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ABS'.rHAC').' 
•. ;,....~"-"-... ~>--~.= ... 

1~heprotical l.~[;VieVl O.i! MOS ntx'l!cture l.B done. 

Ideal NOS 'S::.t'uct".Ul:e HiHl cOrlsidm:od :arst. After it 

variuus eifedt:5 8uci! as wOl'k func'cion difference~ " 

oxide chaY.'ges etc, thllt deviute the ideal MOS 

property are cU s'~ussed. 

~~hree eJ.0ci:r1cal me«flurell1elll: techniques are 

dlSCUUt;0U. 'I'he capacitance meD.sUrt!)ment technique at 

room temperature is used for the experiment. 

Desc:dpt:!.on of the experimentd. set up is glven and 

properties of indi vi-dual :l.ns·~'Cuments :l.ncluding the 

con1f)uter are dl.·!;;cnssed. 

Measurement :I.s done on th~,:en samples. Insulatinq 

1<'>1er on samples 6f and th :1.6 [!$'02' on sample 120 

t"le layer is lndl\'u",l - 1'h:tn - O;;ido 0 From high 

f.'cequency a-v measnrHinent: Rurf<.'ce charge density and 

t.m:face si:t.ta donsity 18 de"carmi.ned and thelr value 

:Ls COlUJ;lFll'ed 11i th data prev.iottd.y published. From 

" , 

combi.ned high and low frequency capacitance measurement 

values of anergy distribution of density of fltates and 
~. ,I 

doping prof~"le are obtained. On all samples the' effect 

of; i:t}.moin?tion \?as observed in depletion and inversion 

layers. Distil~ct deviation from theoretically 

predicted h:l.gh f1'nqu~mcy c-v ct:rv()s WllS observed on 

sample 12<:. TI\'o peak appears bet.ween accumulation 

and depletion laye):. ~;hese peaks 8>:t' ,at bias value 

- Q,95v and ': o.:';::v. 'Ii", o~"as value are :i.l'!dependent 



of frequency.' The capacitance values of the peaks 

dec).'ease wH.h frequency • 

. ' 



INTRODUCTION 

Hetal-Oxide-Semiconductor (HOS) struoture play 

doooinant role inwany Bolid state devises and 

integrated ·circuits (IC). The most important 

0lulJiIpies ara MOS. oapacitors(tIOSC) and HOS field ,. 

effect transistors (MOSFRT). Fabrication of stable 

and high performance silloll volume IC for purpose of 

Very Large Soale Integration (VLSI) motivated . 

thoro.ugh study of HOS struotures. The present 

interest for further IC size reduction requires 

further investigation of HOS struQtures. 

Blectric oharges in MOS structure are 

distributed in ;8 very oomplicated way. Their 

distribution depends on the potential funotion in 

tho structure, on i~purity levels and their 

concentration, on eleatran and hole traps, both 

.. shallow and deep. It strongly depends on oxide 

thiokness. In applications like semicondllotor 

devises p.l"Odllotion it fa crucial to have sufficient 

Imowledge about the tl'aps and impurity lovell]. 

Several methods have been developed for the charge 

distribution ··studv. The nost important of these 

are: I--V, C-'V, Noise maesuremontj!: and !}eep Level 
" 

Transient Spectrosoopy (DLTS). 

semiconductor 

(eg. Sl) interfat~e of KOS structures, the chango in 

1 



the plH:'iodioit'y o,f thil 11lttioe C:t'(}fl.t0S trap levels. 

TheBe intel'l~f<o(lo truPfl lntel'fiot; with 'free charge 

with I!!f1.10rity oll.rriera when tho i.ntcrfaoe state is 

biased in t" aOQum,latilm cf<)ndition. When the" 

interfnoe if! binilled in to depl@tion or inversi.on 

conditionN. tim O!Il.l:t!.N in the intoll'fOl.o<) region is 

ohanged. I t l(.ad~'j to utlsb.b:i.litV of HOi> devises. 

Desp! tc; many :vear!J of l'al!i~:ul.roh l'"nd effort of ll1any 

IlIcientistt~ and <!mgineel's interfaoe state in MOS 

struoture ia st:!.ll Ill'lknm.ffi. 'fhullI, raI!Jearoh in the 

~hya.i {HI (also Cn~l!li~trY') of inter.faoe states or 

trap,. to be naeded. Haasu reman t 

tecllfli<;tuGB hilS b0011 developed rOJ: the study of 

in!;e>rf'acc state. SOli'!1) of theclI' tlX'(') : Quasistatio 

Cll!paoitalloa VOltagfl «!-V) teohnique, Conduotanoe 

taohniqu~, DLTS. Electron spin resonanoe (BSR). But 

"" oonsidered the first three teoliniqu0s in Clur 

work. 

The obje.otiv® of tlla thesis i.B to introduce 

the individual O1lethoo!ll to our Physics department 
• t·" 

fOJ:. iru:~.tl!'v.:'1lent oontrol " . .ltd co'l<\par.~ the result 

obtained with tho theoretical rcr:mlt. 

ideal MOS 

atruutUl'e. It ciell1cr.illel'!l oharge diotl'ibutioll near 



the su~fac3, high and low frequenov oapaoitance of 

the interfaoo. The seocnd ohv.pter given brief 

discussion of effects like ini:erfaoe trapped and 

oxide oharges, ~fork-J.1unotion ditf'er.'enoe IU'Id Bome 

others. It doals with ofl.rri0r transport in 

insulating films (mddes) too. 'I'ho third ohapter 

giveu brief desoription of m6SI'JUrement teohniques . 

. The foul'th chapter includes apparal;us mtd their 

arrang6llJOnt, t"dm < 'JI::6S used in our work and 

eXf!orimontal reSlllt and diocJUs!!lion. 
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CHAP'l'ER 1 ...... -~-~--

Ideal l·l(~tal - Ov.:ide ~ Semiconductor (MOS) , structure. 

Introduction 
-----~-~~ 

The Metal"1nsulator-Semiconductor (MIS) structure 

is very useful in experimental study of the semiconduotor 

surface. Since the reliability and stabUity of semi·· 

conductor devices are related to t.heir surface conditions, 

an undex's'tanding of the surface and interface physics with 

the help of MIS structure is of great importance. 

The MIS structure was first px'oposed as a voltage­

variable capacitor in 1959 by Moll 1 1 I and by Pfann and 

Garrett 'I 11. Its, characterst:ics were then analyzed by 

Frehkel and LindEn< I 1 I. 'J!h,l MIS structure ~TaB first 

employed 1n the study of thermally ox1dized s11icon 

surface by ',I'erma,n and by r.ehovec and Slobodsky I 1 I. If 

the insulator 18 an ox1de, then the structure 1s refered 

to all to1etal-Oxlde-SemicOllductor (MOS) structure. 

1.1 Ideal MOS structure 

The MOS structJ,lre is shown :tn Fig. 1, where d 1's 

the thickness of the oxide ruld v is the applied voltage 

on the metal plate. Throughout this paper we use the 
. --}-., 

convention that: the voltage v j.B pOf;ltlve when the metal 

plate is positi.vely b1aaed I'lith respect 'co the ohmic 
, '. 

contact, and v is-negative when the metal plate is 

negati vely biased 'VIi th rElapeet to ~:he ohmic contact. 



v Fig. 1 MOS structure 

OXIDE 

SEIHCONDCTOR 

OHMIC CONTACT 

The energy-band diagram of an ideal MOS structure 

for v '" 0 is sho~m in Fig. 2, for p-type semiconductor. 

An ideal 1-108 is d~,Hned as follows I 1 I. (1) At zero 

applied bias, energy difference between the metal work 

funct:lon $m' and the semiconductor \10rk function q, s' 1l
ms 

is zero. 

Vaauwn ZeveL 

v '" 0 

. M E'P AL OK!JJ.& 

Energy band 

diagl'am of ideaZ 

MOS sti>uatul'e at 

v "" 0 tOl' p-type 

semioonduatol' 

The ~pllp~:ing relation applies: 
.... E 

4>ms ,= *m - (; X + ':1/2,9 + >jiB) '" 0 for P-type 

(1.1.1) 

Similar.ly 
15 m. - (~+ g/20 - • ) a 0 m e for n-typ13 

(1.1.2) 

~. 

I 



" 

vJhore ,p is tho mntal Vlork function, X the" semieonductor 
,.1'.1 

electron affinity, Xo the oxtde electro)) affinity, Eg. the 

bandgap, <jiB th"; po\~ential barrier bah/een the metal and 

the oxide, and ifJ B the potential diJ;ference between the 

Fermi level Ep tald the intrinsio Ferm]. level E i . In 

other wo):,ds, the hand is flat (flat-band condition) when 

there 1s no applied voltage. 

(2) The only charges that can exist in the structure under 

any biaslng cond! tions are thos(~ in the semiconductor and 

those wH:h the (~qual but opposlte :31g11 on the met.al sur-, ' 

~. 
! 

face, adj,;went to the', insulator. (3) '1'here is no carrier 

transport: through the'insulator under de biasing conditions, 

since the resif:1tivitly of the insulator is assumeC\ to be 

infini ce. 

(e) 

. " 

, 
Fig. 3,,· Energy ~ band diagrams of ideal HOS structure 

",hen v 'i 0 fOl: P-type semiconduotor, for the follo~'ing 

cases: 

(al aecumulatlonj (b) depletiol'l'~ (0) lnverslon 



When an lde~l HOS str.uctur0. is biased with positive 

or· negat:l.vG volt.age, bas:wally t1rr.ee caser!) may exist at 

the p-type semiconductor. When a.negative voltage (v<O) 

is 'applied to ·the metal plate, the top of: the valence 

band bends· up~lard and is closer to the Fermi level (Fig; 3a) 

i 

For ideal MOS structure, no current flows :I.n the structure, 

so the Fermi level remains constant tn the semiconductor. 

Since the carrier density d0gends exponentially on the 
_EF _ Ev 

energy differ.ence (Ep - Ev) , P '" Nv exp ( - ), 
KT 

this band bending causes on increase of majority carrier' 

conductivity near the semiconducto::c surface. This is the 

"accumulation" case. l'Thel1 a small positive voltage 

(v > 0 ) is applied, the bands bend downward, and the 

concent:-:ation of major! ty carriers decrease (Fig. 3b). 

This is the" depletion "case. When a large positive 

voltage is applied, the bands bend even more down~lard so 

that the intrinsic level Ei at the surface crosses over 

the F~lrrnl level Ep (fig. '3C). At this point the number 

.of ehlctrons (minority carr!el's) at the surface ts large 

than that of the holes, tho type of conductivlty of the 

surface is thus inverted ( to n-type). This is the 
." !-... 

"inversion" caRe. Similar results can be obtained for 

the n-type. FJemiconductor. The polati ty of the voltage, , . 

however, shonld be changed for the n-type semiconductor. 

, 7. 



(b) 

(e) 

Relation between aurface pott~l1t:lal t 'space charge, 

a.'1d electr1c Held \vill be discu::l'fied. The relaHon will 

be used later to dir3cuss c"v characterst1.cs of ideal MOS 

structure. 

Consider a P-type semiconduct:or ,~ithout surface 

states as shown jon Fig. 1;\. 

-Qn f1 ' 

o 

- HOS structure 

Eg '" g •• E 
c " 

- Energy band at 

large positive 
bias. 

- Idealized charge 
.distributions ~Iith 
in the semiconductor 
for large positive 
bias. 

eHJ\w and Qn are 
density of ionized 
acceptors and electron 
per unit area in 
inverston region 
respectively. 



(d) 

(e) 

E(X) 

F_41A<fir",,-IQs 1 /8QX 

.. 1jJ (x) 

~Electric field for 
charge distribution 
given ahove. 

- Potential distribution 
(V~vo +1jJs. applied 
voltage) 

In Fig. 4b the potential 1jJ is defined as zero in the 

bulk of semiconductor and is measured \11th respect to 

the intrinsic Fermi level Ei • At the semiconductor sur';' 
-' ~~ 

face, 1jJ '" 1jJ , and 1jJ <, is called the surface potential. 
s '" 

The e:)..ectron and hole concentration as 1.\ function of IjI 

are given by the relation: 

9 
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np ~ npo exp (.8q! ) 

(1.2.1) 
p :;~ P exp HlW) p po 

where npo anti P po at'S the equilibrium densitiea of ele9,tr­

OilS and hol.es respectively, in the bulk of the semicondu­

ctor, and B ~ e/KT. At the surface the densities are 

p 
s 

(1.2.2) 

From our discussions ill section 1.1 and with the help of 

Eg.' 1.2.2. the following regions of surface potentials 

are distinguished 11 I : 

W < 0 accumulation of holas (bands bend upward) s 

We >~ 0 flat-band condition 

We > 1/1' > 0 

. . 

depletion of holes (bands bend do~mward) 

midgap with ))s "" l? s >= ))i (lntrinslc con~ 

centration) 

inversion(electron enhancement, bands 

bend dowm/ax:d) • 

Under inversion condition, el~ctrons will be attrac-
!' '. 

~ 

ted to the surface aothat the negative oharge in the 

semiconductor will consist partly of the electrons in a 

narro\>l inversion region near the surface and partly of 

f 

the exposed acceptor ions in the depletion region (Fig. 40) • 

At large biases the charge of the eleotrons dominates, 

10 



in .,contrast ;-lith i'\ l':9ve:cs biafled p-n j unot:i.on where 

aooul\mlation of minor.ity 'ca,,;.ri(lr.a i~ .i.mpo6sible and all 

of' the chargo 1'OIlHt cQrmist of the aoceptor.;j.ons with in 

the deple):i6n, !:eqion;' This rasul i, is ve'J;y important 1211 
.. 

In ar:~verso biased p~n june'cion the width of the 

depletion region wEl }:eep increasing \-IUh irwreasing " 

bias, wher.eas in an MOS tltruoture it will not. 

The presence of electron ~.I1Vim$.i(>t~,. region ''1ill 

detel'Il1ine the slze of the deplet:l.on region under the 

gtven de bias. The depleti.:>n width .. <,lim be defined from 

charge neutrality req!.li.t'.n~'LEl. I . . 

