in stainless steel tube. The total pressure of the system
increased to 1 x 107° Torr from the background pressure of 10~ 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 Aand 1849 A)
irradiation. The advantages of this method are the use of very low substrate
temperatures during deposition of the Al,O; and the possibility of intentional
surface treatment of the GaAs prior to the deposition. The electrical properties of
Al/A1,0;/Si structures were measured to examine the quality of the deposited
Al,O; films, and the annealing behaviour of GaAs 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 AL O, films.

Water-cooled substrate

["z721120100414104)
hy
uv /S N
Irradiation . 0,Beam
(25373 1849A) (~10% Torr-/s )
Al Bgam
(100A/hr)

Fig. 1. Schematic diagram of an apparatus for growing Al,O; films.

3. RESULTS

3.1. Al, Oy films on p-Si(111) substrates

Figure 2(a) shows the C-V characteristics of an Au/AL,O4(~200 A)/p-Si(11 )
structure which had been annealed in a hydrogen atmosphere at 150 °C for 3 h'and
subsequently at 250 °C for | 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
capacitance 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 AL O; film
and of the thin native oxide (=10 A) formed on the silicon after etching. The low
frequency capacitance in the positive bias region is increased to the oxide
capacitance 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 Kar-Dahlke method®. The state density was found to be 3 x 10'2 ¢m =2
eV ™! near the band edge and 2x 10'' cm~2 eV ™! at mid-gap. These values are
compatible with those for the Si-SiO, interface’.
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Fig. 2. (a) The C-V curves and (b) the frequency dependence of the accumulation capacitance of an
Al,0,/p-Si(111) MOS structure: sweep rate, 0.1 Vs~ ' — — 10 Hz, illuminated: - ---- , 10 Hz; —, 10?
Hz; —-— 10°Hz

3.2. Auger analysis of Al,0; on p-GaAs

The composition profile of the oxide on GaAs was obtained from ion
sputtering Auger analysis. Figure 3 shows the in-depth profile of an as-grown Al, O,
film deposited on a p-GaAs(100) substrate. The ion etching rate of the Al,O; film
was about 5 A min~!. 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 Al,Oj;. If we assume that the sputtering rate of the insulator near
the Al,0,-GaAs interface is a few times greater than that of the pure Al,O; 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.

Auger peak height(arb.)

10

Sputtering time (min.)

Fig. 3. The depth-composition profile of an as-grown AL, O, film on p-GaAs(110).

It is confirmed that the distribution tail of gallium and arsenic atoms in the
Al, O, film is increased with increasing annealing temperature.
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3.3. C-V and G-V characteristics of p-GaAs MOS structures

Figures 4(a) and 4(b) represent C-¥ curves of, respectively, an Al/Al,O,(~200
A)/p-GaAs(110)structure annealed ina 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 Al,O, films, which is a little larger than that of Al,O; films on
silicon substrates because of the incorporation of gallium and arsenic atoms in the
oxide. The low frequency 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 Fig. 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, O, film through the annealing in hydrogen. The negative charge density of
1.8 x 10" cm ™2 deduced from the flat-band shift is consistent with the fact that
annealing increases the distribution tail of gallium 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. The state density was found to be about 1 x 10'* cm ™2 eV~ 'near the band
edgeand 1 x 10" cm™?eV ™' at mid-gap. Naturally the C-V curve at 10° Hz cannot
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 method.

~
s
T

w
T

Capacitance ( xlOzpF)
L] W

Capacitance (x IOzpF)

0 R . . . L i 0 . : \ . \
-3 -2 -1 0 1 2 -3 -2 -1 0 1 2

Bias(V) Bias(V)
(a) (b)
Fig. 4. The C-V curves of an Al,O,/p-GaAs(100) MOS structure (a) annealed at 200°C and (b) annealed
at 400 C:sweeprate,0.1 Vs~ !:———— 10 Hz. illuminated: —, 10 Hz: —- —, 10° Hz.

3.4. n-GaAs MOS structures

The C-V characteristics of n-GaAs MOS structures made by the same
procedure as that for p-GaAs MOS structures exhibited a large frequency dispersion
of the capacitance with positive bias similar to that observed in the anodic oxide-n-
GaAs interface. In order to reduce this dispersion, hydrogen annealing (450 "C for |
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Fig. 5. The effect of annealing on the G-V characteristics of the same specimen as in Fig. 4: curve 1,
T,=200°C:curve 2, T, = 300 "°C:curve 3, T, = 400°C: | kHz.

h under UV irradiation) of etched n-GaAs surfaces was carried out before deposition
of the AL, Oj;. Figure 6 shows the C—¥ and G-V curves for an n-GaAs MOS structure
prepared in this way and annealed in an oxygen atmosphere (200 °C for 1 h under
UVirradiation) and then in hydrogen (120 °C for L h). The Fermi level at an n-GaAs
surface is usually fixed by the high density of surface states below the conduction
band E_, 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 E_ 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
effected by annealing.

Figure 7 shows the surface state density distribution of this specimen
determined from the conductance method (the solid curve) together with the
distribution for the p-GaAs MOS structure discussed in Section 3.3,

3.5. Surface potential on GaAs
For the n-GaAs MOS structure the surface potential was determined from the
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Fig. 6. The C-¥ and G-V curves of an Al,O,/n-GaAs(100) MOS structure: ~——~, 10 Hz: ——, 10° Hz:

- 10% Hz:sweep rate, 0.1 Vs~ 1.
Fig. 7. The surface state density distribution of GaAs MOS structures.



