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Abstract 

The objective of this research is to conduct a study and 

an analysis of interface state density of semiconductor devices, 

specifically of MOS capacitors, by means of capacitance-voltage 

measurements. Measurements will be done on an automated C-V char­

acterization system. Interface state densities and other related 

information can be extracted from the measured C-V curves. These 

results are expected to be useful in improving quality of MOS 

devices as well as for research and development of silicon MOSFETs. 
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1 

~ ::lItJ"i" ",uflLnfliJu'l u forbi dden band gap ifJl"1 ~1/ Nil~::H-l' "illl"1UU~ ::il'l"J;f"phu; 

~,,~;'lHLnfln'l~uanLudvuu~::~fitJ~'l~rl"R"1u;l~'luL"1a'l~UaU (1) 

~Lftn~::H~'''Jl''11~L~U~uil~~R~;Hiuu~'l,,~d''~un'l~"~u,ri''U"J::~M5il'l"Jrl,,­

«"1U; MOS (Metal-oxide semiconductor) 'lu~::v::u"JnL~1/~u"n'l~"~u'ln~'lu'~-

Lftai (u~::1/'wn n.~. 1950-1951) ~"n;'lHLnRlul~a~u"n~'lu'ilLftui~nflltJl"~'l 

~"ft;fu (n"J,u'ilil Lftui"'H ::~) 1flHu,lunuu (2) ~u1/' Ldul~l1fl'l~ffflM'lflufl-l'lLLiI:: 

n;'~v~a"lf1"J"il;'l" MOS L~uu;lu"~u'lL~un~'lu~ilL~ui~nfl MOSFET (Metal-oxide 

semiconductor field effect transistor) 1/'fl~U L"~'l:: MOSFET l1~u~LHau 

~"LH1/,::unfl,~u;luL~u~"1Uu~::flutJ'lulu~ (integrated circuits) ~"l~n~'ltJa" 

~'lLH~~u,,~u~~~fI'lufl'~n; MOS ~M ~"~"11/~"fl'~~111uuuutJ"1flijLfI~uu~1~'lu~uuufl­

Plflmfllu"'bil1/lS~ (i nterface) ~ ::H~'''~nuuLL~ ::;Jan1JUl~uun1'jf~ ~"11/~"il'l LH~ 

du , ftn~"1v il'lLH~~;R~u"n'~111uuuutJ"1n~LfI~uu~1~ Ln~~'lfln'l~'l~u;ifl1~~'" 

1tiPi"il'lun,., Lft~V1/U~UNiin w!'un'l~'l~tntlU::iltiil::u'lin1u w1'1Jn'~ handle LL~uN§n 

• 1'.0( ~ ... oS.,..,' .. .".ilV'l" 1/~::~ft"::4" ~.UU1ln~::n"~tJ"1un'~Nfift~~1/Pi"u H't'uil'lLH~HiI'V 1 ~u~nil'l"11/'l 

~~"11/fiu ~"1Uil'LH~~u"n'~LnftilLftn~::~~'l"~"1"l1f1"1'1/Hu'luuuij"ifnLfi~~'lnL~uul~ 

~u"n'l.,u,nluuufllt1~tJuu~uN§n'~nuu L~U ~mn~n L"1a'l ~~~'l" (orientation) 

UiI::tlnfl~u"U~UNiifl ua::tlnfl~u"uun;J L~uif'l~ (u;" lu "1011) L~UpjU n'l~'LfI·I'l::'; · 

1 • u~ ::nutJ'1fl LfI"'f)"Du~fl ff~::n ;fl.,.~~~~ntffil::il1/u9ifl "1,1/ ~1th~'l-LL~ ,,~u 

~u"~"1L~tJU~::~ MOS lflv~ftluu~ L~uu;Niltl~lufl;u"1WH'lfl"1'1/HU'l~UU~u"u~::~ 
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D!u'~nq~5~D~lft'~Qi,~ MOS L~D';L~u«u~,u~~,u~;,l~~D~n,,~;u~nm'~~'u 

"U'UUU~D~QLftn~="~,~n~~D~R~L~UU'=\ MOS 
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2. ~~D~i~u~=~~ MOS (MOS Devices) U~= MOS Capacitors 

Metal-oxide-semiconductor (MaS) L~ui~u~=~~~~'~~~A.u;nQ~ 

Md~'un;u~D~ metal-insulator-semiconductor (MIS) u~ MaS L~Uft~U~=-

(insulator) ~~;,~~,~~~~u~=D~~~RM,~l~~'U~=Lflnft«ft~~uuu~uN~n!§nDu n~D 

~anDul~DDnl~M (Si02) lfl'~~;'~uuu MaS g~~'~"n"~'~D1UL~U metal­

oxide-semiconductor field-effect transistor "~D MOSFET ~~n;a~Lnuft 

Q~~,u'ulD'«~~n~,.~,'uuMu; n,~RnH,~~uKft'~A. (surface properties) 

~D~d~tl~=~Hi MaS ~~L~ui~~~;K~ L"~'=fl.'UU'L~DftD (reliability) u~= 

l~~~~n'" (stability) ~D~d~u'=~H~""rl~R.u;~n~Q~un~=L~~."UDv,~tn:~~ 

v 

METAL 

d 

SEMICONDUCTOR 

OHMIC CONTACT 
I NSU­ SEMICONDUCTORMETAL 

LATOR 

(01 IDEAL ~ DIODE In-TYPE SEMICONDUCTOR) 

oxide semicondutor 

INSU­ SE MICONDUCTORMETAL 
LATOR 

Ibl IDEAL MOS DIODE (p-TYPE SEMICONDUCTOR) 

'l~1Jfljj~ V = 0 
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lft~~'~'~~~~ MOS Lr~~~~ftl~afl~l~tuJ~~ 2.1 d L~U~~'~HU'~~~~u 

oxide U~= V L~uu~~KulMri,~tA~uNula"= (metal field plate) Ld~~~~KulMri, 

ffuNulaM.= L~UU~fl Ldil Liilluflulil;nfl~ilULLJlPlvl;,u&i,~ nil";' L~uluLLil''1PnlJ (forward 

bi as) Ldilu~~KulMri'~~Nula"= L~uau Ldil d'l'lIuflulllinfll'liluLLJll'lvl n~";' L~uluLL~~uj~u 

(reverse bias) 