Where On. is charge pflrun1t area on the metal, On is 

elect:r.Oll pex urd.t area :1.11 the ilwer£d,on region, oNAW is 

the ionized aoceptors por unit: area'in thaBpaco'charge 

region with apace charge wj.dth ~1, and Os is t.he total 

chargflper un:!. t area in the sem:l.conductOi:. 

'to arr:l.ve at tlie rasultof :tntor'est, coner~,uar olle 

. c11mensional po:l.aeofl' a equatiml, 

(1.2.4) 

Wh~re P (lC) in total .space-oharge donsity :tn semiconductor, 
, 

V! is ppt:(.m~;.:l.a,l dU(4 to charge <l5.f~tl::l,l';ut1,ol'\ under ool1!lider-
,- t . .... 

ati(;lt'l/ and eli! is pS:t'7<1itiv:l.ty of tlGlUiconductor. Total 

apace~char.ge oenslty :lag:!.v~nby 

p (X) .. a (N+ •. , N~ + P .' n,.,) p p". 

0 .• 2.5) 



'< 
,->-,' .~ .• 

.. 
~lhk~ Irt: and NA U);:<1 t:h~; ~km~1ttler& 0 f ·the ion.l.zed donora p 

and i:<ClO'llpto:i:'S, n)~pecl;,j.viltlY' The cond:lt:!.ou of: c,harge . , , -' 

Mmt.:talH~y mnst "'X:l.~lt in tlw bulk, that is;' fro: from the 

1'lUY.i:a{'"" >'1&')1:'0 I/J (x) ,~ ("') " 0 and (J lx) '" p ("') '" o. striae 
. .' 

1riJpur. j.ty il3 fully ion13ud it follo~1B 

Ni) .- , 
(1. 2.6) 

Using Eg. (1..2.1) f (1.2,5) ~ (1.2.6) a))d int<'lr;p:'atiug­

Eq (J.. 2 • <1) yield!> 1l!1eetd,c Held g1,v.::-l'I .by 

g. '" .± ;;~' ({O~!3tP -:- BI/I~l)+nPo/ppo (etl\jl .. f.ltjJ •.•• t)J~ I' 
P . 

!itT~'~:i 
~ ....... _--, \ 

$~P . . ' pol 

where I~l) 1m 

!ntro"dno:!.nt;1 

C!al1ed the '1!Xtt'il'HS:i.C 

the iV.notion li' [3] 

(1.2.1) 

(1.2.9) 

(1.2.10) ! 



to plroduca this field cia 

computer pm ~lral\l sho\'l:l.ng' tl1a dependenoe 0,1:; 08 on,. ~i s 

is prepared, Name of the l?:t'O~l:'1'!~1 isl'Sad .. Sp" (EI~~ 

.,'ppendi.x .1\).; It I!lh<H~fl the eff!;'loi;: Qft~},?ll!t~*,iJl\'~al~¢i,dop;lng 
. ' .. / ~,~-._ .,';\- :,>,~\-... ~L~.':_:·:_ _ _ . 

density on space chaJ:9i1:lden~i~y.~n4~Cllr9Yl?ilnd. : At temp-

erature T '" 300
0

k va.rying t1i(])oonqent:c~tionon.e catl see 
, 7 ." 

5:-;:10" lea the seroio:.mductor is that near and abov$ N" '" 
. :4', 4t~ . '. 

de~i~mel':ate and depl\;;Uon region illoreases. 
! .' . . 

concen'cra ti~n decreases to a v",1tlf) .101-p)~c 
As :the aoceptor 

tl1@ aem:loon-

ductm: haoomes in';; r ins i 'J tJ{Pf.';, dep~eti~'n ~~ :l,on 'decreases • 

tl~e hand gill? inc11'~MCS and'~,,"lovr ,';his value l,t changes to 

n.-type semiconduotor. Th'il blind var.v:tpg ~vi th ooncantrat;ion 

with regpaci; to the Perrot leval j,$' vaienClli>. band. 
. 15 . 

conoentration NA '" 4xlQ Icc a!ldfOl: tempGratUrG 

below 215
0
k, thl' sem:l.conduotor,hec<;lJ\\es dWJtm,erate and 

\'iepleti<;m regj,ol1 inc.a:eanf:ls. As the tempel':ature inoreaaea 

the depletiol'f'~egi()n d~Cre"nil!~a a.nd the 0el11iCt,'lnduot.Or tendr. 

to hav.e. intrinuic beh,wiour. Roth ,banos Eound Ev' shift 
j': -

iela.t,tye to the Fel'm:l.lQvel'.Cotuput()lr~:l.mulatad ~ aph :l.s 
. ' 

shown In :Fig. 5. !'lila tone oO'.llSeerxQm the IJ.1wph in 

relation to the relatlons de.rtved abov(\ ts the follo~ling. 

libr nogat;l.ve ljI~ t Q", 13 pos;it:i.'pj) and co:rr~}3J?onds to the 
il ., 

~ccuml.!lat:.1.ol' reglon, 'J!h~, fUil.ct:l.on l? i& dI)l1l:j.):latC:lQ by the 

Brat hmn in Eg. 1. 2.6 r thl~t JG Qn '" ~l't' <*1'/1\0.1 Z2~'t.l •... 
'-to. ' 

13 



For IjJ '" 0, we have tho ,flat-band condition and' Q '" O. s S 

F'ol:' 'IPS> IjJs > 0 , Os 18 negat1ve and we have the doplot,-

ion case. 'rhe j:ullction ~' is now dominated by the second, 

term, that is, O. 'V,I \)I. F'or IjJ > > IjJ 0 we have the 
aSS /oJ 

inversion case with function F dom'inated by the fourth, 

that is, Os 'V exp (eljl/2kT). Also the strong inverslon 
s 

begins at a surface potential, 

(1.2.12) 

In Figure 5.a 

1, NA '" 1010/~c 

2, N = 13 ' 
A 

10 ' Icc 

3, NA '" 1015 Icc 

4, NA .. 1017/0c 

In Figure 5b 

1, T '" 21So k 

2, 'J! '" 250()k 

3, T '" 3000 k 

4, T '" 3500 k 
•• ,~ I 

The long vcrUeal Hnes show the correspond.ing strong 

inver~.ion potential 21/ln and shorter once to the left of 

O.2V, corresponds to valence band and to the right of it 

corresponds to conduction band ~Tith the k'errnl level at 

the origin. 



Fig Sa 

" . ,_ I 

h . 
• p I 

Fig 5b 

Concentration variation 

Temperature variation 

Fig. 5 

1 !i 

i 

I 
I 
I 
! 

• ~ . ~ -1 .... _.L.~ J 
.9' 1.9 l.~ 
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To determine the change in hole density bP,' and 

electron density lin, per unit area .when lJi at the surface 

is shifted from zero to 

-
-- . _. -.- .-..,.. "' .. '" . _ .. ... --

I . 
I 

I w 
Fig 6 

.-;, 

lJi g , consider Fig. 6 

<9. 

1;' '" 10 (P (x) -p (co) dx 

(1.2.13) 

Making change of variable 

and the necessary substltu-

(1.2.14) 

(1.2.15) 

But one can see that ebn is nothing but Qn' hence 

" 

2 .. 

'" :._.2~l'0 
Irk'!' 

".'" 

I 
(1. 2 .16) 

Relation between "On and Os Clan be found from Eq. (1. 2.16) . 

that 

(1.2.17) 
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Limltlng cases: 

Case 1 1J! ... 0 that is IjJ + 0 s 

Q (1jJ) 

:n12£~ 
£s/L (l+l1po/p )1..i 

D po (1.2.18) .. 

CaSE! 2 

(1.2.19) 

From the above analysis, for small 1fJ, On (OPs) + 0 faster 

than Os (see Eq. 1.2.18). Hence, Qs ::: GNAW (see Eq.1.2.3). 

F:or large IfJ On (1J!s) :;: Qs' which inturn sho'.'ls that the 

depletion region ceases to change with inoreasing voltage. 

To obtain potential as a function of position, consider 

Eq. (1. 2. 3). "Spaoe-charge dens i ty is given by 

.' (1.2.20) 

Solving posson's equation using conditions 1jJ'(w)=O=IfJ(w) 

we get 

(1.2.21) ~) , s 
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Relation bah/can applied voltage and' surface potential 

is obtained cons!derill9 l:"ig 4e. Applied voltage v, is 

given by. 
v :< V + W o s (1.2.22) 

From the continuity condition, electric displacement 

vector at the insulation - semiconductor boundary 

1.1.2.23) 

where Vo is voltage drop across oxide, cox is permitivity 

of oxide and ~o is electric field in insulator. Since 

Vo .. t'od .. ( I Qsl/coxld using Eq. 1.2.11, Eq. 1.2.22 

reduces to 

V ~ (2kTd F(eW 
eL E: ' D: oX 

) + t/!s 
(1.2.24) 

When ·the applied voltage increases, Ws and w inoreases. 

Eventually strong inversion will occur at IjJ s (inv) ~ 2W B • 

OncEl strong inversion occurs, the depletion-layer ~lidth 

reaches maximwn •. When bands are bent down far enough 

that We'" 2ljJe ,. the semiconductor is shielded from fl1r.ther 

penetration of the electric field by the inversion layer. 

Accol:dingly, the .!naximl1m width Wm 0 f the surface depletion 

region under steady-state condition can be obtained from 

18 



'!'he turn - on voltage, VT , at which strong inyersion occurs 

can be obtained from Eqs 1.2.3( at V
T

, Q'~ '" eN
A

,W
n
),1.2.l2 

and 1.2.25 and we get 

(1.2.26) 

computer program which Hhows the dependence of q,s on 

applied voltage for p-type silicon with NA 1016 em -3 and 

oxide thickness taken as a parameter is prepared. The 

result shows that for a given applied VOltage when the 

oxide thickness is small surface potential is large and 

when oxide thickness is large sui' face potential is small. 
a 

l"or very large oxide thickness (<v. 40000A) the graph aluost 

coincides with q, ~ 0 11ne, which shows that almost all s 

applied voltage drop across the oxide. Name of the progr am 

is liSp - Ap - V" (see Appendix A ). Computer simulated 

graph is shown in Fig. 7. 

4000~ 

Fig.7 
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1.3 Capacitance of MOS st:t'ucture 

The charge distribut.ion tn 110S Htructure can be 

experimentally determined by the capacitance messurement. 

We have two types of capacitance, constant capacitance 

and differential capacitance. coostant capacitance ls a 

capacitance value obtained simply by applying a de bias on 

a capacitor. Whereas differential capacitance measurement 

is done by superimposing small alternating voltllge.-on a 

dc bias ,dth the help of capacitan.ce bridge. Differential 

capacitance is the most important in MOS capacitance 

measurements beCaUlH'l small-signal measurements determine 

the rate of change of charges with voltage. 

To derive the small-signal equivalent circuit of the 

MOS capacitor consider Eq. 1.2.22, rewriting 

v(t) '" Vo + 1jJ (t) s 

v(t) '" v + ov(t) and 

(1.3.1 ) 

,,, (t) '" 1jJ + 0'" (t) Fa s·s . 
(1.3.2) 

Qv(t) - superimposed small dC voltag'3, oli> (t) - surface 
s 

potential due to small ae 

Field in the oxide 'E;o _. 

voltage. 
v(t) -~_ 

d 

Using Gauss'g la,... (see Eq. 1.2.22) 

vlliere Co is oxide capacitance per unit area 

20 
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In' addi.tion there will be a small-signal var iatio.n in Qs' 

oQ (t}. If oQ (t) is small enough .to be in the small-s:1.gnal S s 

regime, it can be estimated using only the first term of 

a Taylor series expansion of Os' 

.. 
(1.3.5) 

(1. 3.6) 

The equilibrim version of Eq. 1.3.4, that is, with 

no excitation is 

- Q (rp ) 
S S (1.3.7) 

Subtracting Eq. (1.3.7) from Eq. (1.3.4) and using 

expressions in Eq. (1.3.2) and rearrangillg terms, we get 

6$ - c Ie '$ ) + C I -l6v sOD s . 0 

(1.3.8) 

Finally, the tota~ capacitance per unit area C, which 

relates 6Qs to the 

C '" 

small-signal ac 
_ 60s DQ

S - -- == 

gqte vo 1 tage, becomes 
&rjr s 

OY 6rjr s OY 

C '" CoCo (1.3.9) 
Co+C D 
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Eg. (1.3.9) Expresses the tDtal capacitance per 

unit area of the HOS capacitor as a set" ies combination of 

the silicon caracitor per unit area and the oxide 

capacitor: per unit area. Since CD is bias dependent it 

acts as a val' iabJ. e capac itor • 

Explicit expression for CO' can be obtained using 

Et;:. (1.2.11) 

= 

At flat··band condi ttons, that is, 1fJ s == 0, CD is obtained 

expanding the exponential terms into series, and we obtain 

Co (Flat-band),~ £s/L 
D (1.3.11) 

Total capacttance at flat-band condition, that is, 

v ~ 0 ( Ws = 0 ) is obtained using Co ~ EOX/d and Eqs. 

(1.3.9) and (1.3.11) 

" cox 
d+ (-,._-) I'D 

E: s (1. 3 .12) 

Tux'n-on voltage, (on set of strong inVersion) capacitance 

is given by 

" C I '" min 

>: ox 
---~ ....... ----
d+( 
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'. 

Combination of Eq. (1.2.24), (1.3.9) and (1.3.10) gives 

the. complete description of the ideal Io'OS c-v curve as 

sho\,m in Pi.g. B. 

Low frequency capacitance is t.he capacitance measured 

under the condition that the minority carriers able to 

follow the source signal. It is said to be high reguency 

capacJ.tance if it 113 unable to follow the source signal. 