86 S. YOKOYAMA e al.

C-V curve at 10 Hz by assuming the occurrence of accumulation above +1 V (Fig.
6). Using this value the capture cross section o, of the surface states, which is strongly
dependent on the surface potential, was deduced from the conductance data to be
107*°cm? near E,and toincrease to 10! cm ™~ 2 at mid-gap. If we assume a constant
value of 6, = 107 !* cm? over the energy range from below E, to mid-gap®, 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
above —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 frequency®. 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 of GaAs MOS structures with Al,O, grown by a molecular
beam reaction are improved by hydrogen annealing under UV light before and after
the deposition of Al, O, (Figs. 4 and 6). This can be associated with the behaviour of
arsenic atoms incorporated in the native oxide of GaAs or in the AL O, 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 Al,0,-GaAs interface introduce a
high density of surface states above mid-gap which causes a large frequency
dispersion of the C-V characteristics. This speculation is supported by the following
arguments. (1) An inversion layer appears to be formed on p-GaAs MOS structures
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
Al;0;-GaAs interface into the Al, O, film 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 annealing
- temperature (Fig. 5). The positive shift of the flat-band voltage with annealing
temperature can be attributed to negatively charged arsenic atoms built into the
AL Oj; film. The inversion capacitance of the p-GaAs MOS structure is reduced by
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 E,
through annealing. (2) The heat treatment of an n-GaAs surface in a hydrogen
atmosphere at 450 °C under UV irradiation reduces the surface state density below
E, remarkably (Fig. 7)°. 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 of Au/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 fourfold coordination in GaAs and threefold coordination in the native oxide
orin Al,O;. 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 levels 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 E..

wsip? Antibonding . Antibonding
4p 4p Occupied(1+1)
Bonding(3) Bonding {2)

4S 2277 lone pair(2) 45 -——ZZ7Z Lone pair(2)

N/
Al
. C]J ; . . ,
/4/\0\‘15/0 N /4/\0\;\5’0/63\
) &
(a) (b)

Fig. 8. A new model of the surface states below E_.

5. CONCLUSION

The anomalous frequency dispersion of the capacitance for n-GaAs MOS
structures and the discrepancy between the measured and predicted inversion
capacitance of p-GaAs MOS structures are associated with surface states arising
from dangling bonds of arsenic atoms in the oxide close to the interface. This model
can explain many aspects of the electronic properties of GaAs 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 Al, Oy 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 O, molecular beams, insulat-
ing Al,O3 films were deposited either on as-grown MBE-GaAs layers passivated by thin
Alg 5Gag_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 Alg 5Gag 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
impo;tancé because of their possible applications to MIS devices. Mozreover, 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 surfaces in a reproducible manner has not been established. All
GaAs MIS structures so far prepared by different procedures [2-8] have some com-
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 wish to report the electrical properties of a new type of GaAs
MOS structure with thin insulating Al,O5 films prepared by the reaction between
Al and O, molecular beams under different growth conditions.
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2. Results and discussions
2.1. Al, 05 films thermally grown on passivated MBE-GaAs (Type I)

In order to preserve the stoichiometry of GaAs surfaces during the growth of
Al,03, the as-grown 1 um thick MBE-GaAs(100) films with electron concentration
in the low 10'¢/cm® range were immediately passivated by thin Al,Ga; _,As (x =
0.5) layers. Two kinds of MOS structure fabricated from MBE grown GaAs were
investigated. The structure of sample A consisted of Al/Al,05(500 A, deposited at
400°C)/MBE-Al,_sGag. sAs(200 A)/MBE-n-GaAa(100). The structure of sample B
was composed of Al/Al,03(1000 A, deposited at 250°C)/MBE-Aly_sGag sAs(500 A)/
MBE-n-GaAs(100). Figs. 1 and 2 show C—V curves of both samples. A remarkable
frequency dispersion of the capcitance was observed for the sample A as reported
earlier [8], possibly because of deep levels which were introduced near the
Al sGag sAs/GaAs interface by oxygen atoms diffusing into the Alg sGag sAs
layer during the oxide growth at 400°C. The presence of the oxygen deep levels in
the Al sGag sAs 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
Aly 5Gag 5As layer.

A thicker Aly sGag 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 Aly sGay sAs/GaAs interface. There-
fore, the charging time constant of such levels becomes longer and the frequency

ALIALO4/AlGagsAs/n-GaAs(100) 7
/’ 4
g /
200 ----10 Hz L
L
(=3
v
1%
[~
2
‘s 100f
]
Q
]
o
S.R.= 30 mV/sec
0 i . \ 2

Bias (V)

Fig. 1.C—V curves of a MOS structure made on a MBE-Aly 5Gag 5As(200 A)/GaAs layer
(sample A).
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Fig. 2. C—~V curves of a MOS structure made on a MBE-Alg 5Gag 5As(500 A)/GaAs layer
(sample B).

dispersion of the capacitance is appreciable only at very low frequencies, as shown
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 Aly 5Gag sAs/GaAs
boundary, but due to the dispersive capacitance arising from deep levels in the
Aly sGag 5As 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 Aly sGag sAs layer.

For the sample A, the calculated density of surface states from the conductance
method exhibits a minimum value of 3 X 10! /cm? - eV near the midgap and rapid
increase to 2 X 10*3/ecm? - 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—V hysteresis. This indicates that the sample B has
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 X 10'2/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
Al,Ga; _,As layers and a low temperature growth of Al,0; 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 Al,0O; films on GaAs by molecular beam reaction at even lower temperature.

2.2. Al,04 films grown by photochemical reaction (Type II)

At temperatures as low as room témperature, Al,O3 films have been grown on
chemically etched GaAs substrates by using the photochemical reaction of Al and
0, 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 O,. The C—V characteristics of such MOS
structures with photochemically grown Al,O; 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 Al,Os/etched GaAs system by forming an additional thin
native oxide layer below the Al,Oj films. The photochemically grown Al,03/GaAs
samples were subsequently boiled in H,0, solution to grow native oxide between
AL,O; and GaAs [10].