Ldilu~~~uluu~~ V = 0 energy band diagram ~=Dafltiw=K~lu~ 2.2 

(fl) u~= 2.2 (~) iI;M..yua'~~~K~u'l1fn~ p LLa=iI'~~~K')u;tfn~ pnlJa;i\u MOS 

Lr~~PI~I'IR~=R~~~iI~fiWK~R~lun~~ 

1. Ldil V = 0 work function ~il~la"= (<I>m) LLa= work function 

~~~iI'~~~«')u; (<I>s) ~=;il~~~tu~=KuL~lI')Kudu~~ ~=;il~fi~fltiW=L~U flat band 

= = o 

= = 

.­l~ufl X Plil electron affinity ~il~~'~~~K~u; 

X. ~il electron affinity ~~~QU~U
1 

Ii~ band gapE9 

~il potenti a 1 barri er ~="";,~la"=LL~~QU'lU<l>B 

IjiB ~il 1'I'l'lJR,~fI'mj~ =M.";'~ Fermi level EF ~iI~ intrinsic 

Fermi leve 1 E. 
1 

2. l~";,~=Dfl,~luu~iltuifltiW~t~ ~~D~~=,lMri,l~L~u~t~ ~,~rl~i'lu; 

ua=u~~,lMri,fI~u~~,wL~'flu~RLI'I4il~H~,uR~~flu~,~ ~n'lla"=~~il~R~fluQu'lUL~'~U 

~a~ 

Li~u MOS tfn~ p ) 



oJ .,. 

'H)'tnJf\ntll~ 'iHl1\J" '}VlU'\.l11l11 
• ~ co. J 

"' ~ltHnd llln1t1 Ul\UJP -TYPE n-TYPE ~'!_____\ 

--=---=.·-Ee 

V"O 

(a) 

ACCUMULATION 

,~"-,-":",,,,:,,,,- E C 
I'-----E, 
----- - E 1 

---.-EV 

(b) 

DEPLETION 

. EC 
~---'--'--.:.... E C ' 
______ ~F_-----Ej 


I
t:=====EF
• • ••• EV • EV 

• 

f...,..---EF 

(e) 

INVERSION 

. Ee ""---:"""":""Ee 
-----E j -----E17-'----E, j 

• ••• Ev • Ev 

.... " .. 1 ..
n'~~"L~U~UUU~L~' n~ Fermi 

level u'n~u Ltl;UUL~DDU~' ft"uL;u;u~v~lzafiA'U~R~~u~L.w~.«uN~ ~~ 

L~unu,u~~, accumulation 

~~, depletion (1tl~ 2.3 (~)) 

~~u'n~u ~U~~~U intrinsic (E i ) ;,u Fermi level (EF) ~i~~~~u,u~Lan­

R~uU (~~L~U~'K~;'~UDU) ~~fiu'nn~,lza~u;L'w~.«u"~ ~~L~vn~'h,~uN~un 

Ltl~UU (inverted) u~~L~vnu,u~~, inversion 
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2.1.1 Surface Space-Charge Region 

/ SEMICONDUCTOR 
, / SURFACE 

~------------------r-----Ee 

SEMICONDUCTOR 

(0) \jIs 	 < 0 ACCUMU LATION 

Ib) \jiB> \jIs > 0 DEPLETION 

Ie) \jIs > \jiB INVERSION lAS SHOWNI 

'ltJ~ 2. 4 	 LLNlI~nLLlllJ"i"",u;ffJ~tlil"il,~rl"«~U;tfflflR W ii~-Hilul!1uutu L ifilil'l"i 

LLa::~fllf1utu~::~lJ Ei L~UM~n Ws L'un~' surface potential 

tlO" E; ~ LlJu1tJliI'ln E; tu Li!oil'l" (bulk) iI"oOu 1jJ liI::if~'l Lilufluutu LiIoil'l"HLa:: 

~fl'lL~ulJ~nL~oulJu~l~"a" ~'l~ltJ« 2.4 ~A~MU'tlO"il'l~rl,,~~u; w= Ws L'Un~'l 

surface potential fI~'l~L,j~,jutlil"iiL~n~'1iluLLa::1DaM'l1;"nn (1. 3) 

= (2.2) 


= p exp (-qw/kT) 	 (2.3)po 
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1"1I~ npo UiI:: Ppo Lt1u~'f1-nll LtilltiUlJfI'i Lu1'UlItliI\1ihaml"HIULLiI::lUiI 

'uL~n.,~~~K.u; ~u~L.wR.llI".~::lft 

= 

(2.4) 


lJi < 0 lil::Lft,. accumulation ttn~1Uil (ullu"oi~~,ulfi"ifu)s 


0 .fn.:: flat-band
lJi = s 

lJiB ,> lJi > 0 Lft,. depletion tln~lrJiI (LLllU"i~~,u1fi~iI~)
S 

lJis = Lft,. on-set of inversion (n = p = n.)lJiB s s 1 

lJi > lJiB l",. (strong) inversion 
s 

(2.5) 

1"1I~ ES ~n permittivity tln~.,~rl~K.u;uiI:: p(x) Lt1U space charge 

«~MlI,.Ilt~M,lftlil'fl 

(2.6) 


lflll~ N~ UiI:: NA Lt1ufl"lIMU'UUUtlD~lnnnu~fi~~::~tln~ donors UiI:: 

acceptors R~iI;Ku 'uL6n.,~~~M'~~'fln'«1I~.1I'fl lil::fin~nfl"lILt1uflil'~tln~u~::~ 

K~~u p(x} = 0 LLiI:: ~ = 0 ~~lfi~, 

= (2.7) 
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4ax 

(2.8) 

(2.9) 

(2.11) 

L~~n~' extrinsic Debye Length ~D~l~& (2.12) 

_qljl n qljl k 
2gtn 

F (kT' .-2Q) _ [ (e kT+ *-1)+ -~ (e kT_ *-1)] ,. 0 (2.13)
'ppo Ppo 

E = -aljl (2.14 )= ±ax 

(2.15) 
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2e: kT 2I/J ns sQ 11' ± F ( ~) (2.16)5 qLD ~' ppO 

10- 4,-----------------­

p - TYPE Si (300·1< ) 

N A ·4rI0&Cm- 3 

- EXP (q'h 12kTl 
( STRONG 

INVERSION) 

WEAK 
INVERSION 

EC 

1uft 2.5 fn., Ll.IdUUu,1.Ii1"tlih1 Q flu I/J tu p-Si tA"rr NA = 4 x 10
15 

cm-
3 

S S 

tfi1M1Qrlftil" 

N 
2kT ~n (~) (2.17)q ni 

U,ilZ differential capcitance tlil" space-charge region tu~,.,~,,~~u; ", 

-ql/J"", n ql/J~ 
[1-2 7kT + ~ (e "kT _ 1)] 

-----P...!..P-O------farad/cm2
ql/Js n 

F (l<f ' ~) (2.18)ppo 
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~ 

'Ufl~m flat-band ~s = 0 ~,~,~aM' CD 1~'flun,~~u,uL~9~ exponential 

lLlLi1ui)'in~~'iI::l; 

(2.19) 


M[TAL INSULATOR SEMICONDUCTOR 

qljr Ee 
---;':'.!---E, (a I-"",,-·-1-·- E , BAND DIAGRAM 
I NEutRAL [Y 

, Iff GION 


I~DEPL[TION REGION 


INI/ERSION REGION 


0" 
( bl 

CHARGE 
DISTRIBUTION 
(IDEAL MIS) 

-d 

Ie) 
ELECTRIC FIELD 

+ixi 

(d) 
POTENTIAL 

(a) Band diagram of an ideal MIS structure. 
(b) Charge distribution under inversion condition. 
(c) Electric field distribution. 
(d) Potential distribution. 

'lLlti 2.6 (a) LLil:: (b) LL~'I\' band diagram ~£)" MOS lIQfl P LLil:: 

charge d1 str1 buti on 'n~II"«u 'Ufl'~"'il::~"'" Lrr,.I'1'1'~ u'unil'''~il''L1~::, 

= (2.20)= 
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lRu~ 	 QM ~~uu~~~MaKu~ulu~uul~K= 

Q ~~uB~'n"~aURaKu~u'u~'uu'~~wn 

qNAW ~~u ionized acceptor ~vKJ~ulu~'u~~"U~v~"'K~ 

;9"n-1',,, W 

unu~R,,1-1"u1ui 2.6 (c) U~~ (d) ",u~;Ku 

'un~~ $m5 = 0 u~"Ku~'~~;,lu~~uKd,,~~u~'nDR~vu~uuunl~~ (Vi) 

u~~ftnA~uKd,,~~"nft~au'lnau (~5) K"du 

v = v. 
1 	

+ 1P 
5 

(2.21) 

(2.22) 


£ • 

fl'ft~'U'~~u (C) u~~naulu;~uft~,u,~a,,~uDanl~~ Ci (= ~) U"~R~'U'~u" 

~~RU~DR"'K~ Co ~a"'lnauRanuau,,,a~n~u 

farad/cm2 	 (2.23)C = 

~ft'ft"~~ft~'UKU' d ft,Kd" U~~~~Uft'i,,~~~a"ft~'u,~~u UR CD ~u,,'lnauaCi 

ft,«uDU~uu~"Ku ~'n~un'~~ (2.17) U"~ (2.20)-(2.22) K;'"~~'~'U'~D~~UU 

n~'"U~R"ft~,uruiua~~K~'" C U~~ V l;K"u~R"l~~Ulu~ 2.7 (a) 'R~U'~U'~~v 

ft'fl~'U~~~u~~tn~~ flat-band "off ~5 = 0 ~'n~un,~sf(2"9) ua~ (2.23) 

~~1,j";, 

£i 
(2.24)= = £. 

d+1(£i) d + (_1)LO £{2 £5 	 5 

http:2.20)-(2.22
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C,CI 
I. 

C,. (FLAT 8AND - la) LOW
0.8 CAPACITANCE) FREOUENCY 

.:; 0.6 

.... 
u 

0.4 

0.2 

Cmin 

-SEMICONDUCTOR ­-
BREAKDOWN --­

0 
0 -V- -.V 

V (VOLTS) 
. ; 

c) n~m nonequi11brium 

~'nltl~ 2.7 ~dB V < 0 1u accumulation region ~~fi differential 

c.apaci tance 1uiI,~if";r.u;,,, A\,,'uft,ft.,u,~.uij,,£1fl,1ml ~ filhlnUft.,u'itlil,,-Buililn­

l~fl ~dBu~,,;rul"~ufi~,uBu~,,~«u"~D ~~L4uLnflButl~Dfl"'M~lu'§nDu1n;A.ruNa ~; 

1Mft.,u,~.u~~,a~~"~u!,,~,R;~fl~'Md,, ua.~~L~u«u§n~dDLnfl~U inversion 'u~A. 

IUNiI d"~iI;K~R,,~~Gnl{MD~' n'~L~Utlil"~'ft.,u,luilUnUft.,uil'U'~QtlD"~LSn~~Bu 

~~=Lftdilu"iluilUB"Ril«~~,~JiluL;,ltl K"duLQ~'~~i~~,wft.'U~~;L~,du~D"~'n'~ 

Ln~UQ=n'~~.u«. (recombination-generation rate) tlil""'M=;'''UDV~=Rfl"'U 

I~,wnu ~;lMfin,~uQnLtldvutl~=,nu8u inversion ~'nn'~~~Qil""U~'«~~'WM;~fifl' 

M"u" 5 Hz !" 100 Hz u;Miu Metal-Si02-Si K,,6u~'nltl« 2.7 (b) ~=L«U~'« 

".'u~'" ri'ft.,u,~=lsiLtfu«u~,,,ti,utl.'ffD ~.U'ltlff 27 (c) uUfl"l1"ft'I'I.,u,luatl'.~ 

nonequilibrium 

n'~M'L~i"~ft.,uds"D,~~;1~'~v';'8fta,v 1 flU one-sided abrupt 

p-n junction "BLdBA.tlB"u,~~,,;r.u;gn~;lML~uLtl"tlQilfl"'M~ (depletion) 
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ionized acceptors tUL~~~aft"'M=~=fiu~='RaMu~uluft -qNAW lftu~ WL~U 

ft~'~n{,~~a~L~~U~aft"'M= LdaftuftLn~~~~n'~ Poisson ~=l;n'~n~=~,u~a~ 

tjJ = tjJs(1 - ~)2 (2.25) 

lfttlff tjJs = 
qNAW2 

2Es 
(surface potential) 

(2.26) 

Ldau~~«u~JaUOft'L~~~U tjJs ~=LR~~u~;t; WLR~~u~~tl ~ULn~ strong inversion 

~~~'nlu~ 2.5 ~=L~U~' strong inversion L~~Ln~~U~ tjJs(inv) ~ 2tjJB ~,~d 

W ~=Oft"~~ft Ldauau"f~~,ulft~~~~u tjJs = 2tjJB ~u inversion ~=Ja~nul~t; 

~u,~l"J,uN~nL;,lutufanaunn~alu u~=ft"~~ft~a~ W~a Wm ~=M,l~~'n~~n'~ 

~ (2.17} L~= (2.2~) Ilia 

(2.27) 

ft,mnft'Md~~u,~ut~«a ft,u~~Ku'n~~ VT «~=~;t;Lnft strong inversion ~'n 

~~n'~~ (2.17) u~= (2.21) ~=l; 

V
T 

(strong inversion) = (2.28) 

E 
S (2.29) 

c-V L~ai"~ft~,~d,~ ~'nn'~U~=~'N (LJUU~=) ~nu~ft~l~tulU~ 2.8 ft'"u~~n 

L;nu~~~a~ C-V Lftai"«ft~,~dR'~ , M;t"L~U~"ftL4~ft~,~d~;Ln~« f ~ 100 Hz 
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10HZ , 

C· \o 

1.0t-----""""'----~=-:=-.=...;;;;;;;,..-- ­

So - 500Z 

N.: I 4!)110 16 

0.8 
d =20004 

-:5 - 10 -!) 0 5 I() 15 20 

\I (VOLTS I 

~ 06 
u V 

04 

0.2 

10 

09 

~ 08 
CI 

·07 
cm- 3 

06 

- 20 

" . . 
LilUlI., :: U.ilfh1"'l tJ., ::lnCU iI'1U1.tJ L aflLLillIl\1 Na1l il \1 PI'1'llJ rl 

1Iil\1ililfl1 ~ ·~fl1IU'lflPl'l\1' flU ~'1u"ltJff 2.10 

"::"~'l\1 1/I u.a:: V 1Iil\1 MOS UiuL"!nillJ'lultJff 2.9 "luff 2.11 LLilfI\1 normalized 
S 

flat-band capacitance (CFB/Ci ) ltJ~ 2.12 LLilfI\1 normalized minimum 

capacitances (Cmin/C i ) u.a:: (Cmin/C i ) LLa::1.tJff 2.13 LLiI\Il\1f1'1'llJ~lJ"Ut5"::"';'l\1 

V u.a::"'1'llJ"U'l1lil\1ililfll~ft l\ll~Ofl'1'llJL;lJ;U1Iil\1i1'l"L~iltJULtlU"'l"'lnLPlili
min 

http:iI'1U1.tJ
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2.2 Non-ideal MOS 

2.2.1 Work Function Difference 

tUM~;a~ 2.1 l~n~'~o~ MOS L!~~~u~R ~~D work function 

difference $ms = 0 tU~~'UL~U~'~ $m u~~ $s (lU~ 2.14 (b)) ~:DR,lJ 

LM,nu LdaL~'~~~~~~~~M~,~l~M~flu~,~ri~~~u;tu MOS §L'n~~au~~lM"~'n 

l~M:lu~~,~~~i~u; (tun~~ $m < $s) ~un~'~:L~~fln~,l"~'~~M~'~~~~u~ 

L~a~'Uft~'UU~nR,~~a~ work function Ldu~~,~ equilibrium fermi level 

~a~l~Mzu~~~'~~~R~U;~:D~tu~~KuL~U~flU ~~n;t;Ln~flnUL"~'~ft~J~D~'Luduu 

v.- v"T1 


....E, 
. 