All the discusslons above holds for low frequency 

capacitance. Even if it includes high frequency case, 1n­

order to see the effect at high frequency consider Eq. 1.2.3 

(P .1;1.)' From the deflnition of cUfferentia1 capacitance.! 
dOg 

C "" crv-- ' where dQs is lncreament.a1 charge on the metal 

e1ectrod for a voltage change dv. At. high enough frequen­

cies, when the minority carrier generatlol'l rate is too 

910\,1 to follow the signal var.iatj.on, dOs corresponds to 

the charge of hole distribution given by shaded area A in 

Fj.g. 4c. Hence high frequency capaCitance is 

From Egs (1. 2.3.) ,. (1.2.21) and (1.2.22) 

v 
.' 

From this 

+ 

Qs2 + Qs 
( 1 Qn 

=2efff:-- r----
A 9 Co '2eNA€s 

. ffeN
A 

<:;-. 2 --.. -.--­

I --:~-- - Q) + 8eN £ V Co )1 A B 
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'. 

(1.3.16) 

li'ig. 8 MOS capac! tance­

voltage curves. (a) 

fre.quency 

(b) Hi.gh frequency • 
. . 

As to majority carriers, since ita concentration is 

very large one can ill assume continuous volume distribution 

of the charg~ (carriers). Characterstic response of the 

semiconductor (medlum) is determined by majority carriers. 

Hence the life time of majority car.t'iE'xs is almost equal 

to the value of the time response of l:he medium which is 

equal to c/o; \'o'hare c permitivity of the medium, and (} ,. 

conductivity of the medium. Usually it is of the order of 

10-
9 

to,.lo13 sec. Hence majority cettr im:s c:an f0110\'1 both 

high and low frequency signal sources. 

Both low (aJ and high (b) frequency c--v curves. are 

shown in Fig. 8. It. Shm<19 that at the left side (negative 

voltage) we have an accumulation of holes and therefore a 
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a high d:lfferential capacitHnce of the seIni,~onductor. As 

a result the tot.al capacitance .is c;lof)e t.O the illfJUlator 

capacitance. As t;he ne9atlve voltage if> reduced sufficiently, 

a depletion region i(1 formed near the semiconductor surface, 

and the total capacitance decreases. The capacitance goes 

through a minimum, CInin (and corresponding vol tags, Vmin) 

and then increases again as the :!.nversion layer of electron 

forms at the surface. Note that the j.ncl'ense of capacitance 

depends on the ability of the electron concentra tlon to 

follow the applied ao signal. This only happens at low 

frequencies where t.he recombination-generation rate of mino-c 

rity carr1ers can keep up ~T:i.th the small-s1gnal variation 

and lead to charge exchange \olith the inversion layer in 

step with the measurrnent signal. 

computer program ror Iml-fr.equency c-v curve is 

preparod. File name 18 . C-V-Mos" (see Appendix A ). It 

shows the dependence of capacitance on applied voltage with 

oxide thickness taken as a parameteL. For very small oxide 

thickness ('V lo°A) Clllin iH almost zero, the width of depress­

ion decreases ·tending to have constant value. As the oxide 
,. 

thickness lncreas€ls the c&pacit.ance minimum shirts to the 

r 19ht and the !'-lidth lncreascs. l?or very large t:h;l.ckness 
" 

( '" 40000°J\)one can ~ot Hnd the depression, that is, the 

capacitance value :ts almost equal to the oX:!.de oapa.citance. 

CU1:'vas obtained from computer simulatlon are sho~m in 

Fig. 9. 
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CHAP'I.'EH 2 ..... ~>--... -..-..---

12: tro.1ucti2-'l 

In the pl:'evj,ous chaptel" ideal MOS str.ucture w:.re 

considered. In ~1xl?erimental study one can not find ~!OS 

structure that fulfill ideaH ty conditions. But experiment 

is done on real f.IOS structurfJ. Real MOS structure contains 

trap states I 5 1 at the 11lterJ:ace that contribute a space 

charge located at the sur,face. These interface traps and 

related charges affecte the ideal MOS characterstics. The 

space charge depends 011 the positj,on of the Fenui level 

EF at the surface and on the distribution of trap states 

across the band gap of the semiconductor. 

HOS structure with charges 'related to traps are shown 

in Fig. 1. These are mobile and immobile charges in oxide. 

According to the standardized termillology given 1» 1980 14 I" 
mobile charges are mobile ionic charges (Om) (such as sodiunl 

and pota.simn 'ions) and :!.mnubiles are oxide trapped charge 

fixed oxide charge (Of) and interface trapped charge 

V.obHe ionic 

1 

.,.+ + 

~ OXid: trapped (Fixed ') xide 
charge (oot) charge (Qfl 1 

~ 

ill m ill [£j I±l 
~*-,,;"';'--l(-~'-----'-__ --l 

i 

charge (Qm) 

Interface trapped charge (Q1 Si 
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Several other-factors exist: that affect ideal .MOS 

characteret:ics. 'l'hese are work f.unction difference and 

other :tnfluences oucll ilf,l ,d'f,;ct of: hemperatUl"B, :Lllumination 

etc. There exists also current: transport in oxide which 

has its own effaet on HOS charaote.rstics. In this chapter 

VIe are conCerned primarily \d th these factors and related 

l;op.tcs • 

• 1 Interface 'l'"capped Charge. and Sur face Statos .. 
• 1.1. Interface Trapped Charge (Q,tt) 

Interface trapped charges 01t' I-lhich are located 

at the 81 ~ 8i02 'interface exist with energy states in 

the forbidden band gap of silicon due to the interrup­

tlon of the periodic lattice structure at the surface 

of a crystal as. explained 1n secti.on 2.1. 2. They can 

also be oreated due to structural defect:s lnduced during 

the oxidation or metal 1mpurities or other defects 

caused by high energy radiation or charge injection I 4 I . 
'fha existance of nit \-la13 confirmed experimentally by 

Shockley and Pearson in their sUle'fa ce conductance 

. meaS\1rment. I 6 ! 
, i. 

AIl interface trap. I'lhere interface charges can be 

trapped, is considered a donor if 'it can become neutral .' . 

or positive by donating (giving up) an electron. An 

aoceptor interface trap can become neutral or negative 

by acceptl11g an 016c1.:ro11. The distribution functions 

for the interface traps are: 

28 



1 -

for donor interface taps and 

(2.1.2) 

for acceptor interf.ace traps, where Et is the energy .. 
of interface trap, F'is },'ermi energy and 9 is ground-

state degenenacy, which 16 2 for donors and 4 for 

acceptor. 11 I 

When a voltage 15 applied, the interface-trap 

levels move up ordo~m \'/'ith the valence and conduction 

bands I while the Ferml level remains fixed. A change 

of charge in the interface trap occurs when it crosses 

the Fermi level (Fig. 2). Thls change of charge contribu· 

tea to the 1>I0S capacitence and alters the ideal MOS 

curve. 

(a) trap filling 

(accumulation) 
Fig. 2 

29 

.E:.-; 
---r,:~ _"" ______ I;!:;r 

(1:-) emission 



.. 
EQUIVALENT CIHICUI'l' For ideal NOS structure total ---

capacitance was cons.idered to be a serles combination of 

oXide capacitance and depletion layer capacitance. The 

basic eqUivalent "cirCUit I 1 /, first introduced by 

r,eho'Vec and later. improved by Nicollian and Goetzberger, 

incorporating the interface trap effect is shown in Fig.3. 0---_ 

.T"'R C (a) s B 

In Fig 3, Co and CD are the oXide capacitance and semicon­

ductor depletion layer capclCitance, l:espectively, C
s 

and 

Rs are capacitance and resistance associated ~lith interface­

tr aps and are functions of surface potential. The product 

C Rs is defined as the interfuce··trap··life time, which s . 
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determines the fX'equl~ncy behaviour of the interf.ace traps. 

'l'he p<tta11ell branoh of the equivalent c;'rcult in Fig.3a 

can be conver ted into a conductance G in . p para llel ~lith a 

capacitance Cp ' as 8ho~m in Pig. 3b. Both G ilnd C are p p 

fr eguency dependent. 

Admit t.ance (2. L 3) 

Using inverse relation of impedance and admittance, .. that 

is, z '" l/y p we obtain 

Cs + iOl( Co + -----) 

Compar ing gqs. 2. 1. 3 and 2. 1. 4 

G 
P 

W'T Ce t:. __ ~_~~_ , C 
P 

The input admittance Yin is given by 

Similarly 

1+ 00 2 '(2 

'" C + D 

G '" in 

0l2C T C 2 
__ J_.--'O'--_-,-_____ ~ 

and 

C '" in 

(Co +C
S 

+CI) 2 '+ 
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One can see that in tile absence of h:erface traps i.e. 

Cs - 0, Eq. (2.1.7 ) reduces to Eq. (1.3.9). 

Interface traps 1n the 81 - 8i02 system is comprlsed 
. I 11 of many levels. . 'l'he levels are so closely spaced in 

energy that they cannot be dtst:Lnguished as separate levels, 

and actually appears as a continuum over the band gap of 

the semiconductor (their nature ~lill be discussed in the 

next section) Time constant of thl~ equivalent clrcuit for 

an MOS structure with a 8.ing1e energy level should t.l)ere­

fore be modified. We muat also consider the statistical 

fluctuation of surface potential due to surfHce charges 

because small fluctuation in 1jJ causes a large fluctuation . s 
in t, -as seen from the r.elation 

1 _ e (1jJ~ - 1jJ ) 
T - --_-... exp I S I for p-type -va prji kT (2.1.8) 

1 e.(1jJa--=: tJi,! ) 
t '" ---- exp I for f)-type 

vanni kT 

refer :li'ig. 4 in chapter I, 

\~here ap and on are the capture cross section of holes and 

electrons, resp~ctively, and v is the average thermal 

velocity. I 1 I But this is not considered in this paper. 
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1.2 Surface States. 

In order to understand the nature of. int.erface 

st<lt(~, let us consider. the effecb of crystal lattice 

boundry. 'l'he interrupt.ion of the periodic l~{ttice 

structure at the surface of a crystal is a source for 

the formation of traps in the forbidden band gap. '1'0 

see the changes which the eXistence of the boundar.tes 

introduce into the energy spectrum consider a one dimen-

sional model of the lattice, k'ig. 4. 

(x< 0) 
t\(x)'~ u ___ .... .{.l""-_ ~:~:-~nl.:e cryst::_lx>O) 

@ 

.. 

u(x+a)=u 

Ir. the interval x<O, u(x) '" Uo and in the interval 

x > 0 u(x+a) '" u(x), where a is the periodicity of the 

crystal lattice. Schrodinger equations in the first and 

second intervals al'C of the form 

_ !l_2 •. d21/J1 (x) 
-- + U I/J (x) = EI/J (x) 
2m o 1 I 

x<O . 

(2.1.9) 

x>O 

For E<uo ' '·solut.ion in the first interval is given by 

iltx I/J (x) "'Ae 
1 

, 
(2.1. 10) 
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where A is a constant:. 

Solution in the second intol:val: lfor larqe positive x 

the boundary will little affect eleGtron motion, the 

solution should accordlngly be in t.he form of Bloch 

functions. 

HkX'f tV (x) ~ e _. (x) 
2 +k 

contlnuity conditions at the boundary. require k to be .. 
complex. 

Let 
(2.1.11) 

Solution in the second interval is given by 

(2.1.12) 

To find the relation between A and B consider the 

continuity of the \>lave function and its derivative at 

the boundary (X ~ 0) 

and 

It f0l.10~lS that., from Eqs. 2.1.13' and 2.1.14 
" 

;)( 'fk(O) .., ik ifk{o) + 'tk ' (OJ 

I( ~.ik + f~ntpk (0) J' 
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The l:ight hand side is complex one, on the oth~)r hand, 

~.i.6 l:eaL I..et, 

(2.1.16 ) 

separatj.ng real and imaginary part. Substituting 

Eg. 2.1.16 into Eg. 2.1.15, rearrmlging and separating 

real and imaginary part, we get 

de '" >. - k2' k 1 ., -11 (2';1.17) 

Expression for the energy E (k) = U
o 

- rr:(k _>.)2 
2m ~ 

(2.1.18) 

There is definite '~and structure of E(k) '" E(k1) for 

k2 '" O. Possible values of ~ in the expression for the 

energy are limited by t.he condition ~ '" .l.., where 

.l.. ~ Re r ~. ~k (O)J I, since ~k(x)lx=o is a function of 

k. For k~ 1 0 and for fixed values of .l.. the energy 

turns out to be a quadratic function of k2 for all 

value of .l... But '\:his means that for k2 1 0, new energy 

values appear in the energy spectrum of an infinite 

m:ystal, since in the latter. case they \>lere described 

by the condition k2 '" O. New levels due to crystal 

bounqaries should be located in the for.bidden band. 

Consider the states whlch cor.respond to these levels: 

~I (x) 
1 

1jJ (xl 
2 

A eM'x (2.1.19) 

(x>O) 

(2.1.20) 



We see that the ~uwe function!! of states generated by 

'the bounda):::l.es fall off exponentially bo.th aides of the 

boundary Jt means that these Bt<\tes are localized 

wi thin a boundary layer whose thiokness is of the er'der 
-1 of k2 • The states are tor-med surface states, the 

additional levels are termed surface levels. The concrete 

form of the expression for surface levels depends on 

the ferm ef the potential u(x) and the position of the 

boundary ill respect to. the field through [ ill If k tel) J ; 
In addition to. surface ('l'amm) levels the surface 

layer contains many localized states due to. numereus 

field imperfections (defects and adsorbed atoms). The 

number of states corresponding to. Tamm levels is const­

ant for a given crystal, but the number of states due 

to lattice deffects and adsorbed atoms may change 

depending on surface treatment. Various interactions 

are possible between the electron states on the surface 

and in the bulk of a crystal, and as a result surface 

states greatly affect physical processes in the semi­

condUctor. 