Fig. 4 represents the C—V characteristics for a double-insulator structure consist-
ing of Al/A1,03(90 A)/native oxide(200 A)/p-GaAs(100) prepared by the H,0,
treatment. This sample was made by boiling in H,0, for 7 h followed by annealing
in O, atmosphere at 250°C for 2 h. 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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Fig. 4. C—V curves of a MOS structure with double insulating layers.

below the Al,03 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 [2,9]. Some of these éxcess As atoms are dis-
solved into the H,0, solution through the Al,05 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 H,0, boiling. As-grown Al,03/GaAs diodes made on etched -
GaAs surfaces not boiled in H,0, exhibited almost similar characteristics as those
of the samples boiled in H,0,, since they also had a natural oxide layer formed on
GaAs before the deposition of Al,03. 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 [9].

In summary, we have investigated a new type of GaAs MOS structure with thin
insulating Al,O3 films. A passivation of GaAs surfaces by thin Al, sGa, sAs layers
was found to be effective to preserve stoichiometric interfaces with a low density of
interface traps, when oxygen diffusion into the Aly ;Gag sAs layers was suppres-
sed. Since the low-temperature growth of Al,O5 films on etched GaAs or the fur-
ther growth of the native oxide between Al,05; and GaAs provided no satisfactory
result, a deposition of insulating Al,O5 films at room temperature onto GaAs pas-
sivated by a Aly 5Gag sAs layer will lead to the realization of GaAs MOS structures
with excellent interface properties.
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Characterization of plasma-deposited silicon nitride films
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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 of the film thickness. The numbers of Si-H and N-H bonds of the order of
~10%!/cm® 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 mechanisms through SiN films 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 field of sili-
con technology. Fundamental properties of the plasma sili-
con nitride (SiN) films 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, rf pow-
er, and substrate temperature.'-> Since a plasma SiN film
contains a number of hydrogen atoms, the electrical trans-
port mechanism and thermal stability should be influenced

- by the bonded hydrogen, and the electronic properties will
be different from those of pyrolytic silicon nitride.**

In this paper structural and electrical properties of plas-
massilicon 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 films has been made.

Il. SAMPLE PREPARATION AND EXPERIMENTAL

Plasma SiN films were deposited onto Si substrates held
at 300 °C from the rf (13.56 MHz) glow discharge of a SiH,-
N,-NH; gas mixture with a pressure of ~ 10* Pa. 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 —1183
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.

lll. RESULTS AND DISCUSSIONS
A. Compositions of plasma silicon nitride

A representative in-depth profile of compositions for a
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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 film is estimated to be 0.85, being approximately con-
stant in the direction of thickness. Note that the Si/N ratiois
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 interface is reduced by in-
creasing the film 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.
III C). Figure 2 shows the absorption coefficient of a SiN
film calculated from the IR transmittance. The numbers of
Si-H and N-H bonds in the film are obtained from the ab-

5 30F .
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FIG. 1. Auger in-depth profile of a 50-nm-thick plasma SiN film on Si
substrate.
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FIG. 2. Infrared absorption bands of a 1183-nm-thick plasma SiN film.

sorption coefficient of the stretching modes at 2180 cm™ (Si-
H) and 3340 cm™ (N-H) using the following equation®:

__cnu
5 =3 gy fa(co)dcu. )]
Here, N, is the number of bonds per unit volume, ¢ the
velocity of light, » the refractive index, e¥ the effective
charge of the bond in solid, and u the reduced mass of the
bond. The effective charges of the Si-H and N-H bonds are,
respectively, given as 0.44q and 0.53¢, where g is the elec-
tronic charge. The latter is derived from the dipole moment
of the ammonia 1.28D where D is Debye unit = 1078 esu.’
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 films 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 500 °C. According to the
fact that SiH, and SiH; bonds in an amorphous Si:H film are
effused by annealing at 350 °C and SiH bonds at 650 °C," it s
likely that the bonded hydrogen in plasma SiN is incorporat-
ed as a monohydride of silicon, rather than as SiH, or SiH.

B. Traps in SiN

_ The transient response of current to a step voltage (gate
positive) applied to an Al/SiN/n-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 film whose density could be estimated

TABLE I. The numbers of Si-H and N-H bonds in plasma SiN films calcu-
lated from the vibrational spectra.

Bond
Thickness$ Si-H N-H

1183 nm 4.0% 10*'/cm® 9.5%10%°/cm®
970 3.0 10% 6.0%x10%
7.0 10%°

400 2.3x10*
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Current

Time

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

from the area of part C. Measured current transient for an
Al/SiN(50 nm)/n-Si diode is represented in Fig. 4. By sub-
tracting the current component with the largest time con-
stant 7, from the measured current, the second time constant
7, 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 @, in the SiN film. The
trap depth at zero field &, is given by'?

Dy=Dg + (QE/ 77'€d)1/2s @

where €, is the image force dielectric constant and E is the
electric field strength. For €, = 3.8¢, (optical dielectric con-
stant at A = 546 nm)* and E = 3.96 X 10° V/cm, the values
of P, 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% 10'?/cm?® in agreement with 4.5 X 10'2/cm? estimated by
a flat-band shift of the C-¥ curve 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)/n-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.'* Therefore the barrier
height at the interface is determined to be 2.18 eV by sub-
tracting 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 field on account of the
image force effect, and the slope of the curve for electric
fields above 1X 10° V/cm provides €, = 3.8¢, as expected
from Eq. (2). The deviation of barrier heights from the
straight line at the lower electric fields might be due to
trapped electrons in the SiN film which reduce the effective
electric field near the SiN/Si interface. The barrier height for
a SiN/Si system is dependent on film 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

w
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FIG. 6. Fowler plot of photocurrent in a Au/SiN(50 nm)/z-Si structure for
a positive gate bias (E = 1.58 X 10° V/cm).
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FIG. 7. The barrier height at the SiN(400 nm)/Si vs square root of the
average field strength E.

height for a thinner film is associated with a larger amount of
oxygen atoms incorporated in the SiN/Si interface, as de-
scribed in Sec. III A.