(a) 

potential distribution tul~~~~;,~ MOS = o 

tun'~M'N~n~:nu~a~ $ms ~Dwa~n~w~~uua~a~ MOS 'B~~,u~~~l; 

un n'~Rau~~KuL;,~uNul~M~ (Lnn) L~u;'U~~,uu~nw'~~u~ work function 

Uil;1'I;t"L;~'n~:: flat-band tUif,~;f~'bu;~'U1U~ 2.14 (b) LL~~Kuff1'l;t;Lf'i~ 

ifn'~: flat-band L1un~' u~~Ku flat-band VFB 

(2.30)= $ms 
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2.2.2 IIUI".,::n~,,,n'l (Interface states .,.tiJ surface states) 

tu MOS ~~" 1 , unD~LR~n'iJtl.,::,unMR,,, 1 iJ~tu~uiJiJnl~i (ltl~ 

2.15) ~,,~;t;nN~Rain~::~~fiR~iJ" MOS ~LR~n'iJtl"::'R'" 1 Lna,d1;un 

(1) interface states n~iJ surface states (2) fixed surface charges 

(3) mobile ions (4) ionized trap tUM'l;iJ~~::na''ln'' interface st~tes 

~"nft~aU,~i'L~U"::Ku"«""'U~il~tu forbidden band gap ~n'lI~~~.,::"~,,,lu 

ilanl~i~R::II'''~''R'lU; ~,,~,~,.,~u~nLnUtl.,::,KUL~iJlI'''~''M'lu;l;tuL'l~,eu'u 

METAL ,INSULATOR I SE MICONDUCTOR ­

+ 

e 
+ 

e 


e 

I!J 

+ I!J 

EJ I!J 
I!J 

x - SURFACE STATES ItNTERfACE STATES) 

(!] - FIXED SURFACE CHARGES 

8 - MOBIL E IONS 

+ - IONIZED TRAPS 

lattice structures ~nR~RiJUil~,,,ou"fu~A'l"u'~il"Nan 

IILR""::"~'''A'lD«''uuu donor state ftiJL~Una'''"'uL~UU'lnLdu 

t;ftLlnR.,auililnltl Uw::uuu acceptor state ~"o'~L~una'''"'ilL~uauLdill; 

iuDL~nR.,au~, distribution function ~u""LR~.,::"~,,,n'l~::~a,u~f,,nu 

"::~u~'''L~atlutuL~a~,.,ri,,R'lU; n~''l~u 
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1= --------~~-=-- (2.31)= r1 - 1 
EF- E

1+ g·exp ( kT t )l 1+ ~ exp 

= 1 (2.32) 

~;Miu acceptor states 1~8~ Et L~u'=Ku"«~~'U~B~UL~~'=M~'~A~ U~= g L~U 

ground state degeneracy ~~Dfl'L~U 2 ~;M;U donor U~= 4 ~;Miu acceptor 

ftBu~n~ulu~w=~'=KUL"BinB~nu~ n'~Lud8UUU~~~B~u,=,lu~L~~'=M~'~A~~=Ln~tu 


LdBauR~nu,=KuL"nin ~~~=D~~u~;lMft'fl~'U' MOS Lud8uuu~~lu~'nq~ufl~ lU~ 


•~u,un~B~~~~~'U1U~ 2.16 (a) ~,u,~~uua~luL~ufl~,u,ft«uB~nuft~,ud C Plilp 
BU'~~U,unuft~'Uu;~tuB~nUft~'u~ G «~luft 2.16 (b)p 

(2.33)= 

~ = (2.34)
w 

(2.35)Y. ­
1n 



1'ItltUI ~iltl l~ ifll1Uif11ltJUlnl1
• 
 d .. 01 

Cp=Co + C. 'l~l'tlHld ru J"TltlUliUJ,
J+WT22 

(0 ) 

fbI 

G. = 
ln 

(2.36) 


(2.37) 


~U'fl"'~ , ~JouL;,lu (C-V measurement) ~~uu~L~u~6~,~ 1 3 ~B Ru 

n) '8 Differentiation '6d~;lflvn'~~'~'fl~'~~-u~~~u «R~'U~.~ 

(WT »1) ~~~;tM~~n'~~ (2.37) aflL"fo~Ufl'~~ (2.23) ~~luDL~uu~uLnft~'n 

aLft~~:"~'~~~ LRi"ft~,~d!~~lftuaft~l{tulU~ 2.17 (LJuU~:) o~,~l~~ft,~~~ft"~ 
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SNEAR -OUT \ 
DUE TO "­

SURFACE STATES 

------------~O-------------+v 

(0) p- TYPE SEIoIICONOUCTOR 

C 

I 

I 
I 

I 

/HIGH FREOUENC Y 

/'
/ 

SMEAR - OUT 
DUE TO SURFACE 
STATES 

~----------~O-------------+V 

(b) n - TYPE SEIoIICONOUCTOR 

n,~u~~,tul&"~L~u~;u~uu'nlu L~D~~~~;t"Lft~~u'Ul"J'~A~iu~~H'L«v~nutuM'~ 

~~~~U; n'L~'Lu1vuL~UU1U~ 2.17 nULRi"LB~qftUfl~ L~,~~lftLRi"~~"~,~ ~V 

nu V lftV~ 6V L~UU~~«U~Ludvulu U~~'~~"UfttuiLft~~~"~'~A~~H'Knu~A~ 

(surface potential) tft, ~~,lft~'n 

Coul/cm2 . (2.38) 

ft~'U"U'UUU~D~iLft~~="~'~~~~D"U~uwf~~'u (Nss ) ",lft~'nn'~R"L"~L~uBLD~ 

LB~n;'" (graphical differentiation) 

= 

= states/cm2/eV (2.39) 

n'~~ftH'fl~'U'~ft~'U~~; (LQuRuft'U1U~ 2.17) ~;t"L~'M,u'~~fl;U~NM' time 

constants Cr) ~i1~iLft~~~"~,~~~l.i n'~"' Nss ft~V,atfL"U'~~;"..yu MOS tiff 

iLft~~~"~,~~~u'n ua~L~u,a~lu~Dua~L~vftuuu~u~n 



23 

~) 'a Integration ,ad1u;a~'un"~~~~D~~U~~D"L~~n;'~ U~: 

Q'~'~DH'~nu~A. ~~L~u«~ntunuu~~«u~JDuL;,1ul~~'nn"~~ differential 

capacitance ~ft.,~~R; a'L~'Q'~'~fl~:L~~N~n~:"U~D~ space-charge 'U 

oonl~~lft ~'nQ~n'~~ (2.21) U~= (2.22) u~:~'n dQ = CidVi = CdV L~' 

~:lft 

oljls C = 1 (2.40 a)av - C. 
1 

oljls CiUil: = 1 (2.40 b)av:
1 

r ­

= (2.41) 

Q~n'~~ (2.41) Il"L~u~'~nv~A.~u~~«ul~ 1 Q'~'~fl",lft~'nn,~~u~Ln~"LRi~ 

(I-C/C.) ~RR~n'~~~='~'ftLQ"':n~~RLM"~:"~'~A.a~'u~ft'~LU1v~L~,du ~a
1 

~R.,~~R; uon~'n~~'nl~~ 2.6 (b) ~~:~'nnDR.'~L~unil'~~D~Nin (charge 

neutrality) lUQ,~;r~jbu;uDn~'nlil:fI'~~:, Qs ui. ~lU::tfU~fI' Nss(qljls) = 
+ - ... + ­NSD(qljls) + NSA (qljls) lf1~" NSD u~= NSA L~U donor LLiI: acceptor interface 

state densities M'~iI;«U ~'nnDft.'~L~unil'~~D~Ninlil:l; 

q Jmr~o FsO(Etl - NSA FSA(Etl] dE + Qs . (2.42) 

o 

(2.43) 
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~NM~n L~'~=Q'U'~~L~UULAiftd~UL~;"~l;~'nAun'~~ (2.43) L~aM'~' N 1ft , ss 
fl) '!QWM~n 'ft4Q,u'~~UunN~n~=nu~aKnv~A~~uL"fl~'n space-

charge lu4uaanl~ftaan~'nQLftn~=M~'~A~ 1U~ 2.18 (a) UQ~~lML«Ua~n'~Luduu 

uu~~~a~LAi" c-v Lda~NMQn~ftR~ ~'L~UQ'~~~R~U;~DflA u~~flu~JauL;,ft~~l~M= 

~=;a~Oft'~u,~~u L~a~~=n;lML"ftQn'~= flat-band Lda~~~n~fl~~ U~~'L~UQ'~ 

lu 

n~m4QLftn~=M~'~A~~=fl~u~uKnu~A~ n;lM;a~Jauu~~Ku~~~1~M=ft~u1ft~Ui~'U L~a 

l~~L~nft~auaan~'nQLftn~=M~'~A~l;MuftLaunau ~~~=LnftQn'~= flat-band QLftn 

Luduu~NM~n~=lMu~='QLftn~="~'~A~lftuft~~ Lda~~'n1~dn,~1;~~a~u~u"i~~,u 


u~=Knu~A~Oft'Lft'nu~=KuLftainluL4aQ'~~~Q'U'~~fl;u~~1~ ,an'~nflAa~u~=nau 


LudUUuUA~ft'fl~,u,uA=uiuu~~«uluuaQ (3) uu~nu~~flu flat-band nu~~~n 

UA= (4) uu~~~a~AL"a,dL~uu~=,A~ (surface charge Qss) nuKnv~A~. ~s = 

(EF- EV) /q "'~'U"u,uuu~a~u~ ::,~ ="~'~A~"'1ft~'n 

(2.44) 


NA~'nn'~nftAa~~a~~::uu S1-Si02 UQft~1~lu1U~ 2.19 ~=L«U~' 

Nss nft'i~~flln~~au~a~u~u"~~~,U uA=l~~unu surface orientation ~~6 

L~,lft:~;aQU~~3,ui, (1) fl~,u~dft'i~"a~~=l~n;lM Qss 1uO~~unuft'fl~'U' 

u,nun (2) space-charge lu4uaan1~ft u~= electron affinity differences 

l~~unu~~~n UR= (3) Nss dfl'fl~filftuu~=u,~luLi~"i~~,uuflu 1 lu forbidden 

gaps 
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C 

-V"- o 

(a) MOS CAPACITANCE 

Ec lc 

e 
E, -va 

e 
[ rEv 
[ 

METAL OXIDE SILICON ME TAL OXIOE S IliC ON 

T. T, ToT,<T. 

(b) SIMPLifiED BAND STRUCTURE 

lU~ 2.18 a) UNUUnUAft~n"L~~U~~~L~i" C-v Ld~q~~nLuduu 

b) n"Lu~uU~~~'~ftUL"~inLd~qw"~nLUduu 

>.. 

>­
C> 
a: .... 
Z 

'" 

0 ,05 

010 

O.l~ 

010 

0,05 

I n - em SILICON 
OXIDE GROWN IN 0 1 WITH 
80 ppm H2 0 AT 1000·C 

EV-'OL-__~____J-__~____~____L-__~____~__~ 

12345618 
DENSITY OF SURFACE STATES. NsslxIO ;) em-leV-I) 
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2.2.3 Surface charges ua= Space Charges lUuDnl~~ 

u~=,~n~ (surface charges) u~=nnu1u;~~ u~=,~A~~e~nu~ (fixed 

surface charge) lDDDu~LftdDufil; (mobile ions) ua= trap ~D1DDDu (ionized 

traps) ~~n'lna"1nn~~n.I~N~~:"~,~eDnl~~nuA'~~~~'u; space charges lu 

DDnl~~u~:nnu~.~ lDnDu~Lft~eufil~ ua: trap ~D1DDnu~~D~ft,~lunDnl~i u~=,~ 

'h"DtiI{U"thl~fiJiK~~Dlutilfn gu,jn~D~l{u~LLil:ltliI'lJ'~ un~,.;liIn"J'nliAtf,.;1iI1i1'fln'~ Luct~u 

uua~DU'~~'ntlD~ IjIs l~ fiu,jn~Dti"'~liI'nn'~lJNill1iLnu 100 ~ fl.'lJ"U'LLUU (Qfc) 

tlD~gu,jn~l1iLud~ulu~,~ft~'lJnu'tlD~luwu.u (DDnl~i) n"J'Dft"~L~lJ~U n"J'DtfQ~tlD~ 

A'~ L"Duuluil,~~~'bu;lJ'nun 0fe liI:1funun'~ di~tfuDnnltf~ Aft'.:n,.~ anneal ua: 

ft~ (orientation) tlD~A'~~~~,u; u~:,~n'~D~~u~n'liILn~liI'nlDeDuA.uLfiutlD~ 

finnulunnnltl'~ Natln~u~:,fin'Ku~liI:~;lML~;"tln~R'L~uu~:, MOS Lftdnuluev'~ 

tlU,ul{uuu~,JI~~'lJunuu~~ftu ua:liI;u.u~LftdDulu ~v M,l~liI'n 

(2.45)~v = 

METAL Cs 
SIOz Si 

- 0 
+ 

~ · , 41 -0 · -0 
:. r ;, · 

/+ 
~ SURrACE CHARGES 

(a) 

30 

" ,
'c\ 

t.V~ 

6 

~r\ BEfOREA'( AGING

/ \ , . q 

I \ 'G 
I " I \ \ 

I \ \ 
I \1 

I \ 

20 -

15 

~ I 
-30 -26 -22 -18 -14 -10 -6 

V (VOlTS I 

(b) 

4°r---------------------~7 

.. 
o 
£.
E 
::t. 
C> 

lU~ 2.20 NiltlD~U~='''N. (surface charge) ~DLft;" MOS 
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fl'~~'n&u~ 2.20 (a) ~=L~u~'Ldndu~=,u.nD~nufin. Ru,~l~J, Ei luluDDnl~; . 

~=i~n~'Ru,~1~H,luA.~n~~'~~~R1u; K~~u~~~u~l~~=~Bula"=~'nluL~Dfi~="; 

1M Lnfl~u,~l~,h,ht. Es I'h"d~ K,,~uiS~~D~JiluLL~~IlI'Ui~;ru LffDl""1;tlruj'ffA. ljis ,tJ 

tI 2.2.0 (b) LL~fI~&U Si-Si02 tll,jL~"El~ riDuLLa="~~n'~ anneal ~'L"P1ft";lM 

C-V L~{~Ldilulu Ldil~~'ngu~=,tlR.R~~u'L.wA.I~"R~="~'~ Si-Si02 ~'ntu 

~'nn""flan~l~LL~fI~lML~U~,lDilDu~D~~.n alkali L~ul~L~El~ 'ulu 

ililnl~fl (thermally grown oxide) L~U~UL"P1t1";lMLnfl~.,~1,jLR"El~~D~i~tJ1=­

Rtii"gluDDnl~flL~UQU.U ~~Ldil";~'U"~~~ni~lDDDu~=LfldnuftN,uluDDnl~fI'~ 

";'MLnfln'~LuduuLLua~~D~LL~~Ku lutl 2.21 (a) LL~fI~R.DU'~~D~Na~ULnfl~'n 

lDilDU"LfldDU"l~L"~'~ C-V L~{~~uLL~n (1) ~D~ Si-Si02 un anneal ft 

127°C L~uL.a, 30 u,A ~W="JDULL~~Ku + 10 V ftl.la"=";l"'~L~{~ (2) L~i~ 

(3) l~~'nn'~ anneal Si-Si02 «.LR~"~~~nLLa=L.a,u,uL~'L~~ LLRJDULL~~Ku 

-10 V ,,~. ";lMLftfl partial recovery tu u~'n~n'~wdilau'Ell~~'nluft 2.21 

(b) "ilRDuLL~mlfllnDDu~D~~a~,li1D~'n.rihla" = LdDJDULL1~~Ul~U4nL,j,ft,f.la" = 

(ft 127°C) li1ililuu.n~= L~dilUlu"'~R,~;f~R.u;~=!~U" L.w'h~~"" ";'MLL"J~Ku 

L~diluluil~,~~'n LdDJilul~au (tl 127°C) lilDDU~.U'"~~=LfldDunauluftl.la"= 

";lMLnfln,~«uR.u,~~.u (partial recovery) 

Space charge 1uluililnl~fl~";'MLL"J~KuuuL~i~ C-V L~dDuluL~UL«El. 

nu lutl 2.22 LLRfI~ band diagram, charge distribution, Ru,~l~J, LLa=fln~­

l~H~i1~ MOS ftg«~RLR"~="~'~A.LLa= space charge 1uluililnl~i LdilLU~ElUL«ElU 

nUluft 2.6 ;f~L~U MOS L~~f1f1lJ~JI ~=Li4u~,U,ft'tln~~n. ljis L~'nu LL~~~U V ~ 

Jilu~=gft,afla~ f1ML~u~,gn'~Lftdilu~i1~LL~~Kulu",~ft,au n'~L~dilU"~~Lnfl~'n 

ft.'lJ"U'LLU~il~ space charge Pi (x) 

l!.V = 1 (2.46)C.d 
1 

http:lilDDU~.U'"~~=LfldDunauluftl.la
http:l~U4nL,j,ft,f.la
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10 

0 .9 

u, 
u 

0 .8 

0 .7 

· ~O ·40 ·30 -20 -10 o 10 

V (VOl.TS) 


(01 C-V CHARACTERISTICS 


<Il INITIAL (2) AFTE" O"IFT (3) PARTIAl. 
( V >0 I "ECOvERY 

(bi CHARGE DISTRIBUTIONS CORRESPONDING TO (0) 

surface-charge instability Hann'~R~~~~fl'~LR~~u~~~~l~~~u (ion drift) 

ft;l~lftu (1) flftuU~~IUQU~U L_U LR~"~i"~iia~lu~:~~ Si-S;02 H'~liQU~U 

~~,~du L~U tafl~ulUft~'U" ~a: (2) ~~~un'~~:ft~~i:~'ft\~~H§nL~u~l~\~V~H~~ 

i'~L~DUU~~,~du Hfnn'~R~~~~ft~,~l~L~~v~~~~u~:,~~~ (surface-charge 

instability) ft;l~lftu (1) fl'~ anneal~LH~':n~ L~U anneal ~~WH~ni~lu 

lulft~L~U~H~ ~~~:l~ft~'~HU,~uu~~~u~:,~~~lfl~~'~~Na ~a: (2) 'i~~uNGni'~ 

~~R~u;~l~~~,~~uanuaB~ 

~D~ work function difference ~\ftft~::H-l'~A~ (interface state) ua: 

surface ~a: space charges ~:ft;lHL~;" C-v ~~~ MOS LfldDuluft,~~u~~~~flu 
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~'1\1~uL111n-j, ~'1\1Ku flat-band 1,nmr1Jn,.'.I~ (2.30). (2.38)LL"::(2. 46) 1iI::1;,j""'l1J 

!liN V -j,
FB 

Qss 1 
= 4> ---­ (2.47)ms C, C'd

1 1 

QsVr = VFB- r + tPs (2.48)
1 

s="'D Vr V r 
Q

+ 2tPs (2.49)FS­
1 

_--~-E, 
___ _L'!.1/I.! _ _E I (a)

--:.---.I.:--Er BAND DIAGRAM
Ey 

pl" 

(b) 

CHARGE DISTRIBUTION 
(WITH SURFACE AND 
SPACE CHARGES) 

(el 
ELECTRIC FIELD 

(d) 

POTENTIAL 

"', 
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fnHW:sun.ft?,u,-u~~Ku (C-V characteristics) uuu~"luul L~IDL~U 

lft4D~dD~~U'R~3,u~D~n'~~n~SL"~~:"~'~A.~D~ MOS ua:d~~~:R~s,~­