2.2 Oxide charges 

Oxide charges include the oxide fixed charge Of' 

the ,9x:J.¢le trapped charge Qot' and' the mobile ienic charge 

Om' 
Properties of fixed oxide charge I 1 I: - It is 

fixed and cannot be charged er discharged ever vdde 

variation of 1J!sl .its density is not greatly affected by 
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the oxide thickness or by the type or concentration of 

impurities in the sili.eau 1 it is generally positive 

and depends on oxidation and annealing conditions, and 

on the silicon orientation. 'fhe origin of fixed oxide 

charge \~as suggested to be excess· 13il:l.con or the loas 

of an electr,)u from oxygen centers. 

'I'he presence of Of at tho int.erface causes the shift 

along voltage axis of c-v curve (high frequency)discusaed 

in chapter 1. For both n-type and p-type substrat~s, 

positive Of causes the c··v curve to shift to more 

negative values of applied d.c. bias with respect to the 

ideal c-v curve, while negative Of causes the c-v curve 

to shift to more positive voltage. The magnitude of the 

shift is given by 

(2.2.1) 

where Co is oxide capacitance per unit area and Of fixed 

oXide oharge per unit area, 

c 

-----~o--~'-· -_4f'''-~-:+--~'' 
(a) 

" 

v 
----+---~ o + 

(h) 
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It. was f1.zt demonstrated by Snow at. all BI, that 

alked 1$, such as sodi Un], 

films a~:e mainly l"espongibl(~ 

in thermally gro~m 81.02 

for the instabllity of the 

oxide-passivated devices. Reliability problems in semi-

conductor devices operated at high temperatures and 

voltages may be related to the contamination by alkali 

metal iona, because under these condit:f.ons mobile ionic 

charges can move back and forth through the oxide .• layer 

depending on biasing conditions and thus give rise to 

voltage shifts. Large concentr.ation of alkali ions at 

Si - Si02 interface causes lar.ge flat-band voltage shift 

and device instability. The flat-band voltage shift due 

to mobile ionic charge is given by 

(2.2.2) 

where Om is the effect.ive net oharge of mobile ions per 

unit. area 'at the S1 - 8i02 .int.f)l~face. 

Oxlde trapped charge alao can cause a voltage shift 

of the MOS o-v C1.\l~ve. 'rhese Qxtde trapn are af;sociated 

. with defeots in S;.1.02' The oxidl.:l traps are usually 

electrically neutral, and are charged by introducing 

electrons and ho18s ! 1 I, int~o t.ha' ,,··'j.de. The voltage 

shift due to this' oxide trapped charge is given by 
(1 

bv 
"ot, 

(2.2.3) '" ot Co 

where Qot is the effective net charge in bulk oxide 

traps per unit areil at the Hi - S102 interface. 'l'he 
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Betal 

total. voltage shift due to all the oxide charges is 

given by 

/J. v => IN + m 

Q is the sum of o· 

area at the S:l -

(2.2.4) 

the effective net oxide charge per unit .. 
5102 interface. 

Vol tage shift. t.v expressed above can be obtained . 

by the application of Gauss' 1at-l. One can consider the 

possibility of a volume charge distribution P (x) [ 8 :I 
within t.he oXide as shown in Fig ,6. 

Fig. 6 

. " 

Fig. 6. Charge induced in the 

metal a lee trod and in thE 

semiconductor sUbstrate 
+r __ . _____ .• .,.x by an arbitary distrib­

dQ' s 

uUon of p. (x) in the 

oxide. 

The element of oxide space charge.p(x) dx induces a 

charge 

dQ' 
G 

: (~-d) p (x)dx in metal 
d 

and dQ~ '" - x p (x) dx in the semiconductor. Here x is 
d 

measured from the metal-oxide interface. 'I'otal charge 

induced in metal and semiconductor are 
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d x-d Q' '" r p(x)dx 
G 

0 d 
(2.2.5) 

d 
ana Q;; "'/ 

x p(x)dx .-
"0 d 

(2.2.6) 

d 
Note that QG • + Qt '" - / p(x)dx '" 00 g 0 

(2.2.7) 

\qhere Qo is total charge per unit area in the oxide. A 

voltage of -Q~/c would be requ:tred to inc;'juce a charge 
"0 

Q~ in the silicon. Hence the effect of the charge Q~ 

in the oxide is to shift the c-v curve along the voltage 

axis by an amount" 

Q' s 
/).v '" ,- '" 

G o 

lId 
c I d ! 

o 9 
xp(x)dx I 

2.3 Work-Function Difference and other influences. 

2.3.1 Work-Function difference 

(2.2.8) 

The effect of a ~TOrk function difference <i>ms 

batvleen the met:al and the semiconductor is slmply 

additive 18 I to that of the applied fleld plate voltage 

and results in a shift of the c··v curve along the 

volt.age axis. For. an ideal. HOS structure, it has been 

assumed that the work function dif:(:erence (chapter 1, 

Fig. '2) for a p-type semiconductor, 

(2.2.1) 

is zero. If the value of <l>rns is not zero, tho effective 
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vol tage aCl'OfW thH 1-10S st. ructure is 

v ~V -", eff G "ms (2.2.10) 

which leads t<? voltage shift from the ideal theoretical 

Curve by an amount. 

(2.2.11) 

If interface trapped charge Ott and oxide charges Qo 
exist the effective voltage across the MOS structttre is 

°0 + °u 
Vefi '" VG 4- Co - .pms 

which leads to voltage shift VFB from the ideal 

theor~tical curve by an ruoount 

VG _ Vefi ~ Vpn ~ $ma _ °0 ~ Qit 

Co 

where VpB,is called flat-band voltage shift. 

2.3.2 Other influences 

(2.2.12) 

(2.2.13) 

'I'here are .factors other than work function differencE 

interface trapped charges and oxide charges ~Ihich affect 

the MOS properties. Some of these are temperature, 

ionization radiation and Hlumination. 

Let us consIder the effect of illumination. 

The main effect of illumination on the 1>IOS capaci-

tance-voltage curve is t.hat. the capacitance in the 

heavy j.nvarsion reglon approaches the low frequency 
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value as the intensity of J.llumj.nation is increased. 

'rIolO mechanisms are responsible for this effect I 10 II 
first, the decrease of t.he time constant for generat.ion 

of the inversion layer and, secofld, the decrease of the 

space-charge region by an effectlve decrease in the 

surface potential under illumination. In order to 

compare the quantitiative importance of the t~lo mechanisms, 

first evaluate the j.nfluence of illumination on the 

MOS capacitance, considering only the influence on time 

constant of inversJ.on layer. generation I 10 I. We shall 

expreBB the time constant, 0 as (J",N/u , N being the density 

of acceptors or donors ln the nemlconductor and u the 

generation rate of minority oarriere in the space - charge 

region. Approximate expression for u l 10 I is 

u (2.3.6) 

wher.e Il! is intrinsic concentration of c<irricrs in the 

semicondUctor, and T is 11ie time of minority carriers. 

Under illumj.nation, assuming a rate of generation 

g of hole - electron pa:lrs by photons, the value tJ will 

become 

·U + g '" 

(2.3.7) 

it follo~lS that the time constant decreases to 

o (2.3.8) 



'l'he second mechanism 1.S the influence of illwninat-

, " ~, t·' 1 110 IOh 1 i 't ( i ) J.on on SUL'. ace pOlkn .J.a . 'I _G . nn. max mum 

value of tlw deplotion region verSllS the surface ]1oten-

tial ~Is(inv) is given by Eq, 1.2.25 which is 

\v
m 

._ ~ (~~~_J~-;';~ 
eN (2.3.9) 

'rhe reduction of the \Olidth of the space - charge layer 

as a result of. decrease in surface potential leads to a 

corr.esponding increase of capacitance. This mechanism 

is independent of the frequency of measurement and is 

the predominant one at high frequencies. 

2.4 Carrier Transport in Insulating films(oxides). 

In an ideal NOS structure current carrier transport 

was neglected. It was based on the assumption that cond-

uctance of the oxide film is zero. Real oxides (insulator), 

however I s.hml carrier conduction when the electric 

field and temperature is sufficiently high. one can 

estimate the (-;lectric field in an oxide under b,iasing 

conditions, from the continuity of displacement vector 

at 51 - 8102 boundary. 

~=~ (E / 
o s s's 

(2.4.1) 

ox 

where f, and t; are the electric fields in the oxtde and ;) s 

the semiconductor I respectively I and ,; and (; ox ,.., are the 

corresponding penni ti v i U.es , 
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I 
Different conduction processes' 1 I are clescribed 

for. carriers in oX.ide. Som,>. of them al:e considered here. 

If metal ancl oxide or oxide ancl s(~miconductor or 

metal and semi concluc·tor <Ire. brought into contact. t energy 

barrier wit.h a certain barrier he:lght will be formed at 

t.he interface. But there 18 a possibilit.y for a carrlel-

t.o have energy greater or equal to barrter heJ.ght or 

less. Those having energy greater or equal teO barrier 

height. can be transport.ed by Schottky emission process. 

In this case thermionic eminsion across the metal-oxide 

int.erface or the oxide-semiconductor. interface are 

responsible for carrier transport.. It depends both on 

termp'~rature and applied field. Functional dependence 

is given by 

* r 2 J - A " exp 
kT 

(2.4.2) 

* ~lhere A is effective Richardson constant. Those having 

energy less than barrier height: can be transmit.ted by 

tunnelling. It is a dominant. process for a heavily doped 

semiconductor or for operation at low temperature. The 

tunneling is caused by field ionizati.on of trapped 

electrons into the conduct5.on band. l'he tunnel emission 

has the st.rongest. dependence on applied voltage but is 

essent:lally independent of temperature. Functional 

dependence is given by 
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J '" t;2 exp I -
3/2 

0;;? (g<P1J._) I .. 
3qM 

(2.4.3) 

'I'here exists also emission process vThere \'ie have 

both thermionic and tunnel emission kno\om as Frenkel-

Pool emission. It 16 due to field-enhanced thermal 

excitiation of trapped electrons into the conduction 

band. Functional dependence is gJ.ven by 

To write it explicitly, temperature dependence is 

J '" e - a/'r 

and field dependence is given by 

J '\, 

(2.4.4) 

(2.4.5) 

(2.4.6) 

where a an'd b are constants. From the above relation 

one can see that the current inc~eases as temperature 

and field increases. 
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CHAPTER 3 

Measurement techniques 

Introduction 

The experimental teoh1liqu6s used to examine 

interfaces inoluding those developed for surfaoe 

studies a3 well as those that can probe 

to the solid. Their features were 

summarized by WBAVRR[17]. 

deeper in 

recently 

Ultraviolet or x-ray radiation photoemission 

techniques are sensitive to the chenical 

atoms in the ove~ layer as well as 

state of 

to their 

distribution and oan therefore deteot changes in 

bonding and oharge distribution. Low energy 

electron diffraction reveals whether there is 

ordering on the surface and gives struotural 

information. Auger and angle resolved Auger 

spectrosoopies use electrons to identify the atomic 

species present and to determine their spatial 

distri.bution; these spect.rosoopies also reveal the 

structure of over layer through diffraction 

modulation. Inverse photoemission. in which 

electrons stimulate the emission of photon, is a 

promising techniquo that gives detailed 

information about the empty olect.ronio states in 

interface. Electron spin resollllnoe(BSR) is 

chelliclllly diagnostio IUlalytic technique that Crin 
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reveal the nature atomic Bcale Dr poipt defects. 

the ooe roost snitable for $. and 8<0 intarface[18]. . z 

Thera ara different measurement techniques 

electrical. thermal and measurements mentioned 

above. they are listed hero only for completeness. 

It. wns caPlwitance measurement method that have 

been applied in renant years to study interface 

properties. fl great variety of different lJothbda 

that have been suggested are shown in table 1. 

This paper will summnrize three approaohes of 

electri(ltll ilea~;:uremel1ts: 

- the qllBsistatic oapacitance method, 

- the conductance method. 

- the Deep Level 'l'rwusient speotrosoopio(DLTS) 

nethod. These methods are si.ngled out because of 

their speoific features when used in practical 

llIeaSU1'elients. 

'l'he qllasistut. ic Ilethod the 1II0st versat He 

method. It is usually applied for. fit'flt inspeotion 

of unknown samples, Ilnd it dSl-ives its signifioance 

f1'olll the fact that it is Il powerful diagnostic tool 

for mliny particular features in,HOS Ilitructursf!, 

The oonduotance method and the DI.TS method. on 

t.he other hand. belong to the lIlost sensitive mot.hods 
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for investigating int.erface state distributions. 

As HOS 1ll0ll.SUrelilen t techl\ ique:> have been 

r6viewed several • ( 41 
tU10S , the experimental 

approaches of the methods mentioned above will 

therefore bo only briefly dellit with here. 

Particularly in the passage on tho gU8sistatic 

Rathod, the lleaSUl'elllent prinoiples and diagnostic 

aspects ~ill be emphasized. In the oonductanoe 

method measureillent principle and its advantage as 

compared to guasistatic oa.pacitance method are 

deacribed. As for D115 method emphasis is put the 

prin()iples of measurements. 

Measurements are llIade with the help of charge 

exohange prooesses in the interface states. It is 

well established that the interface states behave 

like Schock ley-Read oenters. Virtually all 

prooedures which are found in the literature for 

evaluating ~eaaured capacitance data are based on 

the Schockley-Read-Hall(SRH) theory of generation 

-recombination oenters. According to this theory I!. 

trap(interfaoe trap) is aaid to be SRH 

reoolllbination center: 

1, the trap is assumod t.Q have energy level in the 

energy gap so that its oharge lIlay have either of 
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two Vll.lu(l1J differing by one 61801;1"0010 oharge. That 

ia, either negative or neutraL ailllilarly either 

positive or neutral. 

Z, rocombination oocurs through the Meohanism of 

trapping. 