D. /-V characteristics of MNM and MNS diodes

In this section current transport mechanisms through
SiN films at high electric fields (X 2 X 10° V/cm) are exam-
ined in conjunction with the results presented in Secs. III B
and III C. Figure 9 shows the Poole-Frenkel plots of the I-¥
characteristics for Al/SiN(112 nm)/n-Si and Au/SiN(109
nm)/Al structures. Injection-type hysterisis observed in the
I-V curves arises from charge trapping at the SiN/Si inter-:
face. As suggested from the Auger profiling of an MNS
structure, the MNS system should be regarded as a metal-
/SiN/thin 8iO,/Si (MNOS) structure. As a result, the flat-
band voltage Vyy 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 /-
V curves at ~4X 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 I-¥ curve

26
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FIG. 8. The barrier height at the SiN/Si interface as a function of film
thickness.
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FIG. 9. Poole-Frenkel plots of the I-¥ characteristics for Al/SiN(112
nm)/n-Si(MNS) and Au/SiN(109 nm)/AI(MNM) structures.

occurs at an electric field near 4 X 10° V/cm for specimens
with SiN thicknesses of 50 — 400 nm. The image force dielec-
tric constant is obtained from the slopes of Fig. 9 by assum-
ing the Poole-Frenkel mechanism as

I = CE exp{ — q[®, — 4E /me;)"*1/kT }. 3)

Here, C is the proportionality constant and @, is the zero-
field trap depth. The values of €, for the MNM and MNS
diodes are 3.39¢, and 3.05¢,, respectively, appearing to be
reasonable. However, it is necessary to examine the tempera-
ture dependence of current for the MNM and MNS diodes in
order to determine the current transport mechanism around
room temperature. Figures 11(a) and 11(b) show the recip-
rocal temperature plots of the current for Au/SiN (397
nm)/n-Si and Al/SiN (400 nm)/Al structures, respectively.
At room temperature, these samples exhibit essentially simi-
lar I- ¥ characteristics as shown in Fig. 9. Electron tunneling
from metal and Si to the conduction band of the SiN are
described by (see Appendix)

ﬂ qSE 2 Axp( _ 4(2m *)1/2@ 3/2)

MoN Tk SThD 3qE
*\ 1248 3/2 2
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FIG. 10. Flat-band voltage vs applied electric field for an Al/SiN(195
nm)/Si structure.
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nm)/n-Si and (b) Al/SiN(400 nm)/Al structures.
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where I, and I, are, respectively, the Fowler-Nord-
heim tunneling current for MNM and MNS diodes,

A* =4mg(m)k?/h>, (m) the effective mass of the electrons
emitted from the Si surface, m* the effective mass of the
tunneling electrons, @ the barrier height, E, the conduction
band edge of Si, E, the Fermi energy of Si, ¢, the surface
potential of the substrate Si, s, the average thickness of SiN,
and 4 the thickness fluctuation 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. 11(a)
and 11(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

1/E (x107em/ V)
20 25 30 35

10‘14 10‘19
80 K
=15 42¢ Ja20
10 - 0 10 ~
Y 2 t\'>
Z10F % 107 2
E 3] 5
21 102 <
<
~ 0.91m, o
LI\J‘O"'B- 0 b\Q -10-23 g
= .
107} A 124
o oo e
0 e 1820 22 24 26 °
JE (x103/Vicm)

FIG. 12. I-¥ characteristics of an Al/SiN(109 nm)/Al diode at 80 K.

Yokoyama et al. 5473



energy associated with the trap depth of SiN. The trap levels
are responsible for the Poole-Frenkel conduction as predict-
ed by Eq. (3). Values 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. 11(a) and 11(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 I-¥ char-
acteristics taken at 80 K for an Al/SiN (109 nm)/Al diode.
The tunneling effective mass of electrons in SiN obtained by
fitting the measured current to the theoretical curve [Eq. (4)]
is 0.91m,, which is compatible with the value of the SiQ,/Si
system.'> The Poole-Frenkel plot of the I-¥ curves at 80 K
gives an abnormal dielectric constant of 42¢,. 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
barrier height at the SIN/Si interface, trap density, and trap
depth.

V. CONCLUSIONS
Plasma-deposited SiN films 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 10"2/cm? (or 9.9 X 10"7/cm?®). The barrier height
at the SiN/Si interface is lowered with increasing thickness
of the film, 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 in 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
film.

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:

_2§Z;§;T 2L [ ap, exp( - 4(2’;; W) 1 (E, ~E)17)
Xln[exp(ELl;—]&—) +1 ], (A1)
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where E, is the kinetic energy of electrons in the direction
normal to the emission surface, @ is the barrier height mea-
sured from E, and the other symbols are the same as de-
scribed in Sec. III D. For the Fowler-Nordheim current
from metal to SiN, the following equation is derived from

‘Eq. (A1) at low temperatures:

32 *\1/2 5 372

m* \87h® 3igE

The Fowler-Nordheim current from Si to SiN is expressed as
#1245 3/2
IS—»N =A *Tzexp( — M)
: 3%gE

Ec - EF ) (q¢ )
xXexp| — ———— A3
p( ki )Pkt (a3)

where @ is measured from E.. If a SiN film has a thickness
fluctuation described by the Gaussian distribution function,
we obtain

Fs) = — - exp( ~ Eflﬂ)z) A9

A 2

Here, s is the local thickness of SiN, and the other symbols
are already defined. The products of Eq. (A4) and Eq. (A2)
or (A3) are integrated over s under the condition

*\172 45 372
>2(l”__)_¢_4 2434,
3qgE

and Egs. (4) and (5) are obtained.
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Characterization of Plasma Deposited SiN Films
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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 mlozl/cms. 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, photocurrent-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 ébout corre-
lation between electronic properties and structure or compo-
sition of SiN films deposited.