~~~u;du , tU;D~nURn,~,(~d~~~:Rti5S'~~~fi.u; (SDRL) n'ft'~"~.­

n~~u1~M' fta:'~.n~~u~,sR; u~dG~~:n~'.~~Lft4ID~~ID~1~~RI~'uu'L~ID 

lJlun'~~ ua~LdD~~'nn'~~R~~L~u1~lR~~"luullR~~ftDu~.LRDiL~uR. 

lft4i)"dD~"ft.'U,-u~~Ku (C-v) lR~t., 1~ un~~:mlU1tJ;.~ 

1) 'ft4D"d~iflft.'u, (capacitance meter) ~~nU"~~n;LQR~~~'~ft.,udi~ 

lU~gULD~ ua:s,u'~n~ftft.'U,~nfl,UID~L~U picofarads (pF) 1; 

2) u,.a~~,~l"R~~ (DC power supply) L~D1uuml MOS ffPiil~n,~iR ua: 

3) ~-y plotter D' capacitance meter s,u'~nt"i~~,~ output ~'n 

~'ft.,u,~~"l~~uu~~Kul,.J,~~~,u'~nu;u,~uLftliluunu V ~il~ X-V plotter 

1; nDZ~U~ZRD"~~;D~a~il~fl'ft.,u,~iRl~ ua:fl,u~~«u1uuiluffJiluL~,ltJ~.~ 

.,. 1_41 • " D

~D uazu;~il~aL,.~,uUU,"ailRLil~R.~~ilL~UL«~.~U 

n'~~" uRa Zft.f" 

Lft~il~diliRft.'U'-U~~«u~tJtun'~'~~ft~~d L~ULft4il~dild"il 

Hewlett-Packard 1U HP-4274A Multi-Frequency LCR Meter ftilL~ULR4il~ 

dilil1ftiR1ftl~ capacitance, inductance LLilZ resistance ffft.,ud,j,~ "1 

l~l~u~ 100 Hz !~ 100 kHz lR~ffL~,u,u'~ntJ~u~u'"~il~r~~,~4R,uffPiil~ 

n'~ (lR~tJ~n.~u'R~il~r~'w1Rft.~nft,luLnu kJq "~iltJ~:U'~ 25 mV ff~WHun 

"D~) ua:ft'ft.,u,~s,u'~n~R1ftdfl"~LL,j femtofarads (fF, 1 fF = 10-15 F) 
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~Ua""intJ "1 "U mi crofarads ().IF) Uilfl~'f1tftntJ'luLfI"'iN HP-4274 A g"iJ 

U"~"~'tJl~R'" (internal DC bias supply) ~"~'~'~flfl.u~~l~~.tJgil"~il 

~il~"r~w~"Kulft u~~LdilRilLfI"'il"iJilL"~,tfL~'KuLfI~il"flil~R'LRili ~~~~; 

1;~~~fI~u~~n~~~~ nL'~~UUU~f1~il~a f1",,;U.W ~~fI"~" ua~rl~~~.aNa;il~a 

lrl~ 3.1 Multifrequency LCR Meter 
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flj)lJfh ulilistlulufl,.,fliuPJlJfn.,iflK"fl~'i,j,,,pjul'; u1ulLllflutrPllualPi 

~ulIJ1ft.,ftillJ~~lRil'; Hewlett-Packard iu HP-9816S ~"QflililflUUUU'L~ilfl'" 

flilUlLI~iUMUiUft~'U~; (memory) 516 KB D disk drive 2 «i t; floppy 

disk tlU,,, 3.5 tii .t,,£Ifti,U, 710 KB uiI::D~ilLLilfl"'nn ~"LLilfl"l;,f"~itrmn 

ua::fl~'*";81J 1 nul; fl'''lfiRil''::M~'''lft4il,,11J1ft''ftiluRiLRili UiI::Lft4il"Dil 

~"ft~'IJ,-u.,,,Ku I"RillfluN'u HP-IB LUUL~Ui~Ufl'''«R~il''::M~'''~UftilURiLPlili 

Uil:: lft4il"Dmh::flilUilth"du uiu pri nter LLiI:: plotter lI'It'ftilURi LPlilitrt; 

lUfl,.,«.u'~i1MMU~';1ufl'''i"uiI::'L'''''::"LnUII'It' BASIC tlil" Hewlett-Packard 

3.1.3 Probe Station 

Ldil"~'nd"LI"::KIt~trft;'UU'L~i1n'.,,~u afll~Dn'''~i1t1'i1i1nu, probe 

~"LnuL,,4i1"Dilstil;K~1un''''''R Ln"'::LtluLft4il"!JilfiRil«~~,~lMH''':M~,,,d''LI'':­

llt~UiI::lft4B"Oili" probe trD~::pjil"Dfti,upj,uft,ulMJ, uiI:fti,u,lMH'~; L~i1 

~:1~~ONaRBft,st1,,1; uiI::~::RB"ft;~u"ilft,,,lM~' (electrical contact) « 

probe s tati on "i.,Dn,.,t1i1"~UUiI"UiI :"dU.,Ufliuuli LMi1fllMJ, (EMI) Lffililt';D 