3, t.he t.ime requirod for an electron trapped in an 

exoited atate to fall to ground stat.e is 

negligible. This theory provides us with 

quantitative relation betwoen the interface 

properties and the phenomena. observed 

expeJ:imentally. One of the properties which can be 

extraoted from oapaoit.ance measuroment 

interfaoe state density Dit. It can be 8. 

of the energy in the forbiddon gap. 

is the 

function 

In capacitance measurement, if B. small 

sinusoidll.l l~ignal voltage is applied to a HOS 

capacitor, the energy bands of the semiconduotor 

nre bent 8 littlc upwardB or 

interfuoe atate oenters 

down~ards with the 

moving aooordingly 

(see Fig 2, Chapter 2). Only interface 

orossing tlw l.1erllli--levol are oharged 

discharged. All 

further awny 

other 

from 

interfaoe trapped 

the Fermi-level. 

state 

and 

chargeu 

remain 

IllJohtlnt-ted. We ,JaY therefore infor: In oapncitanoe 
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'lElnsuroment. tile Ferlili. funotion acts ,W 11 PI'obe for 

int.erf'ncfl !!.t.atUI>, The 1!el."ai--lctvol oan oasily be 

shifted am.-OflH the forbidden glip', !lod in this WilY 

the illtel."faee Btnto difltribution cun be scanned, 

Shiftitll'i of tho Fermi-level oun. be performod either 

by bendinit the Oll'<lrgy bands by tho bias voltage or 

by n temperat.ure vUI'iation, 

The conductance J!t(.thod and the quasistatio 

lOethod are typicv.l eXIllllPles in Hhiob this kind of 

oharge exchange iB employed. 

Ano1;her bl'wlc process of' oharue oxohnllge is 

the emission of' charga earriora from occupied 

interi'ace traps. IJY ·appropriat.e biasillf{ program the 

interface statEm are fir'gt filled with majority 

oarriers, whioll in tim GUbgOqlHmt period are 

thermally omi tteJ, Ao(~o~ding to the SRI! th"lOry the 

emlnsinn time OVfwtnnt of an illtel'i'uoe tr».p at 

-1 
T 

F .- R 
'c 'I' 
--'-liT' 

(1) 

",hlue!l it,: th~' o1'focU.ve !lentli!;y of' states in the 
c 

conducttt)ll hand. In <HlGO tlw "1ntdrfuco trap .is muoh 

above tho Fermi -18'1'9 1, fJllY mora than Sit'!'. th",n 

Rq. (1) l'adUcBt;; to 

-i 
T 

H _. II 
:: 0',,, N exp ( - _:~I-;ij,_..:I'..... ) 

n th c ~,l 
.. , (2) 



DI.'fS lJ(;tho(\ iH un (,')Hg~p J;~ 01' 1;l\t) Htudy 'of emission 

Tl'lblG 1. m6thodl~ fJUm:tentf.ld fo~ investigating 

MOS . L f '4J n III 1,0r- .liceu . 

High frequency l!lethodl'l (1'0000 temporatura) 

II igh frequenoy methods (low tOlllpel'at1u."o) 

Capnoitllnoo dorivutive 

Isothermal transiont Iilethouil! 

'I'herEmlly ailllulated l!)et\llltlr3l~ent; 

HOB transistors : 

3.1 QU.Ri-Btm~ia 

is tile utf'm\ard m,,(;L(.>d in IlJ.hcl"a.I;ol'Y praotice for 

the forbidden band gap of 5ilool1, Thi6 he; done 
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i'roqIlOOClY ~l!)nIlS that the intt'l'fuoe atat,(,JB and 

minority carriers should respond rully to the teat 

fJ:()quOll()~" '!'hiH oondi t ion eequ il'{)~ a test i'r.sguenoy 

10»'01' than of tiln order of 1 to 10-
2 Hz, Aoourate 

oapfioit.Ulloe IllOaaUl.'elllont at sltoh 10il i'requonoies are 

very dH'l'iuult to p',rfol'"III, This diffhmlty wars over 

oOllle by tho l}Ufwistatic 01' slow reBp teohni.llue~~J, 

The opposite is true for high frequency and the 

differ'ential is reoorded by a 

commercial bridge. 

lhe basic idea. rOl' 101'1 i":<cquonoy oapaoitanoe 

rising 

voll..:!gu ramp ia applied to the oll.paoitor under 

t(wt, and the current is rEworded us 11 funotion of 

apr,lied volhlge V, '1'he Ollrrent h~ proport.ionul to 

the diffe'rentitd m'>;>aol tanoo Itt the instantnnoons 

w,ltatZ3 V 

1 ::; t!( \i ) '.~V -'dr- 3.1.1 

'l'ha shape of t;ho C~V onrV0 ib tllll\'l rel'l(1uted in the 

shupe of tho (jlHlsistatio dinplacflllltlnt Cll:t'rent if Ii 

linoA1'ity of rUMp voltuge is sOl.lU1.'od. III ol'dor to 

meet the hllf fr~qui;ll1(ly 1'0ljuirOlllenta thfl voltage 

variation \~ith time 1ilUlJt be slow. 'fypioal value 
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. vary bet'l1o(>" 1m 1tIV/S Imd 100 mv/a. Current, whioh 
··Hi are of ton ~m!l.ller than 10 A. hava to bo 1lI0 fH:lU rod 

JtxtrNotion of' interface state properties from 

capaci tanoe lllfHH1uremont is 'done conveniently 

using the oo~bined and frequency 

oapaoitnnoe measure~ant. As it is explained in 

Seo. 2.2.1 thu ef.f.oot of interfac~ utate is to .. 
introduce oapacitor parallel to depletion layer 

oapacitor :in tho semiconduotor. Total oapaoitance 

of the sekliconductor is giv«n by 

C ::: C + C 
'" D 

... 3.1.2 

C 
D 

is 

df:p~~etiofl lnyer capacitanoe in the abaence of 

intorfaoe state. At high frequently tho inter1'ace 

state is untlblo to folloN tesl; frequenoy. whioh 

results to Cs ;;: e. At high frequoncy the above 

3.1.2 ElQuation l'\JdU00S to C CD 
s 

Henoe Eg. .. ::: 
CHI'" 

can b" uJrii;-:,~d ~B 

IS' s 
(! :: 

C'" + CIII" <II> Cs - C'" - Ct1l 
JLi" Lit MF 3.1.3 

1011 and frequency 

capacH.ance of the s5l11iconduotor, respeotively. But 

it is not the fHll!tioonduotor oapaoitance that is to 

be me~aur3d, rather it is the capacitance of "OS 
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struot;ul~O. C" should be exp1"ofl'sed inter\i!fl of 

()apRcH~!m'}e at lOll 6.fld high frequoncy of HOS 

struoture. CI'l.PI1Citllllce of the atrllctUl:'fl is assullIed 

to be I'Hnial'! l)o~1bir![\tion of oxide !Uld depletion 

lnyer oapaoi tarwo. 'rltat i8, 

1 ._--- - 1 + ---->_ .. _-
G~J;i" 

, . 
From this I'Ie get cO;: 

LF 

Similarly 

and C 
Ill" 

are low ,!Uld frequency 

capacitance of the atruct.ul'e !Uld Co is oxide 

cnpacit!Ulca. Hence 
CHI" 

-r - C'-
Ii

-
F

-'/"'C
O
-

3.1.4 

Fro!!! the definit.i.on of interfaoe st'lts density 

Where Q" ia lnterfaoe trupped 

of chart:te/on2eV 

ohar.ge per IInit 

tu'ea, q ia the elementary clta:t'!fa, Ilnd A the netal 

plnt;e area. Thus the interfall,tJ-fltate density is 

determined in' tho depletion by the 

difference between the high lind 10$'1 frequency 

caprwi tOl1ce, 
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3.1. 5 

This equation givoa the depondence of Dtt on the· 

gate voltage aud not yat on the emll':-gy in the 

forbidden gap. 

'fhe relation betweon the gate voltage and 

energy in the fOl~bidden band gap if! provided by 

Berglund in teL~r8.t ion 
( 41 

Iliethod . Whon oxide 

trapPl!cd oharges and mobile ionic charges can be 

neltlected we obtain from the l:01ation V ::; V + VI o III 

i'JVJ s iJ1ps Co 
1 - G/C lind --~.- :;: 

{tllo 
::: cr' 

Olf 
0 

Integrating the first equation frOM v 
i 

v. 
'Ps{v

t
} - 'f'",(vz ) ::: J [1 -, Cleo] dV 

11'2 

to "a 

1 

iLl. 6 

yields 

3.1. 7 

This equation indioates that the BUrrltOe potential 

at any applied "oltfl.l!tl~ oan be determined by 

int.f)grating a Gurve of (1. - ,--g ---). fluto that this 
'" . 

eqlmtion ts val,id only whl':lll the interface trapped 

oharges are ill equilibl'iUll at all titles during the 

IilOaaUl:ellll'ln t of' C( v}; i. e the £I1H1SUrelOtlrl t frequency 
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I!lUl~t be 10111 enollflh so that all interfao@ tr"ps oan 

follou both tho gate btns and tho nc aignal. The 

ElIHH'gy J\. of the tntOl't'fH"'" t.rap 115 thon gi.ven by 

a.1.a 
where tho lIubacl'ipt b tndiofltes that the dlffsrolloe 

is to be taken in t.ho neutral :r.offion of tho bulk of 

the aO;!lioonduotor. The regu il~alllen t of charge 

neutrality in the HOS syaton gives IlS 'the f'ollo!oling 

relation. In IlddiUon to the space oharge density 

in the semioonduotor (Qs)' ~m now have 

and D" 

are the dOllor and aeoeptor iutorf.!we trap denai t lea 

respeotively. The ohl.u~ge neu,tl'ali tv requirement 

gives 
fL 

D~trISD(U\) - D~ tFSH(Et)]dEl + Qs 

:3.1.9 

l)if'f'erentiating Eg. a.1.9 \'I.r.t '1'8 giV~HJ 

~l Id 
Ox 

+ 1:1 D (cI'I'.' , its I 'J Z 

From the seoond relation in 

01" os 
Olr Hq. 3.1.'/, n vurve of 

o 

obtainud dit'flOtiy usiul;t th", 
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3.1.6 and 

olin be 

fr.equenoy 



doping deDait, of tho BRIDio6nduotor and tha 

tOl1lperlltUl'O aI'O lmmm, CO!1lptU':ing thin ourve to the 

ono given by' Eq. :3.1. Hl !1(HlIll'U,t;oly dotol'llIIned D,l' 

3.1.1 1108 IHutEnoat.io hI' the QUll.sil'ltlltio 'l'oohniqlle 

A) Doping denuity 

'Phe most popular l1lethod t.he i'irst 

inspoction of the doping density is the ao nailed 

C . I C - ilathod. In inversion the spaee ehlu:-ge 
rnu" l'(lo.x 

O!.lpuoU;nnoe is I'A uniqno funotion of tho doping 

00ne0'.1 t~ .... t;iOfl. In order t.o obtain the spaoe charge 

caPlwit.aneD ono only need to detol?Eline tho oxide 

oliprW i talHlfJ ono 

cnpHoi talwe in in'mra ion, G,,.,v (C ml.n) • S imp Ie walT 

for the daterllltrilltiO!1 uf t;h,~ surface chlll·ge is 

flat 

Inwd ,}ond it ion. 'I'he \TO 1 tl1l~O the MOS 

if{ V v 
'" 

if.; spaoe oharge, 'l'ot.l'll olHll~ge of surfaoe state is 

c V o 1"'1:) 
I1coorciintt to t.lle' disoussion in 

ohu.ptOl: 2, section 7.. 



dotOl:'lllino C ,I.e, (J (oxide O&Pl.Witullce). mug 0 

This oxido oapacitan()1;) is detoX''Ilincd eithor by 

the UVGraWil ()apao:l.tanoe in the aCClumlation region 

or I1sing tho l!'lotiwd developod by tioNutt 11Ild allh~.21J 

1!Ol'l!IlllI\ to app ly this 1!l0thoa waa dori.ved aa 
t U) 

follow.'! . for C 
f> 

applicable in 

tWCI11t1ulv.tion. 

Cp (g. C. CIW!wi tUflC0) 
-1 
~-2 

-I- exp( -Us)] 

Rq(S. L Uti) t.o gIve 

Cp ::; €!",I"F'1::\) Oyp( --1.- 11",) 

If '" 'Vt .• tj + IPS 1- Us{J('i'le}(CD/{!O)l«~s,lIljpl' ) 
o () 

SilllplU'y it 1:0 

V ::: V .. f'z"- (r<'f/e)(,,- d/,~ r.. )oxp( .. ··_L 
Ffi 51 OJ{ n '2 
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dC, 
.) 

au;' 

So that 

frOM G 

lie t.{ot 

dC ( dV .. 

~"" •• ~I~~~,_~ ... __ , 

e 

dC 
D 

-(nr~ 
_. 

I' ., " CO 
'"-"C·-+O-

o D 

(' 

f '0 

'~+--C~ 

02C 
f~ 0 

Zr2r 

dGn 
;.T\r 

.. -1."-11 } 2 s 

'l'hjg relution provida$ a J:'upid 

3. L l1d 

3.1..110 

3.1.11f 

a.l.1ht 

• .. 3. l.11h 

3.1..111 

and 1l0C:lUl'ute 

(~rnphi'nJl or numeriu111 method oi' obtulnint;{ Co from 

the measured C-V data. 

h) To net0l':'mino G _ frOM hlgh frequoncv I')urve. 
Oll..n 

Hith tho help of this one Dan dotormillB the minimum 

nnpuoi tun'-'~) of tho spaco oh&rgs reg'lon. It is given 

c c . 
C 

QC 

(,"1. 1Yl1., f) -. c '"~:C~~~ 
00 tnt" 

c) From tim thaoretioal uurVG deterllline tht! space 

ohaX'go oapuoitrmoe C:;:C~"fl 1'or flat; band oondition. 
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d)evaloaty tho total flnt bounduupanitanna of. 

u) For this qUlI,nti I;y CFI) d .. t;el"min'J on the measured 

UUl've the oorresponding flat band bil1l'1 V~.». .. 
f) Effectivo surface density is 

to It follows that the density of surfaoe ata.ten is 

equal to 

QSl'i< 

NfiS :: 'cA-
whaN! A is E1etal plate ares, and e is eleotronio 

ohar.8e. 