In this 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 system was 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
(MNS) 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 thick) obtained by Auger
sputter profiling. 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. It 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 a



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 shown
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 barrier height at the SiN/Si inter-

5 V/cm.

face, measured at an average electric field of 8x10
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 céuse 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 transmission
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-

1 and 3340 cn?,

cient of stretching modes at 2180 cm~
respectively. The optical absorption coefficient o is

calculated by the following equation:
T=Tgexp(-ad). (1)

Here, T0 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 a by (5):

cnu
Ne—oro—— j a(w)dw. : (2)

2n2e#?
s

Here, c is the velocity of light, n the refractive index, eg
the effective charge of the bond in solid (6), and u the
reduced mass of the bond. Calculated numbers of Si-H and N-H
bonds in SiN films are plotted as a function of the film
thickness in Fig. 5. Si-H and N-H bonds incorporated in the
film are of the order of 1021/cm3, and Weakly dependent on the
thickness. It is clear that the plasma deposited SiN should

be regarded as a Si:N:H ternary system containing about 10



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. In 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 bonds 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 annealing 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 NHzor:ﬁee
NH3 bonds.

The annealing temperature dependence of leakage current
through an A1/SiN(397 nm)/Si structure shows a rapid increase
of current around 400°C and then saturates at temperatures
above 500°C (Fig. 7). In this témpérature range, the numbers
of Si-H and N-H bonds are hardly changed, so that it is diffi-
cult to associate the current increase by énnealing 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

O~



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 dependenﬁe 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 with 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 energy depth of traps; Decrease in the activation
energy quantitatively explains the increase of the current.
So, we believe that annealing effect on the leakage current is

caused by the recconstruction of SiN network.

Traps in SiN.——When 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



and is obtained to be leolz/cmz. This value agrees well with
a value estimated from a flat-band shift of the C-V curve.
Allenius plot of the time constant obtained from the transient
current corresponding to curve B in Fig. 9 provides the ef-
fective trap depth éeff’ which is reduced by the Poole-Frenkel

effect (Fig. 10). The trap depth at zero-field ¢, is given by

0

qE
®,=0

0" %%t (3)

TE ’
d

where €4 is the image force dielectric constant and E the

electric field strength. For ed=3.8€ (optical dielectric

6

0

constant at A=546 nm (9)) and E=3.96x10" V/cm, the values of

®, are obtained as 1.46 and 1.59 eV, which should play an im-

0
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 leakage current technique (Fig. 8)
detects electrons in shallow traps which frequently commuﬁicate 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. When the trap levels are filled by electrons for a positive

gate bias with illumination of 4.1 eV light for 10 min, the

o



Si/SiN barrier height will be increased, and then the photo-
current through SiN will be reduced. Namely, an illuminated
I-V characteristic moves to higher voltagés after trap
charging. This shift 6f the I-V curve reflects the amount of
charged tfaps in the SiN. ‘For a negative bias, illuminated
I-V curve shifts to the opposite direction. The trap density

Q and the charge centroid x is obtained as (10):

e

=[1~(Avé/Avg)]“1. )

Q=-§—(Avé-av'g*) : (5)

Here, AVg is the voltage shift in the I-V curve caused by
illumination, and the superscripts (+ or -) refer to the
metal gate polarity, € is the static dielectric constant of
SiN, and L is the SiN thickness. Figure 11 represents the
result of photo I-V characteristics befére 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 df the SiN film irrespective of annealing
temperature, indicating that deep lying trap centers are
homogeniously distributed throughout the film. Density of

traps significantly decreases with annealing temperature and



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 measuréd 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 decréase in the depth of relatively 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 in the corresponding thickness range 1183 to 50 nm.
The numbers of Si-H and N-H bonds are obtained to be of the
order of m1021/cm3; which are stable even at a temperature of
600°C. Thermal stability of the SiN films is guaranteed up

to v700°C in terms of structural and electronic properties.
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FIGURE CAPTIONS
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Fig.

10.

Auger in-depth profile of a 195 nm-thick SiN film on
Si substrate. The inset is Auger spectrum taken near
the SiN/Si interface.

Fowler plot of photocurrent in a Au/SiN(50 nm)/n-Si

structure for a positive gate bias (E=1.58x106

V/cm) .
The barrier height at the SiN/Si interface as a
function of film thickness.

Infrared transmission curve for a 1183 nm thick
plasma SiN film.

Numbers of Si-H and N-H bonds vs. film thickness.
Annealing effect on the numbers of Si-H and N-H bonds
calculated from the vibrational spectra.

Annealing effect of the leakage currént of‘Al/SiN
(397 nm)/n-Si structure at an electric field of

3x10° v/cn.

Reciprocal temperature plots of the leakage current
before and after annealing for the same specimen as
shown in Fig. 7.

Schematic of transient current to a positive step
voltage applied to an MNS structure.

Temperature dependence of the time constant for the

transient current for an A1l/SiN(50 nm)/n-Si structure.



Fig.

Fig.

11.

Photocurrent vs. applied bias before and after
charging for a Au/SiN(112 nm)/n-Si structure.
Annealing effect of the charge centroid X and trapped
charge density Q obtained from the photocurrent-
voltage characteristics for the same sample as shown

in Fig. 11.