IManilRBNiln,.,ifl 1L1~ 3.2 uilR" probe station trl;tun,.,iR 

M1i1 plotter R'IJRiI"n,., M1i1i1'~UilR"UU~i1I1'nLAu"ila'''L~ui~1; lL1ff 

3.3 Uilfl""::UUl"4B,,Dilifl~"MUR 
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ltl~.3.2 Probe station 
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lu~un~u~lulun'~ft~u~un'~~~ n'~L~UUU~n;~~~ n'~fl;U~W'Lfl~'~" 

u~~U~ ~U~~NiI;~~iI ~~u-R"n,~uif~"N~"'''~~lut!liI~ L~lIn~~ "1 ~, lu~ LLn~Ufl~U~U"1 

un"wu,u'liI'nn'~' BASIC UULft4~"lulfl~fl~uR~LR~; Hewlett-Packard ,~ 

~~~if"ft"in~~"n,~i~u,lu~un~ud ~L~~lMn'~'Lfl~'~"{n~~ifuufi fl~,u,-u~"Ku 

(C-V measurements) Lilululfi'~ti,,,~~~ L';~ gn;~" fJ~,,~uLL~~~'lI~~n,~l; 

",uL~~N~l~liI'nn'~~Lfl~'~Mdlil~lfi'L~u~~~~J~unaulu~,,~u~un'~NiA (pro­

cessing) ~~"i"u~~R~!if,~rl"«~u;~if~,,,~uu'luM~,,unuRn"'~lIt! 

Ld~"1iI'nLfl4~"n~~~iu HP-4274 A ~;~fl~'U~'U'~~LL~~fl~'UG~.,~u 

'un'~~"e" ft;'"i';Lfl4~"n~~~d liI~;~"«~lullillun,~~~u~a~fl~"~';~"n'~~~" 

fUf~ Uil~ft'~'lh,,~i ,i.,,, "1 ~~,,,h n'~«w'lu~ un~Ufl~U~U"1 ~"nuu~ft,,,K,, 

(Capac1 tance/Conductance) M-t~fl~'U'ltl\hLLiI~ di ssi pati on factor' 

(Capacitance/Dissipation factor) ~~"Iu~~nl~~ 

~. Li1~n1i~"u~"KultlR~"fflii ~J~ulMKud"u~ ~Jf~ift;~"n"~~liI'mL~" 

Ku~;~" ~"u~"Kui"~~~' ;~"n'~R'Ln,l~ 

fl. 	 L§~nfl~,ud~~,,'~~'w~l;lun'~~~ 

L;Uft;n'~~ft· n'~~~liI'n1i~"u~"Kultl",,, uil~fl~,u~~~"l~~'wltl 

... .. • • 1 II. l' ... 02V., LI~nl~ l~lI"il!l"1 dbJu~"Ku tlR~"liI'nfl'R''lfl ufl'i"'lflftil::. LLiI::~~ 

0.2 'u,R n~U~liI::L«Uft'U~~~ft~" n"~~fl~"dL~un"i~L~~"'R'fl~,u,l"J,~; 

~~u~~I"'l~ Lft~l;lun'~fl;u~w~Lnil~~"unu y 4f"LiluLLnu~~"fl~,u,l",f, (unu 

X Liluu~"Kultl,,~,,) 

1iI. Ld~lftft,fl"nu, ltl,f '~;'l~Uil ~'''il~ LLiI::fl;'J.I'1WLLnU Y LLa~ ~"ii 

n~~UUil~~'Runu x- Y uUlil~lnftft~~mi" L;lIU~ Lniilif LMU,::ifli Ma"liI'miu~" L~Uft; 
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"'·ns.ltl~'11 hysteresi s ",'ill'; n'~ LA~"'~ilfI~'LL'~Kul""'~\3uPiil::ft.f\3 d~~ L11u 

~Llu 0.2 V UiI::'O 0.2 ~u,R niluLR~"'O~fI~'Rillu L~~lMU,::~Pi'\3 1 ,~ 

lu'uililnl~flu~~~~~~~~~",ou~uil~lftKu fl'ft~,~~l"~,uiI::u'~Kul""'~~URn~~fI 

s.I~un"lil"'LnU C-V curve UUs.lilU~fI~n'" 

.... "M 1"'" • ..Ill"fIID. L~OLi's.ln'~~fI ~~fls.I~~,~,~uLw~n ft~''''il~n'~"iI~'''n''"~ fI 

~iI~uun'::fI'~'nl'; n'~il~n"lu,un'~fl~u~~, s.I::~~lflftuiI::;n~ilM,~ 1 «l~ 

lun"L~uuunu X-V u~~n,,"lug~ plotter L~O"~o"'lU~~n~' 

~. ti~fts.l::~,~"uLlonlft~'s.I::~;n,~~~l"J~ft~,~dR,~ 1 ~u"~~lJ 

n'~n~n"~Llnnfl~,~dl"J",,~;o ft. L~U;U~' L~~LU~UULfiuUfl~,~u"'nR'~~o~ 

lU~ 3.4 L~U Flowchart u~ft~lu~un~~ft~u~~,~,u~~L5uft~~~ 

n'~L~uulftftn'~'Lulnunu~ft~l~lun'ftNu~n 
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YES 


SELECT 
C/G OR C/D 

SELECT 
. VOLTAGE 

RANGE 

SELECT 
FREQUENCY 

CALCULATE AND 
DRAW X-Y AXES 

MEASURE 
CAPAC ITANCE 
VS VOLTAGE 

&DISPLAY RESULT 

YES 
CALCULATE 
X-Y AXES 
AND PLOT 

NO 

NO 
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«~L~U~~=' MaS ~u;u'Anti'~~'~~'nu~uN§n~§neu~Q~L~u ~~~~, 

fl~'UR'U~'U~;L"'= (p) ~~=U'W 5 n-cm ua=u~UNan~§neu~Q~R ~~Oft'fl~'U 

R'U~'U~;L"'=~~=u,w 0.2 n-cm ~~~u~u~uNGnL~u~Q~~~~uR~~u~ft,U fl~'U 

Mu,~e~iueunl~ftd~8n~R'~~=u,w 1200 ~~~"~eu (ft~~'8 dry oxidation) 

ua~~=u,w 1000 (ft~u'! wet oxidation) ~~:un~ft,uMi~L~ulaM=QnLna~; 

l~un,~~uuuuli1"M' (electroless plating) «uft~e~luuunl~ftunn;Mu~ft~~ 

~u,~~e~laM=~~;Mu'~Lnu gate f~~~,~l~un'~Q,ue=inLauU (Al) ft,ul; 

i~'n'~ lM~ft~,uMu,~~=u,w 0.3 lUfl~eu L~ul~~~nau~LiuN,~u;na,~ 

DaILu"~ "'Ul~~ 4.1 

Si (p Of n,) 

Ni 

4.2 n,~~~rm:taI=iluiflft~'U'-LL~~Ku 

U~~ 3 lftn~,~!~~,ua:L~u~~u~Lfl~e~~uftl~lun'~~~intiw=iluu~ 

fl~,u,-u~~Ku~e~«~L~u~~=, MaS ~~u~~Mrnn,~"~,~e~;u~~ftl;lun'~fl~u 

~un'~~~ ~=uuLft~e~Ou~~K~n~,~~~ulMn'~~~L~ul~l~ev'~~~~L~~ua=un;u~ 

wUuu; uNUuD~e~~=uuLft~U~OU~~uil~~l~lUl~ft 4.2 

2 
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Mu Itif(t'tutr'\c..~ 
L CR Pl\tff( 

Probe 
5tation 

y 

rg): 

1. ~,~u~uNlfl~O«~,~UU~~~ MOS uu probe station u~~Lduu 

probe lnlu''',uU Al-gate el ectrode ft'Uii'~tlu~LL';UNffl~~luiiiltiuU~'Utlu~ 

probe station ~~~,~u electrode 5fl«~Md~ 
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3. ~~Bn~'RB~n'~1~fl'fl~'U,1~"'UR~ft'fl~'UU;1~", (capacitance/ 

conductance M1B C/G) M1Bfl'fl~,u,1~",u~~fl,u~n~RBifl~,ui~~lv (capaci­

tance/dissipation factor M1B C/D) 

4. ~IBnft,u~~«ul~"'R;~flU~~i~~~ (~~~u~~«ul~",) ~B~n,~1~ 

5. ~IBnfl'fl~,uri~B~«~,wl~",~'~'un'~1~ 

6. ~rlBft~,~~ M'n~ft~n'~~~"~'ft'Un,~JBufl'R'~ 1 B'~M~~lu~~n~u 

~~Bft;n,~JBu~B~~'MU nQ~dulu~un~uft~u~U' ~~L'Uft;~'U 

7. 'uluu~nlu~un~ufl~u~u, ~:~'uuiuu~~«u~B~uM~~~'vluR~~ft,V 

'u ~ fl:fB~ - LCR meter 'MluBiffu~~«uR;~~nBu1ftvuiuU~~ftuflii ~ 0.2 1 ~~ti 'In 1 

0.2 'u,1 ~'n6u~~~'u~Auu~~«u~'nfl'R;~ftlug~fl'U~~ftflQ: 0.2 l~ili 'In 1 

0.2 'u,I~~u~u "~Bul~1ftu~~Uu«nfl'fl~,u,1~",ffu~~ftul~"'~M~,6'lnfl' ,~ 

ll~:A~fl~B~luRBu~~4BM'fl'R~,u,1~"'R;~~U~~i~~ft,4oA~,~unu Y lMD~u,ft'MU'~ 

•n 

B. ,dBlftft'fl~,u,l~",ft;~ftUR~i~~ft UR~~'ftUnu X UiI~ Y UU~B'~VU 

;ouuli''l lu,un,u'l'lu'2u~~,lIfuft;n'~1ft Uu«n~m~~ LL~~LLilft~Natl;uu~B lftv,lju 

~'nft,u~~«ul~R'~R;~~lllg~R,u~~«ul~R~~i~~ft lftv~fiuft,u~~ftufla~ 0.2 l~ai 

~n 1 0.2 'u,1 .'ndu~~~'u1ftnau~'nu~~«ul~R~~i~~~lug~ft,u~~ftul~R~~R; 

~~Ba~' c-v ,~~~~~ft60 hysteresis loop M1Blu ~u~~u~ft~~Nft'"~B~luBBnl~ft 

tfA.;',~fuu, 

9. ~rlB' A4~fun'~1flam:tW~iiluirJlfl~'U'l~", -LL~~Ku ~ :u~'n!lUU~Bft'" 

n'ti~ftRB~n"uufinft,"6uun~:~'ti · lu~un~ufl~u~u, ~~~i~~B~an'~1ft«~~ul~lu 

M';~UR~'U~;~B~ 'R~B~luif~ Lf'''B~"~BRn~'~ (graphi c pl otter) LL~~"~BPI'lutl; 

BBnu~~Bul~~Duuft;B!u'uunu X-V A~nil~B~ft' LLiI:fl~,uri~B~«~~,W«1~1ftBBnu, 

1 o. ti1ftB'~"~'Mlu~LLn~uR~u~, ft;n,~1~K~B!j'~ft~ilBU (sample) 

~RUmnR4~ Uft,~~uufl'l,ud~B~r~~~'~1~~~uft"MU ua:"aBRNa~B~n,~1~~ua~uu 

lu'RuL~Bn,~,~~uu'ivu M1B~~'"lu~un~uM~~ft;~,u«,ft~1; 
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$.1 

~ 981L:I:._-------100 KHz 

823 

744 

665 

586 

507 

428 

349 

5 	 10 15 
VOLTAGE (V) 

-15 	 -10 -5 
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"'ft~,u,1"M,~~ft1ft L~Uft'ft~,u,l"M,~u"~'~~~~R~L~uU~~' MOS 