Doping profiloa 

e"r~lus.t ing th!> 

depletion: 

.- .-~--
"'0:£ .. 5! 

If ,~/ C ,,' ·~s D 

be deterflined by 

capacitanoe in 

3.1.12 

If is t.he apnca cliarge width lind silimltanl'lollslv I;ho 

position I'rhere tho doping ).:; detol'minod. This 

method was first pubJ.iuhad by Sohottky 1942. 'rho 

stretoh--ont of the C~" ourve by :intart.'ace stutos 



hi') Ilii&linateu by 

t.oo 

profilo ohtai.ned 

tho 

in t.o 

l/C" S itF'V . 

I 

low.. f're<!uanoy 

oOllsidorationlU1
• 

V plot oan be 

oorreoted 1'01' intorfuco'-utato et'j'(~()t to obt1!in a 

/!lore Ilc()I)rate doping pl:'orl1e. 'J'his !(lore acourate 

dopi.ng denaity NO!), at distanoe from 

souioonductor-oxido interface is l'alntad to itll) 

unoorreoted denai ty, N on, obtl.li,nod by nogleoting 
'" 

(ttt) 
illted'aoe fstatefl, is given by 

N(If) ;:: 

N (to :; o 

noon ( 1- G (.Ie t..i 0 ) 
--------...-> 

f. 1 - CnF/eo ) 

mrs OF mt\JA'I'I(m ::1. 1.13 lIt INVEHSION 

3.1.l3 

RI?. 3.1.12 is equiv3.1unt to Eq. :L 1.13. Tho)' 

yield the tl'ue dopillbt denrdty 0(( ly whIm the 

depletion approxilllation it'! vulid tt4
], i.e, only 

when a ohl1n[Je in charge in tlw lSomioonduotor, dQ, is 

reltitad to a ohailiN in tha d(~l?10tloll width, dll, by 

dQ :: qN(lf)dW a.nd 

{it 

dQ ;:: C dIp 
D S 

3.1.14 



Rq. :3. 1. 1~1 IlfHI HI;!. <1.1.12 are Vf.l.l hi 00 long us any 

oha.ngfJ in vol t~e 

will not bo t.h0 ens':! tfith illVfJt'siofl, ~haJ;'u the 

oarrier piling up at the intorfaoe, Hoifever, so 

does JIq.. 3,1. 12. 

3.? CondU(ltaIltH~ klel;hod 

teollll iquo, the full 

fr(Y1UOfHll' dispsrr!:i.on of the HOS ollr.moi tnnoe iR 

ana ll'&ed, than .Just 

UfiVd t.o m:o(;l, ',il<) t3JlOltgy posItion of the interfnce 

winteR, 

Bflt1ia menfSIJrekltmt 

1'1' inoip.le oI~ l:hf'} qUB.'fli-· 

3tlJt.ir.: {jnd the conduot8'.JIO(J 

te.cJmiqu08. The 

eJ1B:t'l/,¥' at the int.eri'110f3 is 

tllwd to prob@ tile energy 

pasi f;.iofl vf' tile inter'/'ace 

sl:n to. 



tnoliniq!Ht I:eli.m~ Oil two IilOllBU1:ml qmuitithm (CL~' 

Rnd Gm,), llhe:eeml :in the fHlIIdIJI:it!!!Hle toehrIiqlJe X!!uch 

(Jonductf"noe tootlll iqu(} call lin.VO moro accurate 

resulta, espDuinlly with 

relatively lou interfaoe - trap density ( 

Tbe SiMplified equlvulent cirouit (li •. 3, Dh&pto~ 

tli.coHilm and 

l'ofet'onoe), tho 

renctarwe of oxide 

'fhtl 

I 



given bl' E(,!. 2.1. u( ohapter :2). ,0" dCH;S lIot oontain 

brUi10h 01' the oquivalsnt oirouit. At a liv8n binR, 

r; (OT 
"'8 fl 

G /w .-
C· 

3.2.1 

can be rueuf!urfld IW a function of frequency. fA plot 

of G /1» versus (u'f gOGS through 11 Illl'lximum ~hon 
I' 

<01' ::: 1, and fHve6 T direotlv. The v,,-lna of G /fJ.'> at 
f' 

is ThllS, equivalent 

oomitlotalloe oorrected for C, l1i YOS C and or ('-'R C ) 
I.') 51' S S 

dh .. "ct.ly ftron the Pleasured oonducttmoa. Once C.. is .,. 

mnt.l plato aru •. 

trap dan,91 tv ia 

C" .. -<ilr- , wh(WG A 

DL'1'S Hattwd is alfw IHwi'al to 

obtuiued 

detol"llIinc 

intet"i'aOf} traps in HOB oapaoitors. 'rh!'> l1If,thod was 

intended )'01' utuiy:).nl1 bull! tl:'s,pa in Se/lOtt!!" diqdom 

or pn jllnatlona. Tho method turned out to be very 

efficiant. It \~a6 [WOIl aftm:- lllodH'ied cro thllt it 

fHI 



"OB strlluturB6, too, 

The IIIC!WU1'eIll8nt pri.nolpl{) p);'OtlOadt1 UG 1'0 110w9 : The 

aRmpIe is N11?etitivol:r pulsed Iwtlleen l.IooullIulatiofl 

and dopletiQI1 (Fig. t!, Ctmpl;er 2) Dud.ne ,tllat.· of 

the nooulIl1l1ution p«1'lod UIO interfaot} tl'llplJ .aro 

ii lIed wi til I:Ileotron/J. When the !llllllPlo ill pulsed 

into del)Iotion. tho ol.lpaoitanoe rollo~1lI the so 

oulled "pulsl')(lUrvc" (m.' rathe10 11 CV ourve olooe to 

the pulse ourlrl}). The pulse fJUX'1I0 is n CV OUl:'ve 

whi.(!h is swept 1m flmt thf1t interfaoe atateH are 

una.ble to respond. In tho deplutlon period all 

trnptl above the Fel'ftl IGv(~l w:l.J.l releuso their 

elooh'otln by thermal oMifmi(llI. 'fhe ef!l:l.ssiull ouourl3 

sillluitanoously frolll 1i11 t.raps, however , with 

d:U"ferent. ti~H) Ilonslamts (EQH. :l. and 2). 1'ho 

variation oi'ohnxge in the u0p1otion layor thus 

loads to II. variation of the junotion onpaoitanco. 

'l'he om1.ssion llIaniY-ost in the 

tr.nnsition of the pu1so curve ill to the norillal 

atelldy state hi' .Qllpllcitanoo ou:r.vo (Fig, 3). It is 

illi.r1ii''llated in the follm1ing wa.y. In this method the 

emission lei recorded as " oapo.oitanoo tranaient nt 

Ii fixed hias voltago. Ifhan the elili.l;;~:tO!l hl fin:ished 
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tho inil;i.aJ. po:i.nt ill aCOlJI1lIAlution, and the oycle 

oorwilltu of <1 nmltltmle of deo;l:ying exporH~ntia.ls, 

,irlOb oi' thelil is ffmmoiuted wIth <llle of the .intel'fe.oe 

(4) 
t~olmiquo" . 

ThiEl teolmique oall be It,plel!lElnted iii different 

!4J 
>fa:\, t~ • Thi;) approuoh using a bo~ oar Ilveragor. in 

th,~ !!lost 'trlllmlNu:ont to illuHtrato[:H>l: 

!it tuo 

[>EO-llusil1l'lsd th10 t. and t", fiftor (lIwh ntm:t of the 

d.oI11,,1;ion period, and the differenoe a:l.1;tnal is 

:l'orlilad 

he ;:;. C(t
f
> - (!(t;~) 

'ihis' R 19l1a 1 hi e tEll'llwd -the 

3.3.1 

flL'fS or 

oor 1'0 lat iOIl signa 1. No.l'malized DJ,'1'3 flignal, SO') i.s 

defined lUI 



3.3.2 

have 

[ 
-l ~"J 5(T):: .6lf.P( tIT) - ex&,>( :tIT >, 

talilpOJ:'I.l.!;IU'0 dopends!\()(J of T ia giv6n bV 

T = 1 
(Y v ". , 

Tha [nfl'S fli!;!l1I9.i Qan be wrii;{~(jn I1U 

S('Y) ::: exp( = :,~.-.) [ 1 -- ()l~P( _.:~t -») 
ht :;; t", - t" 

... 

3.3.3 

::L'3.4 

3.3.5 

The relation hotw,Hm rata rdM~u~ "-malt ( 'l'tn'!I' •• the 

Vii ',uo of T at tho h"lI!J~:I,IUU1'l of C(l;t) - C( t a ) '1'9 '1' fOiC 

Il f \\rt,ior.\1.~~ trllp.) end the p()(1Jicimm of tno guteR. 

tA and 1:2 11~ data!:'lllinad by dH'f.erontiuthlg' 5(T) 

1'1. i:. t T unci Boi;tin/J tl1t~ ramult cqut'l.l to .!'loro. 

T 
mo.)( 

"- (I; 
t 

- t: ) [ 
~ 

3.3.a 

oi' II i:l't'.f;> peak uOool'·vsd in a DJ,'l'5 'Ul&l'l!It1.1 Boan 1u ,. 



with tho tOfllpn:r.attu'(,; oorreaponditlti to tho £HlldmlJlli if) 

construotitl(;t 1.1 ualililog 1',.ut:i:'l'l'l.tiOIl (mor.g,> plot. 'J.'ho 

hC«(Ij> via Kga. 3. <1.5 and 3.3.6. ·lInd :i.t; can he UfiHH:I 

to detarslina trap conoentratioH. '1'his (lao be seell 

from the l:olloliling relation Ull~t 

3,3".1 
(['01' a.brupt Bl8I1JicOllduci;or.) 

junotlc)tJ 

conoentration. be the 

other h"Uld Prom Bq. 3. :-l..j\ the tl'llt> lavel OM be 

dotermioed U!d.nl:i T 
10 mCHZ 



CHlI)?'l'Zn Ij 
.,.~~~.# .... ~ •. -~,-. 

In this dw.pter sample r;p{~cif:l.cat:lons and apparatus 

used in our experiment iu;e cJ(~lu:ly d(JscL'ibed. 

disClumion is made • 

. 1 Sample speclfication 

,qe cUd our ~'lo)~k 0)) thre0 aamples.' sample numbm; 6,8 

and 12. Samples (; and 8 \'le):"o prepared by Solomon 'l'ibebe. 

stuted L" H· .. S contact, later t.hoy ~mre fOllnd to be HOS 

str.\letll~:e), Sm;tple 12 '.·!as prepared by Dr. P.S. I{llshinje, 

1)ar-0(\ ':'Jala',\L Aeco:r.dil,g "co hts :I. a:;; ,:n:mCltJ.on contact is 
() (") 

A~(40)O" tlllek), mota.: plat~l .. j\J!, (lOOA thick) and 

inStl).i\'!:OX· ls tmii.um e. 'l'in - Oxide U:li:oefliomet:ric 
o 

spec5 J;i(lut10n is not lmown) \~tt.h thlckn(,J!3S 12001\, not 
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,2 Appr.u:a tlJ.H lIsed. 

a) Ill' l~odel 42'75 A ~1ult:i.'··Frequency LCR met01: 

The lIP Model 42751\ multi c ,f:t'(.1qusllOY r,CH meter :ls fully 

automatio instrument capable to measure various 
.. 

compol1enbJ of a g.i.ven imped('jncl;'! in a relatively high 

frequency region. We used .it to measure high 

fr.·equency capacitance of our. samples, !4easurement 

can be done at te.n diff:erent; tast frequenoies ., 

selectable from 10kHz upto lOMH'" in a 1·,2-4-10 

sequences. Its ·test signal level ranges fl'om Imv to 

Iv. It has basic aocuracy of 0.1%. It can be control~ 

lod either using the front buttons or through computer 

(ullder remote con tro Ie) • 

b) H1" ~lodel 3471lA MulH lleter. 

Hl! Model 3478A Multi Mater is capable of de: and aa 

voltage, curxent and resistance (both 2 wire - ohms 

Ilnd 4-~lire"ohms) measurement. \'l'e used it for l3ample 

bias measu:cement. It offers de: voltage performance 

from 100 mUlO volt sensitivity upto 300 volt. (full 

scale), true 11MB capabilit.y up to 3001\!!,; It has 

basic aCGlUl1acy of about 0.2% f.or 3% digtt mode 

(our worJdng mode). One can communicate usinq front 

b'utton or tlu:ough computer. l~hen under remote control', 

the 3478A has SRI) (service-request) interrl1pi; capabi­

lity that lets one to know' preCisely I1hen the data i.s 

ready. 
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0) HI' Model 4140B p.i\ ~ru:rf.'Bn/DC VOLTAGE SOURCE 

'l'he HI' 1>1odel 4140B pA Metel:/DC voltngo" uom:ce 

A -15 compr:l.aes a higb iltfl.bil.J.t.y P 'rnet('~r, wlt.h 10 1\ 

(1.lax) 1~el301utJ()n couple (I with two pl:ograrnlllable DC 

A. .. 
voltage rwurc(~. '1'110 p has a hal~1,() accuracy of 0.5% 

over w:l.de measurement ranges (:I: 10-121\ '" ±. 1.999x10-21\) 

one of the t.1"0 p.t'ograrmnable DC voltage source (VA) 

can operate not only as pt'ogrammablli' DC voltage 
, . 

source, but also as a unique etaire case 

and <wcurate ramp( J', J\. )generator. It does 

quasiatatic C-V characteriatlc measurements upto 

. 2nE' I'Ihen the function 15 set to C-V, using precj.se 

ramr (/ ,.f'\. )' waves. '1'bo capac.:l.tance value ls 

calml.latad from the following formula. 

C ::.t 
! (measured current value) 
_",no.~""", __ """~., ••• .-.... ,~~-_,,.~~. 

elv/dl: (ramp rate) 

dv Its accuracy depends OIl the accuracy cd: J: ~ dt 

d) 1Jr.' r·lodel 9000 i'Jedes 310 compute:t 

(4.2.1) 

BP l>1odel 9000 aeries 310 computer is used to control 

all :tnstruments mentioned above. It> sends necessary 

message throu<;jh"HP-IB (interface-bus) t{) the instrument 

and the inrstrument listens to the instructio11 and talks , 

in respollB0 to it ... It hM memor:y oapacity of 2 mega byts. 