Table I. The conditions for sample

preparation.
APPARATUS CAPACITIVE
RF POWER 500 W (13.56 MHz)
PRESSURE 1n2 TorT
GASES | SiH,, NHg, NZ
SUB. TEMP. 300°C

4 _

GROWTH R. 150 OR 260 A/min

-y
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internal photoemission in the anodic oxide/GaAs interface

S. Yokoyama, M. Hirose, and Y. Osaka
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The barrier height at the anodic oxide/GaAs interface has been determined by internal

photoemission of the metal-oxide-semiconductor structures. The height of the potential barrier
between the oxide and GaAs is found to be 2.62 4- 0.05 eV for as-grown and 2.39 + 0.05 eV for
hydrogen-annealed specimens. Quantum yield below the photoemission threshold is interpreted

in terms of electron emission from interface states at energies above midgap of GaAs.

PACS numbers: 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
Sawada? have recently proposed the interface-state-band
(ISB) model for GaAs MOS structures and justified 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.? Further ex-
amination of this barrier height is needed to settle or improve
the ISB model.

97 App!. Phys. Lett. 38 (2), 15 January 1981

In this letter, we report the first 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 of photoemission spectra has revealed
the presence of a high density of interface states above mid-
gap of GaAs.

GaAs(100) wafers with carrier concentration of
5.9% 10" cm™3 (n type) and 1.0X 10'® cm ™3 (p type) were
used as substrates, which were oxidized by a mixture of pro-
pylene glycol and buffered (3%) aqueous solution of tartaric
acid. Anodization in the constant current mode at 0.5
mA/cm” was followed by the constant voltage mode at 190
V. The postgrowth annealing was carried out at 300 °C for
1.5 hin a hydrogen atmosphere. Finally, semitransparent

© 1981 American Institute of Physics 97
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FIG. 1. Cube root of photocurrent per incident photon vs photon energy at
a positive gate bias of 20 V for an as-grown and annealed #-GaAs MOS
structures with an oxide thickness of 4000 A.

Au or Pt dots (~200 A thick) were deposited as gate elec-
trodes for internal photoemission measurements. Mono-
chromatic light from a high-pressure mercury arc lamp (75
W) was incident on the top of a metallic gate with a diameter
of 2 mm, and the photocurrent was detected by a precision
digital electrometer.

Figure 1 shows the photon energy dependence of the
quantum yield, defined 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 of Fig. 1. Because of pinning of the surface Fermi level
by a high density of interface states above midgap of n-
GaAs,” even for a positive gate bias applied to an n-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 of electrons in the interface states will move towards the
conduction band edge of GaAs. 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 for an as-grown and 3.72 eV for an annealed
diode. For p-type GaAs MOS structures, similar results as
obtained in the n-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
b. =P, — E,. Aplotof the barrier height @, versus square
root of the average electric field in the oxide E gives an image
force dielectric constant in between 5¢, and 22¢,,. Taking
into account distortion of the electric field due to oxide traps
near the interface, the measured dielectric constant is consis-
tent with a static dielectric constant of 8¢, obtained for
AGW anodic oxides.® From the extrapolations of the

8 Appl. Phys. Lett., Vol. 38, No. 2, 15 January 1981
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straight lines in @, vs E /2 plots, the zero-field barrier
heights are obtained to be 2.62 + 0.05 eV for as-grown and
2.39 + 0.05 eV for hydrogen annealed specimens. The low-
ering of the barriers by annealing is attributable to narrow-
ing of the oxide band gap near the interface, since the content
of As atoms in the oxide is significantly reduced by annealing
at 300 °C.° It should be noted that photoemission thresholds
for Pt/anodic oxide (4000 A)/n-GaAs diodes at a positive
gate bias coincide with a result of Fig. 1 (Au gate specimens)
within an accuracy of 0.05 eV, in spite of a work-function
difference of 0.5 eV between Au and Pt.” This implies the
absence of photoemission of holes from a metal gate to the
oxide.® As shown in Fig. 1, an appreciable decrease in the
photocurrent above 5.2 eV should originate in the optical
absorption by electronic traps in the as-grown oxide. This
anomaly of photocurrent disappears by hydrogen annealing
possibly because hydrogen atoms passivate the electronic
traps in the oxide.

Now we should discuss the photoemission yield more
quantitatively. Figure 2 represents a schematic of electronic
density of states near the interface. For the process A, the
valence-band densnty of states (initial states) could be ap-
proximated as’

N,(E)=0 forE>0,
= —AE for E<O, (1)
where 4 is the constant. According to Berglund and
Spicer,'® the quantum yield ¥, for photoemission from the

valence band of GaAs to the conductlon band of the oxide is
obtained by

Y, (#iw,E,) = CNAE,)\ M1 (E,)
o

X [1+alfw)(E,)]"' | N,(E — fiw)E — E,)dE,
E,

= ACN(E,)| M *HE,) X [1 + alfiw)l (E,)] ™ (i — Ep) 3/6,

where Cis the constant, N i is the density of the final state, E,
is the barrier height, M, is the matrix element for band-to-
band transition, / is the mean-free length of the excited elec-
trons in GaAs, and e is the optical absorption coefficient of
GaAs.
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In order to calculate photoemission frowu interface
states, we have made the following assumptions: (i) The
quasi-Fermi level at the interface moves close to the conduc-
tion band minimum E, under light illumination. (ii) The den-
sity of interface states is constant over the energy range
above midgap. (iii) The density per unit volume of interface
states in the oxide N (x), where the distance x is measured
from the oxide/GaAs boundary, is given by

N {x) = Ny 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 N, = Ny/A. The photoemission yield from inter-
face state Y, is derived by substituting a(fiw) + A for a(fiw)in
Eq. (2) and by using

N,(E)=N, for E,/2<E<E,,

=0 for E<E,/2 or E, <E.
Then,

Yl(ﬁw’Eb) = CNf(Eb)I M:f |2

XU(E,)[1 + Al(E,)] ™ 'F(fw)N/2, (4)
where

F(ho) = E (fiw — E, + 3E,/4) for fiw>E, — E. /2,

= (fix — E, + E,)* for E, — E,/2>#w>E, —E,.