«~~L"~':n~Uft;n'~~ft 1ftft;n'~ calibrate Lft4~~D~~ftl{n~uua~ na'~~~Ld~ 

~ft~~~ftft' stray capacitance (~1~ parasitic capacitance) ~~n 1 

ft~'Ud~D~~~UUriDU~~~RDK~L~U~~~' MOS L;,l~lu~=uu u&~au~nft'L~~,6~~ 

tUwU~Uft~'U~;~D~Lft4D~ Ld~ft;n'~~ft~u;~'~ Lft4~~~=~uft' stray capaci­

tance dDDn~'n"'~~ftlftlftu«Rlu~R u~=uAft~ft,ft~,u,l"J,~u;~'~~D~«~~v'~ 

ftftilil~ 

~'nK~i1ti,~tul~ff 4.3 lftft'ft~,u,l"'Ihi~iflii (Cmax ) 980 pF u~= 

ft,ft~,u,l"J,A;.ft (Cmin ) 340 pF ~'nftqtifiLdilK~L~U~~=' MOS unluu~a 

;~uu~~Ku1"R~~ft'ft~,u,1"d,~~u (Ctotal) ~=~~=n~ul~ft~uft,ft~,u,lHJ,~~~ 

fUililnl~~ (Cox) uil=ft'ft~,u,l"d'~i1~'lnilU~ULnft~'nL~R~ililft"'M: (C ) ~~ s

I XI..'~_II' C .11 1 · "~1
ftilB1in~UnuilU ,,\1UU,nlliN S ~: L~~lJU ~pnun'~ uUilA mn~ftil'n ULL~AUUU 

1 = 1 + 1 (4.1)
Ctotal Cox Cs 

accumulation l~OL~R~~i1ft"'M~ ~~l~a Cs (du~i1 Cs Qft'i~U'n~uA'U'~nRft 

€~1;) a,luu~Auuu depletion ft~OL~R~~~ft"'M: Cs ~:aft'UU~NuR'Uft~'U 

Aun'~ 

£oxA 
C = ox dox 

lftu~ = permittivity ~~~ Si02£ox 

-14 
= 3.9x8.854x10 Flcm 

http:ft,ft~,u,l"J,A;.ft
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= 1T x (0.1}2 

2 
= 0.031416 cm 

d = R"~Mu'~D~~uDBnl~~ox 

= 1200 a 

3.9x8.854x10-14xO.031416K~du =Cox 1200x10-8 

= 904 pF 

~'nfl'~iftlftft, Cmax i~~RD COX L~'~~ 980 pF M~DJnauHd~~'nft,«lft~'nn'~ 

~ ~"A,u"aR;u.wH'R'~HU'~D~luDDnl~fl~;~' 

d ox 

3.9x8.854xl0-14xO.031416 = 
980x10-12 

= 1106.5 a 
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"~'~L;~;u~n~i'~L~n~u'uiu5'u'~nnu (Si-substrate) ~'~"n 

M,l~~'ni~n'~R (2.27) 'u~ftR~n~ftn 

Wm 

lfluR ES 

k 

2E s ,p S ( i nv ) 
(4.2)= qNo 


4 skT 1n (NO/n i ) 
 (4.3)= 2 
q NO 

= permittivity ~n~ Si 

-14 = 11.7x8.854xlO F/cm 

= Boltzmann's constant 

= 

q 

n1 

NO 

Uil :: Wm 

Cs(min} 

= Electron charge 

-19= 1.602x10 . coulomb 

= 1.6x101O cm-3 If 3000 K 

II 	 II"= 	 "~'~L~~~u~n~~'~L~n~uif"fln~n'~M' 

." 	 if 1 ..= 	",,,~'~n~'~i~~"~n~L~fI~iln""'M:: ~M' "~'n 

EsA (4.4)= 
Wm 
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= (4.5)Cs(min) 

1 = _1_ + 1 
~ mln Cox Cs(min) 

!f".::1.i Cs(min} = 
C . x Cmln ox 
(C - C . )ox mln 

980 x 340= (980 - 340) 
/ 

= 520.6 pF 

LdOU;ft'A'" , LM~,du~u~"tu~~n'~ (4.5) ~"L~u~~n,~~Q~ tran­

scendental equation LLiI::t"JilL1.,un~~iI;L~lillLl LOTUS 1-2-3 LL~::l~lfl~l'Io~fb­

LRO~~~Uft;u~wUIil::1ft~, NO ~ 2x1015 cm-3 

4.3.3 n'~M'fI~'~MU'UUU~O"QLR~~::M~'''~~ 

o 
J Xp i (x) dx 

-d 

lftu~ Pi(x} "0 charge distribution ~ULn~Iil'n surface charge 

UiI:: space cha rge 4f"IiI'~'~(lfl~u'1~ Uil ::ilflil"1ft 1~ lJn,~tiu;ffrrfl"n~u"iJ~~U"LLiI:: 

1I~'fllil'n100ou (de-ionized water) n,~ anneal ffLM~'::Q~ u~:;n"'itiLL';uNiin 

iI'~~"R~u;ff1Jrr~'~uLlilnLlilo~ ~"tun'''~;'~lJft4"dnlft"lJ'lJ'~~;R'~MfnLlnffKI''M~fI 

L~OilRNiI~O" Pi(x} l"~'n~iJftLft,~.::~;l~ uil::Ldo"Iil'n1JQ'~'''(l~~fI;u~wuiI:: 
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= 

U'=~'Wft'~D~ Pi(x) ~~~=~=L&U~,~a~ Pi(x) lun"'~"w~a1u (H~nufiu~~~ 1 

1u ~n~=u,~,w Pi(X) LnUft'fl~Rft'Hd~H~D'~~L;'nufl' QSS LnUfl'fl~~ Lda~ 

~'n1~s'~"flH'ft' distribution function 1ft) t~lft~, 

(4.6) 

lus~n"tfft'~D~ C1 H,l,jlf1tlR,~~'nn,'ifl;;D It, 
. 

Cox 

~~= $ms H,lftK~Ra1utf~D 

~D~,~Ku~flUL~tlU (flat-band) LdD1~On"lft~~a~a~~flu"~~VFB 

~'u 4~H,lft~'n C-V L~~ft LdD C Ofl'Lft,Ku CFB ~'nS~n" (2.19) ~=lft 

= {2 €s/r~ 's 
. q No 

= {2x11.7x8.854x10-14x,J1.602x10-19x2x1015 

~2x.0259x11.7x8.854x10-14 

11.7x8.854x10-14x1.602x10-19x2x1015 
= 

.0259 

= 1.13x10-7 F/cm2 

= 

= 1.13x10-7x 0.031416 

= 3550 pF 
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= CD (Flat-band)Cax 

Cax+ CD{Flat-band) 


980 x 3550 
= 980 + 3550 

= 768 pF 

_ 15 10 
CPms = 3.2 «4.35-1.1) + 1.1/2 - 0.0259 In (2x I0 /1.5xl0 )} 

= -0.294 V 

U"Ufl' VFB = -4.0 V. CPms = -0.294 V u~z Ci (Ra"u~vlu~) = 980xl0- 2/ 

0.031416 = 3.119x10-8 F ~~luU~n" (4.6) ~zl; 

Qss = 1.156xl0-7 caul/crn
2 

1. 156xlO-7 2 = /crn
q 

= 7.22xlOll crn-2 
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fl' QSS ~ft;u~~l~~'nNw ~'nn"ftftwe~«u~,Gft'ft~U;'~~~ ~~~~N~«« QSS R~' 
I I I I. 10 2 

nR,eulu~~~R' 1 ~e~ 10 fcrn ~'nn"~ft~e~«~~u'~K~L~UU'~, MOS 5n«~ 

Md~~euuuu~uNinRuw~uNu uR~~~u.'n~L~9~nu uw~~;'~«~L~uu~~i MOS H;~U' 

KU~~9 L~DU1~u&~"",nLR~~~D~n'~ftftw~~LMn~unu 1ift'~'~ , K~R~ludK~ 

= 882 pF 

= 310 pF 

o o 
1ft' = 1223 A (fl'~R'ftfl~ 1200 A) 

ND = 1.7x1015 cm -2 

C = 875 pFfB 

= -3.8 VVFB 

-2Q = 6.13x1011 crnss 

~~ln;Lfl9~Kuft'~D~«~'~Uu,~, MOS «~u'n 

!It '" .. 1 "., '. MOS I 1 ' U'Mw'9n~ft~V'~DU ~n'~~"~R'~ 1 u"nn~'«~Lnuu~~, ~~u M~La9M'9 

ltJ ~ftfl'la.ilft' ~u ,rtft~innn" breakdown lu~~::ft;n'~1'ftM';~J1f\~~~u«lu·~~,u~ 

u'nLd~~~'nn"R~u~U'URDU1Uft"D L~ULdDft~'UMU'~D~u~Dn1~~R;n~' 1200 A 

«~L~UU~~' MOS ~~i,~«u~~LI91uLfl~uMUft '~LMa~«~Du,~~1;~ft1ftL~9~1a.i~«~ 

URN&~lft~'nn'~~ftu&~ft;U~wuD~«~~~,~I~~D~«~d«u~"n;L~9~~Ufl'«R'ft1;R'~ 

~q~ '~Uft' Cox Uw~ d ~~Uft' No Uw:: Q ~R;u~~li~~~«~~u'~~~~D~«~ox ss 
2 1015 .. • 1 '" - (N -2 1 7 1015 -2 Q"''I =nnft, n&~n&L"9~Kuu'n D = x COl LLw~ . x crn Uw~ ss 

11 11. ."7.22xlO Uw~ 6.13xlO R,u~'Ku) ~~UULnun'~ confirm N~ft1;~'nn,,1'ft 



48 

.~". • lOll 12 -2", _If'~'nNan"'lR~'=KY~ftR' QSS ~="~,~ -10 cm ~~UULUUR' 

"~U~'~i~ ~~~~~'Li1uR~L~U~'=' MOS ~U~fi~~,"lJ~un Ld~~~'nn'~Lft~VULL~U 

N~nua=~u~un'~N;ftU~R~u~ulu~"~ R~~uiu~1~t"~~U uRR~~nft~~nu'ftU~=~~H~B~ 

lft~~n'~'~v~ l4D'lR~'="R;U~nm'ft'R~'U"U'UUU~~~~Lft"~="~,~~~ L~~";;~~a~ 

lftJoun«u~u'u~,~~u~un,~u~=l~nul~R'~ 1 ~B~n'~N§ft«~L~U~~=' MOS u~=i~ 

~~=R~Q'~~~ft~U;~U 1 ~";tuuuU~UNan~'~';n~u 

$. 950 


100 KHz
~ BB3 ..­

~t 
749 


882 


,l 815 


If 
548 


4Bl 

JI 414 


347 
~ 
.....,.,I 


I .~(
-15 -10 -5 
 5 10 15 


VOLTAGE (V) 


lU~ 4.4 C-V characteristics ~B~R~Lnuu~=~ MOS ~Qft n-Si K~~ 2 
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iR'llJ., Zih:u\.,ifl1Jil"1"., "fl''1~~llfl.f"if ~ tfilfrfltnLLi'I Z~ ~ fI, '1.Z~if um 

"Z"~'''A41Jil"d''lJ.,zA~3if'~~''~U; 1~llLDM'1.Zilv,,,d"1Jil"K4LnulJ"z~ MOS 

~"tf~ M."zib ~ KwJ~z, MOS [JA4111flif., ::.,~,,,!Q'flilUl~ililfll'J1fttlu'tflilu 'n; 'hiij' 

"4'1I"U'UUU1JD"ifL~"ZKi'1."A~i" ~"~::J"Nafl'1::'nU~,,a"lJ.,::~~~~~::a""~uuu 