Diagram of system arrangement lnte:r.faced with computer 

ia sho~m below. 



r ... ---.. _----... _-". --] 
HP QCco/:5JO 

(.;:'r)"ll)I,.(·cer' 

l... . i 

- --- ...... -1 
jt'2.1~·/j 

[ 

__ L

j ] 
J..,CR 

__ ...... .~~_ .... ~::f.':.~. t.!'_-:.!:.~'>: .• 
Fig. 3. 

Programs I 'l'he programs for inatn1fl1(~nt control were 

wri tton in B,\SrC 4.03. 'l'he description of each 

program is given il1 appl3n(UX A. 

e) SamJ.)ie holder. 

We used locally prepared sa.mple holder. It schematic 

diagram is shown belo~, 

MOS 



Table of resldual capacitance of the holder at five 

different froquenciea, 

T"bl.,.:l 3 
r~-"---'-' .. - .... _ ... -".,.-- .-"-...... --.. ~ .... ~.-~,-,, . 

Frequencey Capacitance 
f .. ··--··--_··_-_·_·--_· __ · -.-".-.. :--... -~~-... 
i 10 KHz 66.60 pI:' 
~ .. _. __ • _____ ._ ... hO ___ ,___ __._ 

, 
! 20 KHz 64.0<) l' 
r-~--- .. ·~ .. --l·-~·--···--·---;_ 

2.00 l<H 56.86 P 1_. ____ '!!. __ .. _ __ ... ____ _ 

1 MHz 53.05 pF 
/....----~---......... -_ .. _-_ ... --_ ..... _---
L_~.::Hz_._._. _______ .50. 4~ pI:' 

S~li table contact between tho holder and MOS sample was 

located '.tsing reverse bias of -5 volts. In the eLlse there 

was no contact, capaci tanc,-) reading \"as of the order of 

the value glvel1 in the above table. 

4.3 lo1easurement technique used. 

We focused our attention mainly on capacit:ance 

measurement. High grequency capac:!. tance combined with 

low frequency capacl.tance measurement was used in addition 

to only high freguency capacitance measurement. The 

measurements were pm:formed at l:Oom tiJmporature. We were 

not able to apply conductance and or4's measurement 

technique. For conductance measurement technique we need 

lower frequency values belo", 1 0 KHz to cover the full 

dispersion range. For DLTS technique we need liquid 

nitrogen facility, which regulates the temperature of 

the sample. But we don' t ha,'e necessary equipment for it. 
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.4. Experimental p:(ocedur.e. 

Samples ~d. th crOf3S grid (6 t~) were of 1a17ge area. 

It wels necess,uy to brf)ak them into piecE'ls to minimize 

the capi'Wi t<tnce. Breaking into pi~lcea \1<1S done to obtain 

capaci tance below ,\, 2nF'. 'l'he capaci tanee of 2nF is the 

upper limit of the pll rr,etol'/Oc voltage source. Accordingly, 

the sample we uSf,d in our experiment after breaJdng into 

pieces are named 6))' I 8a and 120. 
.. 

'l'hf! samples were measured with the help of computer 

using flrograms described in Appendix A. 'l'lle high 

frequency c-v ~Iere measured wi tIl in blas range ·-5v to 

5v for all samples. OJ!' ide <L<lpaci.J:21l'!.S£ was determined 

us.inq procedure given in section 3.1.1A. The value of 

ox.ide capac! tanco ViaS compared wt th the correspondj.ng 

value obtained from the accumulation r9gion(high 

revers bias), D~a~ v.<!.l!if!9£ shift introduced in 

section 2.3.1 was determined by comparing ~T.i th theoretical 

ideal MOS capacitance val.ue, gq. 1. 3 .12. sU!-'J..ace_ ct!arg"l 

density Qos, was deter.mined m~cord:ll)q to the step a,o,d, 

e and F as given in section J.l.lA, F'rom the value of 

Qas, the £§.l1!?itx...oL!!.uri..~...1lt"ate8 NBS was found, step 

g, s~cti()ll 3.1.111, gner~_9..!:~t!:i~~.ol1 .9£ densitl', of 

Dit,Eq. 3.1.5,was determined by using combined 

h.i.gh and lo~1 frequency capac:U:ane9 values. DoRing J2t'?fiJce, 

N (VI) vias determined using eq\lation 3.),.13. For. the first 

four measurement.s oxide (~apaoi tance, flat-band vol tagG 
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shi ft , at\r.ffAc~~ chil.!'ge d~)1l6i ty and d(msi t.y 0 f fJurface 

state we used a program "Or.;th .. s II fJt;je appendix A. 

program f(Jr oxidn capad. tanao c161:e:t'JIlinat.i.on is "Evell.". 

Tho flat-band voltaqe shift., surface charge density ,md 

densit.y of states are evaluated in the main program 

body. Energy distribution of density of statilE! and 

doping profile are measured ul1ing program "DiC9,h il', 

4.5 Error analysis 

All experimental da ta m:e loaded with errors, In 

our lfI€,dSUrement the possible sources of errors are 

i) Instrumental errors 

H) Systematic e~TOt:S 

iii) Random o:o:ors 

i) AcconHng to HP company oata1oguoiJ, the instru"" 

men"cal errOl' for l,eR m'~t«.' j,13 0.1%, .Eo:.: digital multi'· 

metar. 0.2% and for: pll meter 0.5%. 'I'hey are small compared 

to rand(1nJ errors and they ;n:(~ noglected. 

il) Great Cf.u:e wC\s paid to eliminate the systematic 

e:cror. 

l:U.) Hmldom error. 

measur"'''',..;-.~ ~," "'~~: sam\) quantity givH rise to different 

values. xt requirof.l statJ.stical analysiS. The equation 

we are using for oxide capacitance dett~rminat.i.on ts 
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Eq. 3.1.11i H: ls <t HneHr equation und can be written 

as 

y '" fOX + b (4.5.1) 

\~here 

13/ ~. 
b '" Co ( 2k'l'Co)' 

.. 
For this we ur<od straight line Htting (Least squares) 

1211 i.e. linear rogr.eflsion analysis. We are interested 

on capacitance obtained f.rom intercept (Coi) and linear 

relation bet\~een y and )(. As such error in Co! is the 

same as standard error in )( vlhen y '" O. 'l'he stnndard 

error is g:l.ven by the relation 1211 
1 I~······y:~·:(my.i +h)12/"1/--'-(-:'~)-2 _ .... 

l\x = --- J_,,~ __ .. __ ... _ + n + Y_..::....Y:r---:::2 
slope n-2 slope 1: (Ki'~X) 

(4.5.2) 

at '1 w. (- do) .. ~, 0 
(lv 

~lhere n is numb(!1' of masuramant 

Confidence interval'" t.l\J{ (4.5.3) 

~Ihere t ill the cO.t'respondillg value of Student I s 
, 

dis6:ibutlon. JJ:i.!}ead ty between y and J( j.B checked by 

evaluating pearson's correlation coefficient r. It is 

given by the relation 1211 
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(4.5.3) 

r lies in the r.ange + 1 (perfect direct lin(:)ar 

correlation), th,;ouqh :tero (no Unear cOl:relation) I to 

-1 (perf~~ot. inver.se linear oo:o:elation). From its value 

one can determine the approximate probabili t.y of I. 

occuring by chance. 
. . 

Oxido capaci tanc;3 we used for calculation of 

necessw,y quantities is the average of oxide capacitance 

obtain~)d from accumulation region and intercept. Error 

analysis for capacitance from aocumulation region is 

done ",ssumlng Gau,)sian dis \::l:lbutiOll. Confidence 

interval is given by the relation 122 1 , 

Confi.dence interval,' t: (4.5.4) 

wher.e t is the corresponding value of student distribu­

ti.on I (j standard deviation and n number of reading. 

Finally the error. in each quantity is analysed using 

standarec11~ ellltions for errors • 
. ,., 

4.6 Experimental result and diflcussion 

gxperiment 110:\S done on twelve s!J1l\ples. Only two of them . . . 

show typical 110$ lligh frequency c-v curves (sample 81.1 and 

6F). One of the u&mples I ~lith InSnO tnsllJ.ator layer 

(sample 120) shmvs a c-v characte:d.stic, 5imBI'lr to 

typical curves, but \"l.ith t~IO peaks on it. Dl~scril?ti.on of 
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the cur.voe; and disC1.HJBion of the result follow!)I" 

_samE.l(; __ ~3! 

High f:reqmmcy a-v curve for: f:l.ve (Uff:(~rent h:equen­

cles I undrilr Ulumination and in t.he dark measurement are 

displayed in J,'iq. 3. l"ram tll.1.s a curve a1: 200 :kHz which 

SllO'~:!l to some ext.ent the theor.etically expected charact-
• 

eristics is chcosen fur experimental an",lysis. ~jeas\lrement 

is taken under illu.mi.nation. 

Results 

Flat'-brmd voltage shift is VBr, '" -1. 84'1 

Difference in work functlona is $ms '''-0.35'1 

Pearson's correlation (:oeffi.(:ient 19 v ~, -0.88 

Ox id{, capac i.tance from int ercept I Co i ., 3. 03E-IOl" 

COI1Hiderillg the confidence interval (95%), \~e have: 

Coi '" (3.03 :! 0.22) E-·IO F' 

Irine used in fitting.y" -(G.891H4)C + 2.09g-5 

where Y"' (-dc/dV)\ r Cis capacltance given in tabl.e 4. 

Mean oxide (;'lpac:;!.tance f:<'om accumulation r.egion 

Col '" 2. 74£ •• :l.O)? 

Conaider:l,I~g: ~he conHdeneo interval (95%) 

COB'" (2.74 :!: 0.02) E--J.Ol" 

r.tean 0)(:1.00 cupaci tanoe, Co ~. 2. agE-lOP 

t'ol1s:!.dering the confidence interval (95%) 

Co .. (2.89:! 0.11) E"lOE' 

Oxide charge density OJ '" 2.35£ - 8 COllll crn2 
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1.11mnina.ted measurement 
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; \ , , 
j I 

I 

F:l.g 3a 

nark mei!~IUremE!nt 
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Table <} 

Cap'lcihnce 
I _________ •• _._. _______________ •• _______________ •• __ ••• _______________ _ 

., 

11 

13 
14 
15 
16 .' 
17 
18 
1? 
'20 
~1 4_ 

"'lor:-
.'_.l.. 

-4.81 
-4,'52 
-4.12 
~3.73 

-3.34 
-:i.95 
-2.'SE 
··2.17 
-1. ?? 
- t . 37 
- . 9€ 

,-,:'is 
- .18 

.23 
.63 

,1,03 
1 'I? 
1.84 
1.24 
2. b-, 
3.04 
3,43 
3,84 
4.24 
.:1. tiS 

1)0 

2 6891::-10 
~.?lO!! ... 10 
2. /39E-l0 
2 762£010 
2,7I3iE .. 10 
2.79711-10 
2,772£-10 
2.712E-10 
2.566E-10. 
2,16SE-I0 
1 4'12:':-10. 
1.243ft-IO 
1. OBn- ).0 
<).405E .. 1l 
f).914E?'1l 
a. S53~:-11 
8.471E-11 
8.322E .. 11 
e .19BE-11 
8 , ~"':'fI. 11 
7. 979E .. 11 
7.093£-11 
7.92(3E-11 
7 775E-11 
'7 nflE .. 1l. 



c:0l1s:ldod.n1 confld(Hlc'-'! int.erval (9515) f 

00 "' 2.35E '> 8 C0111/6m
2 

Surf:ace chargo dt~lil'l:lty, 0.88 " 1. 9'Jg .• a C(Jul/cm
2 

Qss "(1.9', :1:. 0.22) B-3 coul/cm
2 

2 
Surface state density, Nss '" J..2m~ + 11 pIn' em 

COns:ldru: :lug conUdE:l.1ce int.erval 0;5\), 

2 
Nss '" 0 .. 20,,; :t O. j.4) g + J.1 r,.e.r. em 

Oxide thickness, d "" 3.2 'm-Scm 

D • ( 3.27 ± 0.36) H-Scm. 

(Fig. 5) D.nd l1umed.oal n)sultn (Y,'O givon 1n table 5. 

Diu ,~nfJS ion .. 
-- '.~=''''''''~---''' 

with in t.ho inc0:cf.o.C9 rcl(ji.on (;,xpla:lned 1.n sectlon 2.2 • 

. ' 
value of: Pearson ~s co:cx·",la\;.iol'l coeffi.c1.en:t '(-0.8u) 

prOb(;tjliU.ty of r oDcud.ng by chanc(~ less thim 0.1% 

for. 20 ck:greG of: l:l':d(·''.iom· (W~ cUd 22 nlO<1f'urert1cnt) 122! . 
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12 
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14 
15 .. 
1.': 

34 
:'5 
3E 

'110 Ituge 

~ 4. -:01 
. 4 !. ,) 
-, BE 

-? 14 
-: 90 
·2 Efo 
-? . 4~! 
··2. !.8 
1 :<4 

_1 C'Q 

- 1 'i6 
-! . 2'2 
... 9~ 
- .7'1 
- ,50 
- .26 
-.02 

.4€ 

.94 
lIB 
1.42 
lEe 
1 9 (I 
"L 14 
2 38 
'2 62 
.., 8E 
, 1u 
3.?4 
~.S9 
3.92 
,~. 06 
4.?0 
'U4 

Table 5 

Depl. thicl(lleH 
.~ .... -......... - ... ----~ .. -~ .... --~-- .. -- .. ---.------ .. _ .. --

j. (l(!PE J.0~\ 

! ~B'?E+Q9 
~ '::34E4-('~ 

·i ~9tE+(l9 

l. 1j')'1£+10 
? t-O lE+QC! 
:1 8(lOE'O~ 

1 ~OE.E'O" 
1.?2"'£+09 
1.09"E+Q? 
! (lZ3E+O~ 

1.04Q£-09 
1 19?E+08 
1 208£.09 
>.>..564E+OE· 
::>.4"30E+08 
3.1/'9£+ID 
1 4<15£+013 
~ .f29E.e>O? 
1 983£-07 
2.002E+0" 
'l.~22E+07 

I.S"n+07 
1.816£'07 
1 ?8<!E'O? 
1761E40::> 
1 . 72':> E + 0" 
1 ?20E"f)? 
1.704E+0"' 
1.678£+07 
1 .€:;2E{>O~ 
1. 649£'07 

1.622£+1)'7 
1. S16E'O" 
15?'5E+O" 
1 '336£+0"' 
1.583E+O-:t 
1 .566£' O? 