Here, M, 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 A>af{fiw). A value of
CN/|M|? is estimated by fitting measured photoemission
yield at 5 eV to Eq. (2), using values of /~35 A,'' a~10°
cm™!,'?and 4=~1.5X 102 ¢cm~3 eV~ ','* for an as-grown n-
GaAs MOS structure (Fig. 1). Because the interface states

are localized, we may assume that | M, |*~0.1]M,|* and
A =10"cm™"'.? Then, the quantum yield due to photoemis-
sion from interface states calculated from Eq. (4) is fitted to
measured yield by adopting V,,~10"* cm~2 eV~ (see Fig.
1). As understood from Fig. 1, hydrogen annealing signifi-
cantly reduces V. The estimated interface state density is
quite consistent with a value of N,; determined by capaci-
tance voltage or DLTS measurements.?

In conclusion, the barrier height for the anodic oxide-
/GaAs interface at zero-electric field is directly determined
by internal photoemission. 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 10'® 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 film

is also discussed.

§1. Introduction

Plasma-deposited silicon nitride (PD SiN)
has been widely used in Si integrated circuit
as a final passivation film or interlayer insula-
tion.”” Previous studies have revealed that
the electronic transport in SiN films is
dominated by a high density of trapping
states.?™* Misawa et al.’ have investigated
the structure of chemically vapor-deposited
- SiN by pulsed neutron diffraction and showed
the presence of small voids with a volume
fraction of about 49. 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.*®

In this letter, we report the first observation
of ESR signal arising from defects in PD SiNN.
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 109 SiH, and
16 %, NH; both of which were diluted with H,.
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 60 mm. An rf power was

supplied by two external ring electrodes with
a spacing of 50 mm. Total pressure, rf power,
and flow rates of SiH, and NH; were, respec-
tively, 1 Torr, 10 watts, 10sccm, and 11.5
sccm., The substrate temperature was held at
290°C. Optical emission from the SiH,—NH;-
H, 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), Ho(656 nm) and H, in the plasma
were quantitatively measured, and the detailed

“results will be reported elsewhere. Typical

compositional ratio of an as grown film deter-
mined by infrared absorption and Auger
Electron Spectroscopy was Si: N: H=151:43:
6. The ESR apparatus is an X-band spectro-
meter with a magnetic field modulation of
100 kHz, and the ESR measurements were
performed at room temperature.

§3. Results and Discussion

Figure | shows absorption derivatives of
typical ESR signal for PD SiN and for
chemically vapor-deposited (CVD) amorphous
Si, which contains no bonded hydrogen. The
g-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-
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Fig. 1. The derivative ESR signals for plasma-
deposited Si: N: H and CVD amorphous Si with
spin densities of 2.1 x 107 cm~2 and 1 x 101° cm™3,
respectively.

tially passivated by hydrogen atoms incor-
porated in the SiN network, because the
binding energy of NH bond® (93.4 kcal/mol)
is larger than that of SiH bond® (70.4 kcal/
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 1017-10!8
cm™? for as grown films. Figure 2 represents
the peak-to-peak linewidth AH,, measured as a
function of spin density for PD SiN and
amorphous Si: H.”» At low spin densities
(<10'® cm™3), the linewidth of PD SiN is two
times as large as that of amorphous Si: H,
narrowing at spin densities around 10'° ¢cm™3
possibly due to the interaction between dangl-
ing bonds. Appreciable difference in linewidth
between 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 N, annealing
in the temperature range 300 to 600°C. The
number of NH bonds, however, is reduced by
about 257 due to annealing at 300°C which is
close to the deposition temperature. By anneal-
ing at temperatures above 300°C and below
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Fig. 3. (a) Annealing effect of the spin density for a
Si: N: H film. (b) Leakage current through PD
SiN at E=1x10° V/em for an Al (1 mmg)/SiN
(~1000 A)/n-Si (p=5 Qcm) structure as a function
of spin density.

600°C, the content of NH bonds remains un-
changed.'® Therefore, it is likely that the
reduction of spin density by annealing could
be attributed to the partial decomposition of
NH bonds, whose hydrogen and nitrogen
atoms might migrate in SiN network to the
sites of Si dangling bonds and relax the network.
The minimum value of spin density so far
achieved in PD SiN is 3.7x 103 ¢cm™3 for a
specimen annealed in nitrogen atmosphere at
400°C. Figure 3(b) shows a correlation between
the measured spin density and leakage current
through the film at a low electric field. The
conduction mechanism at electric fields around
10° V/¢m is confirmed to be ohmic conduction
through SiN. This suggests that ESR centers
could be hopping sites of electrons injected
into the SiN film.!?
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§4. Conclusion

The observed ESR signal in PD SiN s
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.
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Optical emission spectroscopy of the SiH,~NH;-H, glow discharge revealed the presence
of the reactive species, Si, SiH, H, and H, 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 films and their compositional ratio of silicon to nitrogen. Furthermore,
the numbers of SiH and NH bonds incorporated in the film are found to be proportional to, the
emission intensities of the SiH band and NH line, respectively. The growth mechanism of
Si: N: H from the reactive SiH and NH molecules is discussed from these results.