l"""if;,,,tf~ul;un MOSFET ~"~~Ui~'1::~~3Krn1Jil"lilfiu,.,J (CMOsl ~'fl 

fl''1~;LDul",''n'1.'''iutf ,,~~l;~;LDuif;L{~llJ ~::if,lJl;K~~il1tJtf"il 

1. ~ftl" (set-up) '1::uuL,,4D"Dili~"4'1I~1"J,-u""Ku1"J, 

(capacitance-voltage) uuuBRluul ~"11"zflilu111;4~ microprobes u~:: 

manipulators, multifrequency LCR meter, microcomputer, graphic 

plotter ua:: printer 

2. "~,llJ"ufl"1I"4U~lIfl,,,"'ft fl'''L~UUu~fl~il~a fl''1f1;U4W'~'''''::M 

uazlJ"z1I4~~~~D~& '1411~"fl,,,uifft"Na 

3. ",uift C-V ~~~"1JD"«4~~U11"::~ MOS U~::'~""'::""'''4'1I''U' 

UUU1Jil"if~R'n"::"~'''~4~'flLft~"~'''~1; L~ilu;N&«1;dJilufl«ullJ«"1Ju4ufl,.,a;,,, 

"'U'fll'ul,,.,"fl,.,t! L ,;,~u uPilf" u1u'1ft uI4il"ii'DiftLL~::' L""'::MLLUU~Rlual'llI'R"'i­

~'U1JD"MD"11nOlfl'~'tlli"lJ"::~~3if''1rl''«4u;(SDRL) ~"if'lI'''fli~u~::~L'''''::" 

«4ilU,,,du~4 , 1111; 

LL~::~"~D""DlIR~~RD~ ~ftDU~~'''lI 2528 LLPiqlJfl'1~l;~u'u".f"duij'lJ".,u~u 

fl.,::I" 2 ~flDUfiftlli. ~"';q11fl"wfl"u~flfu 

2. 
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Lda \11inniltliil,'uliUiila"uau'ul rI;i';fl"'~tJ~,.;, Ll'iufl~-n'lUPl L lil"' ltllnfl 

t1':nDu~u~'''L,a,iun''t1in~uaanl~ftLu"a~Kun''rlPliilauLR4a"a£luil:lt1,ufl'~~ 

"~u,~,i"u '"nlftu;Nil~lft~'L~utia~ilJDuflauLu,ltlU"Du,un"N§fli"~iu"tJ 

",uft4,,~ uRiun"rlftilD"ft4"Raltliuau'ftfl ~:iil'~"nrl;~PlUil:~LR":MNilDa" 

C (m1n)' NO' CFB , Uil: Q l;~ufis VFB ss 

2. "~":uuLft4a,,a£lift n,:uiil-u,,,Ku ";D~«,,"~,lt1,un'~ 

ftlu~~n"'ftlft~fRluaR L~£liMiil'~"nriftiilaUrn~W:iil~ffln':Uiil-u'''Ku DD"d" 

t1':R~Siil"~"Klu; rlftiilau~wn'"DD"DUIU ua:", breakdown voltage 

(breakdown field) Da"DU'U"~D"'RaA-L~u n,:uiil~' ,a, lftftltJ 
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ft~:u'~~ununu~~ ft~:'~.n"u~'~Ri ~w,a~n1Wu""ftV'~V ~l; 

n~ga~uu,:u,~ufllft'~fl"'fv4 ua:ununu~~ n'ft'~"ft.fl"ul"l, fil;lMfl" 

~«UI~Uft'Ufi~LQUfl" ~uft~l"~ft'~fl,,'~vdu"~NaR,uLJ,"U'V 
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10 C-V2 TEST PROGRAM 
20 C- V MEASUREMENTS PROGRAM 
30 OCTOBER 1986 
40 
~;O 

60 DIM Cap(200) ,V(400) ,Capp(400) 
70 PRINT CHR$(12); 
DO F'FiINT "PHEBE; A FOR C/G, ANY OTHEFi KEY FClF< C/D" 
'70 INPUT P$ 
100 PRINT CHR$(12); 
1.10 IF P$;;::"A" THEN 
120 OUTPUT 717;"A2B3" 
1 :50 ELSE 
1'+0 OUTPUT 717; "A2Bl" 
l:'jO END IF 
160 PR I NT "ENTER THE VALUE OF STA~n I NG VClL. "U) (3 F " 
170 PR I NT "( RANGE --32 TO +:32)" 
lBO INF'UT K1 
190 V 1 == 1O*~< 1 
200 PRINT CHR$(12) 
::::10 PRINT "STARTING VOLTAGE ::" ,1<1, "V" 
220 IF K1 ) 0 THEN 
T::O LET Y=.2 
::::'4,0 ELSE 
~.~~~.;() I._E-r y=-. 2 
:?C,O END IF 
270 PRINT 
200 F'R I NT "ENTER THE VALUE OF F I NnL VOLTAGE" 
290 F'liINT "(RANGE +32 TO - :32)" 
~~;OO INPUT K:-::' 
31 (I V~2= 1(HI' f:::2 

320 PRINT CHR$(12); 
350 PRINT "STARTING VOL.TAGE :::" ,~::: 1, "V" 
340 P~iINT "F'INAL VOL.TAGE :,," ,1<2, "V" 
;:;'5() F'F~ I NT 
2f.60 PFi I NT "SELECT THE FFiEQUENCY fiT vJH I CH YOU l>J(,\I\J TTD DF'f :W) TE BY CHUUfll N13" 
:~~;70 PRINT "THE CODE INDICATED BELOW" 

1:::'Fi I N'T 
PHINT " Fl1 FOR 100 Hz 
F'RINT " F12 FOR 120 Hz 
pn I I\lT " FL, FOR 200 Hz 
PFi I NT " F14 FOR 400 Hz 
PFi I I\lT II F15 FOR 1 f ::: H:~ 

F'F~ I NT " F16 FOR r'.\ 
..c. KHz 

INPUT F~t 

490 F'n I NT "END ClF' F'RUGR{)I'1" 
~)oo GOTD 2B70 
~'!1 0 END IF 
520 OUTPUT 717;F$ 
S30 PRINT CHR$(12) 
540 FI'" ~Wl<,=::I::=" Y II 
550 FOR X=O TO V1 STEP Y 
~j60 

0::;7 0 
()UTF'UT 717;" B I" ; V{-)L:*: ( X ) ; 
l'J(H T .:2 

II E" ; "OOV II ; 

~:mo NEXT X 
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:".i') (> Ivl "" U 
600 FOR X=Kl TO K2 STEP - Y 
6 10 DUTF'L.rr 71 7; "BI";V(-)L:l~(X); "E"; "0(1)"; 

6>:0 \J.WII T .:;;:­
630 ENTER 717;A 

b,q·O C.=•. p (1'1) ,o'f.) 


b~:iO t'I :::lvl+ 1 
660 NEXT X 
670 REDIM Cap(M- 1) 
680 Cma x i=MAX(Cap(*»*10 A I2 
690 Cmini=MIN(Cap<*»*10 A 12 
700 FOR X=K2 10 0 STEP Y 

710 UI.JTPUT '717;"BI";VAL:$: (X);"E";"OOV" 

-;;:,:::0 l'J{'1IT.2 
]::r.0 NEXT X 
J40 Cmax1=Cmaxi*I.2 
750 Cmin1=Cmini*.7 
160 F'F, I NT "1'1A XI "'IUlvl Cm:'AC I T ()NCE :::: ", Cmi::1:': i 
1'70 PHINT "MIi'JIMUI'1 C/~P{)CIT{)NCE :::: ",Cmini 
7tlO PHINT 
7'iO PRINT 
f.lU O PR I NT "PF~ESS [ClJNT I I\JUE J TO CD,,!"r I NUL " 
n:l.o F' (:) I.J f:3 E 
H20 F'R I I\rf CHf-U: ( 12) 
R':';O ! WINDOW AND FRAME DEFINITIONS 
[':;/1·0 D[:£3 
U~:iO GINIT 
D<':,(> UF,AF:'H I C~3 ON 
070 Wl=MIN(Kl,K2) - 10 
81:10 Wr=MAX(Kl,K2)+10 
B90 lAJb ::: Crni n 1 ')(' .8 
() OO ~'Jt. ''''C mEI:-: 1 
'110 C.::\l :=Wl +5 
920 C ",'I I'" :::: l.Jr --5 
cF::' O Cc~b=Cmi n 1 *1. 1 
940 Ca t. :::Cma:-: 1-11' . 9 
'1::=iO Ylocx=50*INT(Cmini/50) 
C}bO Z=INT«Cat-Ylocx)/l0) 
970 Xtick -=lc

980 Ytick='10 
'1'7"0 Xlocy=O 
1000 Xmajor=5 
1010 Ymajor=5 
10::0 
10::::;0 C>f 1 ::C.::\l -2 
1040 C+ r' ""'C",\r+2 
1 O~:50 Cfb::::Cmi n 1.;t·1. 05 
1060 C+ t.::'C mi::"\>: 1. -1(. • 9~j 

1070 WINDOW Wl,Wr,Wb,Wt 
10HU CL .IP Cal,Car,Cab,Cat 
t ,y:;- O AXES Xtick?Ytick,Xlocy,Ylocx,Xmaj or,Vmaj or, S ize 
:i 100 CLIP CWF 
1110 CL IP Cfl,Cfr,Cfb,Cft 
1 .I :::i) FFa'~I\"IE 

11 :::)0 

1 1'10 L.tmG 8 
1150 FOR I=Vlocx TO Cat STEP 50 
1160 MUVE Xlocy,I 

http:DUTF'L.rr
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1170 
l1DO 
1190 
1200 
I ~::: J 0 
12:::::0 
J.:2 :~;O 

12l].0 
1 :;'~ :::iO 
1260 
1270 
1 2FlO 
J :,:;:<),'0 
1 :500 
1 :::: t 0 
1 : :~;20 
:I. :::;:::;0 
1:>10 
1. :: ~; ~::jO 

1 :::::60 
l :~J O 

l ::;:UO 

12:80 
1400 
1410 
1. 420 
l4 ::~;O 

:1 . .l~t.~O 
1 Lf~':iO 
1460 
J4 7 0 
l4HO 
:l ,~ . c,. () 

1 :.:iUn 
1 ~.::j 1 0 
1 ::.:;:~O 
1 ~.~.i :::: O 

1 ~3 /1 · 0 

1. ~:j~':iO 
1.~560 

15 / 0 
:L5(30 
1. ~:j9 0 

1.600 
161(> 
16::::-0 
1650 
1 b/I·O 
16::,0 
166(; 
16 / 0 
I bBO 
11'.></0 
1700 
11 10 
1720 
1730 
1740 

CH I zr:.=: 4,. 1.\. 
UiBEL I 
NEXT I 
I MOVE - .. l~, (I 
l...DIFi c.JO 

l....m3EL "CPIF'ACI T'ANCr:: (pF')" 


L.UF<G 6 
LDH( :'::-,60 
FOR I=Cal TO Car STEP 1 
1'1 [)\/ E I, Y 1 00: 

IF I MOD 5=0 THEN LABEL I 
"'EX'r I 
I l"Ir:J',J E --5,0 
l.JH3Fl... "VUL 'T' AGE (V)" 

Gf~AF'H I CS DF'F 
GCrrD 1 ~j~jO 
Pf~ I I'l 'r 
PRINT "SELECT THE FREQUENCY AT WHI CH YOU WANT TO OPERATE BY CHOOSiNG 