§1. Introduction

Plasma-deposited hydrogenated silicon ni-
tride (PD Si:N:H) has recently attained
considerable importance in the field of silicon
technology.!*?» 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 film.>** For further
improvements of the properties of PD Si: N: H,
it is necessary to understand the decomposition
reactions of NH, and SiHv gases during the
growth of Si: N: H. Optical spectroscopy of
emitted light from the reactive species in the
glow discharge of a SiH,~NH;-H, mixture
gas is expected to provide a great deal of
information on physical and chemical processes
taking place in the plasma.5-®

In this letter, we describe new insights on the
growth mechanism of PD Si: N: H from optical
emission spectroscopy of the SiH,-NH,;-H,
plasma. In addition, compositional properties
of PD Si: N: H will be discussed in conjunction
with the decomposition kinetics of SiHv and
NH; gases. '

§2. Sample Preparation and Experimental

Plasma-deposited Si: N: H films were grown
on crystalline Si substrates in a vertical quartz
tube by the rf glow discharge of a mixture gas
of 109, SiH, and 169 NHj, both of which
were diluted with hydrogen. Substrate tempera-
ture, total pressure, rf power, and flow rate of
NH; gas were, respectively, kept at 290°C,
1 Torr, 10 watts, and 11.5 SCCM. The fiow
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 SiH,-NH,-H, plasma,
which is generated within 10 cm 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 lock-in
amplifier.

§3. Results and Discussion

Figure 1 shows a typical optical emission
spectrum from the SiH,-NH,-H, discharge.
We can detect many emissive species such as
the Si (244 nm, 252 nm, 288 nm) lines, the SiH
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(414 nm) band, the NH (325 nm, 337 nm) lines,
the Ha (656 nm) line, and H, (464 nm) 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 1/100 com-
pared to that of a silicon atom.” In the case of
the NH,-H, (11.5SCCM) discharge, optical
emission from the N, (316 nm, 358 nm) lines
were observed, whereas admission of 2.5 SCCM
SiHv fades away the N, emission arising from
N, produced by the recombination of excited
atomic nitrogen.?? Therefore, the absence of
the N and N, emission lines in Fig. 1 suggests
that quantities of reactive N and N, 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 (LMM) 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 flow rate. In region
B, highly insulating Si: N: H can be grown and
the growth rate tends to saturate, possibly

because a constant flow rate of NH;
300
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Fig. 2. Growth rate of Si: N: H films and the com-
positional ratio of silicon to nitrogen, Si/N, plotted
as a function of silane flow rate.
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(11.5 SCCM) should restrict the reaction be-
tween NH, and SiH,. In region C, the growth
rate again increases. with increasing silane flow
rate, and an appreciable increase in the compo-
sitional ratio occurs due to the deficiency of
NH, gas as compared with SiH, gas. In the
case of chemically vapor-deposited Si;N,, the
compositional ratio Si/N should be 0.75, and
a value of 1.21 optained here is apparently too
high with respect to the stoichiometric value.
Hydrogen content in the film is about 5at. %,
being less important in determining the com-
positional ratio.” This discrepancy might arise
mainly from an amibiguity involved in the
Auger sensitivities of Si (LMM) and N (KLL)
signals from PD Si: N: H, but a relative change
in the compositional ratio still makes sense.
The emission intensities of the observed species
as a function of the silane flow rate are shuon in
Fig. 3(2), where the emission intensity is
calibrated using the diffraction efficiency of the
grating monochromator and the sensitivity of
the photomultiplier used. The emission inten-
sities of the Si (288 nm) line and the SiH
(414 nm) band are increased with increasing
silane flow rate. On the other hand, the emission
intensity -of the NH (337 nm) line is weakened
by increasing the silane flow rate. In region C,
where Si-rich films grow, a relative intensity of
the SiH band becomes significant as compared
with that of the NH line. Note that the Ha
(656 nm) line intensity takes a minimum at a
silane fiow rate of 12SCCM. The sum of
emission intensities of the NH line and the SiH
band is roughly proportional to the intensity
of the Ha line, if the emission efficiencies of
SiH and NH are taken into account.'® A plot
of the H, emission intensity vs. silane flow rate
also. qualitatively exhibits a similar behavior to
that of the Ha line. The Si emission intensity
changes in the same manner as the SiH band,
but the emission efficiency from an excited Si
is about 10 times larger than that of SiH,'? so
that the relative amount of reactive Si atoms
appears to be less important in comparison with
SiH.

As shown in Fig. 3(b) the emission intensity
of the Si (288 n) line and SiH (414 nm) band is
nearly proportional to the partial pressure of
SiHyv, except for a silane flow rate of 20 SCCM
(partial pressure of 6.3x 1072 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 (414 nm) band, the NH (337 nm) line, the
Ho (656 nm) line, and the H, (464 nm) line as a function of silane flow 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 (414 nm) band and the NH (337 nm) line vs.

partial pressures of SiH; and NH; gases.

proportional to the partial pressure of NH;.
The possible explanation for this result is as
follows: In the low temperature plasma with a
low concentrations of SiH, and NH;, both of
which are well diluted by H,, 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 of 20 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 SiH, and NH; gases. If the
optical emission from the Ho line is attribut-
able to dissociated hydrogen atoms from H,
gas, then the Ha emission intensity should be
almost constant for different flow rates of SiH,

and the curve of the Ha line in Fig. 3(a) could
not be explained. It is reasonable to assume
that a change in the emission intensity of the
Ha line by the silane flow rate is caused by the
atomic hydrogen created through the dis-
sociation reactions of both SiH, and NHj,
because the emission intensity of the Ha line is
roughly proportional to the sum of the emission
intensities of the SiH band and the NH line.
The dissociation of SiHv and NH; should
occur more efficiently than that of H, in the
glow discharge at a low rf power of 10 watts,
since the binding energies of both SiH bond'®
(70.4 kcal/mol) and NH bond'® (93.4 kcal/
mol) are smaller than that of HH bond!®
(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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SiH band and the NH line during the growth
of the films. This implies that reactive SiH and
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.'®

In conclusion, it is shown that the decomposi-
tion reaction of SiH, and NH; 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

Shin Yokovama, Masataka HIROSE and Yukio Osaka

of SiH and NH,
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