PR I Nf "TI-tf::: CDm:. I ND I UHED BFL.. CH>J" 
PHIi'll 

..PF~ 1NT " r 1 1 Fon 1 00 Hz F1 7 F!:m 4 f::H ;~" 

Ph:INT " Fl ~~~ FfJr~ 120 f-L: F 1.!3 F'Uh: 1. 0 I<H:: " 
F'F~ I NT " r· t ~.::: FClr~ :.?OO Hz F 1 C7 f : un >:0 1<:lJ;.~ " 

F'f~ I NT " .- 1 4 :'ur~ 4·00 Hz 1<;:0 FT)h: ' 10 I< H ~:"r" r

F'f~ I NT " F 1 ~; nm 1 f:::r"h~ F:? 1 F'[)f~ 100 I:}I ;:': " 
prn NT' " '" Fm~ :? X TU EX I T TilE F'I ~UC.; I:~{~M "r" 16 I<Hz 
INPUT F:f: 
IF' F¥::::" X" THE'" 
BEEF' 
F'h: I NT cl-m :~: ( 12) 

F'F~ I NT "END OF' F'rmGnAM" 

Duro :;;::13'10 

END IF 

UUlT'LH '11 7; F',;j:: 


PI~ ll\\''\' CHF~:$: ( 1 :2) ; 

Ft·" dfnl?$:=" N" 
(3F(r:~F' H I CS ON 

!"IUVE 0 ,0 
x::: (Vl--V2 ) 150 
FOR 1=0 TD V1 STEP X 
UUTT'UT lll;" B I " ; v('~l...$ ( 1 ) ; "E" ; " .. - <) 1 \.,)" ; 
l,lfi IT • ~'5 
NEXT I 
EN'fEB 717; (.~,B 
L.ET Vi)::::. 1'11' I 

LE 'r co::::'~ ·I(· (1<Y"12) 

MU\..'E <)0, CO 
DHAlIJ VO, co 

N::o O 
FOR I=V1 TO V2 STEP X*(-1) 
UUTPLJT 717; "8I";W\L~:(I); "E"; "·..·(llV"; 
l·Ji'1 I T 1 
ENTER 717;A,B 
PRINT .1*I,A,B 
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:1. 7~..)() 
J :.i()O 
.l 7}(1 

l ' U() 
1 /t.:)\) 

1UOO 
11:3 1 () 
I H:?O 
I El::::O 
:!U'lO 
:I. r3~:.;() 

1H /() 
'j ~:3 f.:~() 

:i. f3t.:;'() 
j ' /00 
1 ".I 1 0 
:l 9~::O 

19:::; 0 
J c/ 4 0 
1. cr:;o 
1'·/ hO 
lcno 
I i)'80 
.1.(/90 
~·.· OOO 

:?O:[ 0 
'/ o :?O 
::::: 0::::0 
>·:()LI·O 

~:;.:.. () \~) () 

>:07 0 
':: OUO 

~):I. 00 
.;:. 1 1. i.) 
';:::1. ~:!O 

.:? l:~;O 
::?1 LH) 

~2 1 ~.j() 

:;;:' 160 
2 1 70 
? lHO 
:? 1c/ O 

:?:/oo 
:;':"::':1 (> 

: ,:~>::~:o 

:?2;'''0 
::·:':/f\.0 
:~'2 ~2 ~:j () 
::::-:>:60 
2:?70 
2:?UO 
:?2(} 0 
:, .· ~:~;OU 

',2.::'10 
~·: ::: ~;:/o 

LJ~IDEL. "1 I<H;·: " 
F"" 'eq:r::::11 1 ~ ::: H;::" 

[I'm 1F 
IF F':¥:::"F16" THEN 
l.J~IHEL "~? f:;} ·I;;:" 

r:'r-(2q:t:::"2 KH ;;~" 

END J I ~ 

I F' F~::r ::::" F 1 7 " 'fHEN 
Lf':BEL. "'+ I<Hz" 

F' I'-E' q :$::;"" 4 f:J"I=c" 

E.ND IF 

1 F F :l' :o:" F 1. EJ" TI···I[ I'-I 

LIUClE L. "1 0 I<}I;~" 


F'r" f2q : ~~:.:.: " 1. 0 I ::}'h~" 


FI\ IL> J F 

IF F :$:"::"F1.9" THEN 

l.JHJ[L. "20 I<Hz" 

F"r"ecFr==" :~~ o ~::: H::" 

END IF 
IF F :t::.::" F20" THEN 
LJ1r~El. . "4·0 I<Hz II 
FI"' F~q :l := 1'40 LHz II 
nm IF 
IF F :¥:::: " F::~ 1" THEN 
lJ~:BEl... "1. 00 KHz" 
r ', 'Q qcj::-;::"100 f::: H:'. II 

FI'.ID IF' 
I'~ :.:.: N-l 

MUVE VCN) ,CappCN) 
I 

FUR I=V2 TO VI STEP X 
ClI.JfF'UT 717; "BI";'H'tL:tCI); "E", " '·01')"; 
[,,II) 11 1 
1 : I'nEJ~ 7 1 7 ; (j ? L~ 

F'r;: I I'fT • 1 ·* I , (.) 'J E~ 

\ l i. 1'4) :::. :[ Ok I 


Ca ppCN) =A*(JO A 12 ) 

DRAW . V(N) ,Ca ppCN) 

1\ 1:.:::1\1+ :l 

"'IEX T 1 
1 1"1 U1,,1 t: :S, <) 

1F F :¥:.::" F':l 1" 
L.nBFL. "1. 00 
F'r" f.~!T¥=:-'" :[ 00 
E:ND IF 
1: F' r:' ::j:: :::." F 12 " 
L. ?~iBEL. "1 :;;::0 
F : r·f~ q :t.~::::: " L ? O 

EI\ID IF 
1 F F:~~::: II r~ 1 :::;" 
L.td::;[L. ":200 
Ft··f:.'q :j;: :::::" ::::00 
[Nt) If:' 
I F F·:t:·~' II F 1 '1 II 
l.JHJFL II 400 
F· I'·e~q cr :.::II400 

CI\II) IF 
IF F,t: ::::. II 1 ~- 15 II 

TI" lFI'~ 

~.t::" 

~'L:" 

'THEN 
Hz" 
H ;.: II 

TI ·IE:I\I 
1-1;.: II 

H;:·~" 

'THEN 
~t~ " 

Hz " 

THEN 
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:::::. ::: :::: u 
:~:; : :;/I·() 

:..:::::::' ~ ~:.i () 

".;:::.~ ; C:, () 
~?::::; / <) 

:,;:::::; ':) 0 
?lI OO 
;::4 1 U 
:,;:: 4 :;;:: U 
>:4.:;:;0 
:,,!1.1·4 U 

:?'I c.:, O 
:::l·l·70 
',::"I L.:O 
:;:: ·:'I·c,() 

:;:' ~:' ; 0 ,.) 
:;~:;: j 1U 
:/~ ) :~::O 

~ ' :.:ibO 

:,?~:':';70 

~':~ ~5 c; () 
'::~c.) U O 

:;;:'::,1 0 
:.?() ~:? () 

~;:'~ r.l~. () 

:',? (: )~.:.:; () 

~? hf::.O 

';;' 6/ U 
:,~bHO 

:21.:090 
:::7 f.) U 
:Z7 1U 

:? / :~ ~:O 

:2?40 
/ / ~ :jO 

~.?)' t:)() 

·,:://0 
? 7UO 
'.:::79 0 
:,,";:[300 
: :U 1.0 

::(3':U 
': : '3 l·~ U 

, : : (:l ~::;O 

', :Ht:,O 
·,:U / .:.:> 
,: :.:" UU 

', ) ( I' j ) ::" . :I. ·lI· I 
Cap pCN) =A*(10 A 12 ) 
DRAW V(N) ,C ap~(N) 
1'./ "·" 1\ /·+· 1 
I\IE >< T I 
rOR I =Vl TO 0 STEP - X 
ULJfPl.JT 717;" D I" ; WiU:: ( I ) ; "E" ; 
(,H': If • ~5 
l\jE XT I 
E~ Ef:: F' 

Ur(APH I eEl DFF 

" ·· 0 1 ~J" ; 

PfHNT "DO YOU ~'U~NT {l F'{,.F'EF! F'L..OT < Y / I'!::: '"; '" 
I 1\IFUf F'l ot ~'I:: 
pr~ I l\1l CI-·IF\~j:: ( 1. :? ) 

c! r~ ('.F'H I Cfj ON 
I I·: F' l o t:. ~~:='"" Y " ·THEN 
I: F Fl · am(z4;c,," 1',1" TI-IEl,1 [1UlTJ ~?7 l (> 

CUN1ROL 9,3; 9 60 0 
UUTF'l.rr <7;" IN; f.lF' 1. ; I F<:; ~..'iOO , 7 ~.':iO , fiO OO , 6:?~.:) r? ; " 

(JUT PI.Jl C);" !:;C " ; \.oJ:[ ; ~oJr· ; Wb ;; Wl. 

UUTPUT fj;" P(i" ; WI ; ~'Jb; "PD" ;; loJr· ; t,.J b ;; (oJl' · , ('-JI:. ; (·n ; ('Ji... , 


ULlff' !..r! 9;" S I . 1::~, . 2 ::~; ; L 1 . ;: i , <)" 


ULJTT·' UT 9.." P ('i " ; C"d ; Y 1 c> c:-: ; "F'D " ~ Ca I'·· .. Y 1. 0 c< ; "F' U " 

ULriT'LJl '};" P(.iO, " ; C"·lb ; "F'DO" ; Ccd :. ; "F'U" 

FnR I=Yl o c x TO Ca l:. S TEP 50 

DLIIFUT· 9; JIlL; F'nO,", I ~ "YT; " 

UU fF'UT 9; " C:F' ·~~.S , ..... • :;?~."i; L.U" ; I ; CHr~ :t: (::~;) 


l'lE:Xl I 

UUTF'UT C) ;" CF' · · ~;i , ····5; D:I: 0 , 1. ; L :[;L; (~.F' {'I C :l: T() l\ICE ( p I:) " 

FOR I =Cal TO Ca r STEP 1 

IF I MUD 5 =0 THEN 

ULI T F'UT 9 ," T L.1 I 1 ~ F' (.i " ; :r .. Y 1 () c ~< ; " :<1 ; " 


I.N1 ; (:,.I t), "It.!" 

; CHHl \ ,:; ) 

Cll ..1TY L.JT 9;" f3 I • 1 ~:j , • :;~ ~5 ; D:r 1 , 0; CF'...1 • ~':! " _. 1 ; L.B " , 1 :; CHf::l C';) 

EL ~; E 

(JUTF'LJT ci; "TL.;F'(')", l;Yloc :-:; "X·T;" 

EI\jD 1F 

\\IE:X! 1 

UUTF:UT C);" ep··· l1 ,···1; l...FNUl...Tf.\UL: (V)"; C llf': ::I:: ( :~;) 


UUTF'Ur 9; "PU'·; ....I(O) ,)CdpP(O) 

1'./ ="0 

FOR I =Vl TO V2 STEP X*( - l) 

DtJTF'UT '7; "F'D";V(I'-l) ,C ~"pp ( N) 

1\1,,, 1'./-·1·· :l 

NEX T J 

UUTPUT <};" PI.J; CP 1 ,0; L B " ; Fr t::! q ::I:: ; C HF::::\:: ( ::~; ) 


N'''N ···1 

ClUTPUT 9;" F'U" ; ~J (N) ,Ci::'1PP (i'1) 


FUR I=V2 TO VI STEP X 

DUTF'l.Jr 9; "PD"; \.1 (N) ,C d PP (\\I) 


IIF.X I 1 

ULITI :'tJT <} ;" F'U" ; 

E:I\ID 1\·:· 


GUTU l :::::iO 

L.II..!TF'U r 9 ;" J 1\1" ~ 

FI\jD 

http:DUTF'l.Jr
http:l...FNUl...Tf
http:UUTF'l.rr
http:ULJfPl.JT
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