C' 000£'0(' 
? 74'2f:+l" 

.1 04?r:'lS 
1 46~E'1f3 
5,29~E"'1!? 

"1 ::.'24£.18 
1603£'I!j 
1.142E+18 
9 . 23B~>1 '7 

1.223E'18 
5.'285E'18 
1. 834E-18 
2.249E'le 
9.214E·P 
<1.117£+1'.' 
1. '566F:+ 17 
8.616E+l"' 
5.445E+l<1 
1. :::':'7£ +14 
8.6241;+14 
4.765£+15 
1 493£.15 
1.646£·15 
1.023£-15 
'1.77lEA15 
2.463E+1'5 
3 12%+15 
6.205£+1'5 
3.105E+15 
2.'133E+l'3 
4.272£+15 
3914£+15 
3.48111+15 
Q.ll1/!:+15 
3.?26E'15 
9 104£+15 
5.214£+15 
'5.·303E+15 , 

(! .1)OOE.Or· 
>5 ?€lSI> 05 
E· . 29~E- O~, 

6.223£-05 
E . 133E- 05 
6058E-05 
IS. 9:"'5£- O~! 

5907E·0'5 
'5.S3?E-05 
'3~~82E-1)1.j 

5.759£-05 
5.76'31'-05 
S808E-0'5 
'3.811E-05 
5.69'3E-05 
<;.631£·05 
6 OBSE· 05 
9.417E-05 
'2. 099E- 04 
'2.347E·04 
2.314E-01 
2.394£-04 
2 429£·04 
2.484£-04 
2.518£-04 
2.'542£-0<1 
2.581£-04 
2.587£-04 
2.S06£-04 
2.636£-04 
2.667£·04 
'2.670E-04 
2.704£-04 
'2. ?12E-04 
2.739£-04 
2.7'50E-04 
'2.,?55E·01 
2.777£-Q4 

--- .. ----- .... ";.---..,~~-- .. -.. -.---- .. --.---- .. ~---~--- ..... - ... ----...... ~- ........ -- .. ----. - ... -~-
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Numerical results for 'surface charge density and aurfaco 

- -8 1/ . 2 d ' state dena:l.ty are of tho order OJ: 10 c;ou em an 

10.1.l/cm2 respectively. On a clean Burface (obtained by 

cleaving in lll.txa-h:lgh vacuum) the density of llurface 

ate. tea ~TaS dete1:'l11ine4 by Sello ckley at. al 161, who 

obtained Nas of the order () f: 1015/om2 • 'l'hermal annealing 

in tha presence of hydrog~)11 can decr.ease this value to 

1010/cm2 161. It indicates that our sample, was annealed. 

Fl:'om the dopj,ng pl:oHle measurement we can 'eonclude 

that the surface layer of the semiconductor 

doped 1017 to 1018 impurity atoms per cm3 
I 

I 14 bulk the j~purity concentration is 10 to 

is highly 

while in the 

1015 atoms 

per cm3 • Con~pa:r.:i.s:l.on \qith table il1 I 1 Igives 1014 

Boron atoms per cnt3 (value oOl:responding t.o resistivity 

100 Oem) 

Sar~ple _<1!: 
High frequency c-v curve for five different 

frequencies under illumination and in the dark measure­

!\lent are displayed in Fig.6. From this a 20KHz c-v 

curve (Fig. 7) in choosen for ell.perimelltal analysis. 

Results __ ea' 

. " 
Flat~band vo 1 tags shift 1s V FB '" 1. 03v 

Di~,fer~nce in work functions is ,<Pros '" -0.35v 

Pearson's correiation coefficient is r a -0.64 

Oxide capacitance from intercept I O:l j . ., 2.18}>;-10F 

Considering confidence interval (95%)001 ~ 

(2.18 + O.13)E-IOF -
64 



:cl1uIl)inatBd measur.ement 

Dark measurement 

I 

\ -It ~$ ~2·1 i;G J '1 
"'"p'ned'vii ii)i\:ir;-TnYo tt'''''' Ff~-." -(;'a ...... -..-.-- ... -.-~.---. 

F:ly ~ 6 
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Line used In fittin9 'I '" .. (3.G8E + 5)C + 8.03 ~ 5 

Where C is capacltallce given in table 6. 

Mean olCide capacltance f:com accumUlation raglon 

C~l'= 2.24E - lOF 

COnsidering confidence interval (95%) I Col '" 

001 = (2.23 ± 0.00) E - 10F 

Mean oxide capacitance, CO'" 2.21E - lOF 

COnsidering confidence interval (95%), 

co ~ (2.21 ± 0.01) E-IOF 

Oxide charge density 0:> ,. - 4.2SE •• 10 coul/cm2 

Surface charge de\1sity, Qss '" -6. 50E-·9 Coul/cm2 

COnsidering confidence interval (95%), 

Qss ~ (6.50 ± 0.18) E-9 Cbul/cm2 

Surface state density, Nas '" 4 .10E + 10 per cm2 

Considedng confidence interval (95%) 

NBS'" {<l.lO 

Oxide thiekness, 

2 :t O.J.l)E+lO par em 

d .. 5.54E-5 om 

COnsidering confidence interval (95%) 

d.., (5.54.:!: 0.1.';) E-Scm 

.. 

We also tried to apply combiIled high and low 

frequency capacitance to this smople but the results 

were not physically acceptable. 

P.kg\l!t~_jg,!1 

Posltive £lat~band voltage shift \'lithout i.ncluding 

effect of work funct.ion difference (O.68v) ShO,\>IS the 
, 

presence of net neqative charge, \~ith in the oxide and 

interface :t:egion, Again it is not posslble to compare 

8'1 



our result with "mother data, aince we have f.ound no 

val1l6s of Qo in the Ii tarature. The value .of Pear.son IS 

cor..t'elation coefficlent (-0.64) s~ows fairly good 

invors~! linear correlation with probabiHty of r 

oocuring by chance is between 0.1% and 1% for 20 degree 

of freedom 1211· Numer.ical results for surface state 

density and surface charge density are of the order of 
10 ~9 

10 and 10 respect! vely • 'rhe 7:esul t shows the 

annealing of the sample. 
., 

Samale.11£ 

High frequency c-v curve for five different frequen-

cies under illumination and dark measurement are displayed 

from l!'ig. 6 upto F.ig. 12. CapaCitance - voltage values 

for 10KHz and 4MHz under illumination and dark measurement 

are given in ta.!:>le 7 upto 10. 

As one can see, it shows great deviation from 

theoretical high frequency c-v curve. We have two peaks. 

one majo): p6eu< near. by accumulation region and· the other 

mi.nor peak in the depletion region. Both doesn I t sho,q 

shift in position. The peak decreases with freqllency. We 

tried to interprete it in the foll~~ing way. 

We \'lere informed that the oXide thickness is 12ooi. 

No information about dielectric constant is available. 
" '. 

We -tried to evaluate dielectric constant as follo~IS. 

F.rom accumulation region capacitance, capacitance of: 

InSnO(insulator), 

C i '" £ 0-1~.!A 
d 

8S' 



At 10KHz 

-.. --.. ----.. ----,---,----'*---------~~'----, 
. . I , . . I 

illuminated 

---,------

M:o 20KH7. 

I 
i 

-'~---.. --~-.'----------~----.---' -----, 
, 1 I 
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At INHz 
" 

~'-'''~--~---'------'-~----,.>('t-''---.. -----,----.-----.. ....." 
i ' \4 I 
, t I i' i , I ! 

1 I 
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i .......... 
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g ,. 'I dark I 
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At 41.nIz 
:--··-----··--·.-·-·-·-----·-·--·~-1.lr---·----·---------~l 

' . ~ . 
, ! I 
i ".' 1 I 

f I 
! illuminated I 

~~ ~~ I 

;---.. -t;:p>.d1"~-~.-~--_----d .' -"~~---;---------------1 

~'M $II <tt r 'Q'iqr .. ,,_ 

'I'able 7. At 10KHz in dark 

" 
I 

1 -4. 4~; 4.03B£-10 ., -4.25 4.051£-10 -:1 -'3.99 4.1S8r-10 
'I -3.53 -1.31?E-1Q 
~ -3.16 4.475£-10 . , -7..80 ,1(;94£-10 " ~ -244 4 985E·10 
'3 ... 2.(\7 5.3'55£-10 
Q -1 70 5 9?4E:-1CI 

11) ·1',2 ~.934E-l0 
1'. - . ~:. :".4'59£-10 
12 -.5S 5.752E-l0 
l? -,18 5.191£-10 
: ~! " .22 4.7?6E-10 
Ie .62 4.115£-10 . -
16 1 . Q2 3.827£·10 
11" 1.41 3.649£·10 
19 1.82 3.514E··I0 
19 2.21 3.423£-1Q 
20 2.61 3.339E··I0 
21 2.99 3.26B£-1O 
22 3.36 3.21GF.-l0 
2'? 3.?6 3. 14IlE> 10 
:~4 <! .14 3.095E-10 
:25 <l.53 3.044£·10 

.. -----------~----------- .. -~--.---- .. ----------------------------
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'l'able 8 At 10KHz illuminated • ____ ~ ______ •• ____ ~ __________ n ____________ •• ____ ~_~ ________ ~ ___ ~_ 

! ()oltage Capllcnanc~ 
________________________ U ____________ M _______ MM _______________ _ 

1 ~4.P 4 . 32?E:-l (i 
:{ -4.2'3 4.027£-10 
? -3.89 <1. U7E-tO 
4 -3.'53 4.2981':'·10 
:, -316 4.477£-10 
6 -2.80 1·702£-10 
'7 -2.44 4.952£-10 
'3 -2.07 5.320f:-1O 
~ -1. ?O S.91SE-10 

10 -1.32 6.834E··1.0 
1~ -.9'5 7.110E-10 
12 - .57 5.829E-1.0 
1'3 -.18 5.44811-10 ., 
~4 ,22 5.50611-10 
15 .62 4.447E-10 
16 1.01 4.114E-10 
.,~ 1.41 3.SI0H-l0 J.,' 

18 1.81 3. S79~:-10 
19 2 ~.20 3.535E-10 
20 2.,60 3. 42SE-l0 
21 2.99 3.430E-10 
22 3.':lIi 3.<l79E-10 
23 3.75 '3.231E-10 
24 4.13 3,183E-10 
2:: 4.S2 3.207£-10 

---~------------------------------------------~------------~---

" 
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Table 9 .lit 41-iHz illuminated 

.---------------~--------------------~-- .. ~------------_.-
I \lo ltage Capac! t!lnc~ 

------------~-----------~------~ .. ----------.-------------
1 -4.42 '3. SOlE-10 ., -4.20 3,48211-10 ~ 

:3 -3.94 '3.5?4E>10 
-4 -3.49 '3.677£-10 
c. -3.12 3, ::'95E-1(' 
6 -2,75 ?,924E-IO 
::' -2,40 4.067£-10 
:3 -2.03 4.228£-10 
9 -1.66 4. '39'31'-10 

10 -1.29 4.543£-10 
11 -.92 4,571£-10 
12 - .55 3,849£-10 
1'3 -.17 3.857£-10 
14 .23 3.376E-10 
15 .63 2.'978£-10 
l~ .~ .02 2.825E-10 
~'? 1.42: 2.i'43E-1Q 
!$ 1.8t 2.608£-10 
1'? 2.2Q 2.65'3£-lQ 
:20 2.59 2.623£-10 
21 2,9~ 2.597£ .. 10 .,.., 3.35 2,573E-10 ,. 
'l~ 3,74 2,5<l7E-l0 ... 
24 4,12 2,523E-1O 
flr.; .. 4.51 2.498E-IP 

----- .. ---------------~----------.---------~~-------~-~- ... 

_. 1'.0 

" 
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Table 10 At 4~1Hz in dark 

• ___________ ~ ______ ._~ _____________ u ________ n _________ ________ • 

I t)o It age 

1- ,·4.2S 3.?23E~HI 

2 -4.20 3.47BE-10 
~ -'3.134 '3.5711':-10 " 
4 .. 3.49 3.6nE-10 
5 -3.12 3.7901<:-10 
B -2.76 '.91BF>10 
':> -2.40 4.060E-l0 .. 
~ -2.03 4.220E-10 
a -1.66 4,383£-10 

),0 .. 1.29 4.533E-10 
11 -.92 4.559£-10 
12 ",'55 3.822F.-10 
13 -.1:' :>,599"--10 
14 ,,~ 

• l •• ~ '3,1'39\':-10 
15 .63 2,SB7£-10 
16 1,03 2,771£-10 
1/, 1.42 2,70'3£-10 
18 l.fl2 2.659£-l.Q 
.\9 2.21 2,627£-10 
20 2.60 2.604E-10 
21 2,98 2.SB2E-1Q 
"" 3,35 2.559E-IO •• 
23 3.74 2.536\':-10 
24 4,12 2.513k:-1O 
2'5 4.51 2.488lt .. l0 

• t,> 

" 
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whereki:l.s d:l.el<actric COllste.nt of. tho insulator., d 

thickilGl:lS. A eros sectional area Q~d go perm:l.tivity 

of. free apac~. 'J~he r.:esult obtai-ned is not physically 

acceptable. If we consider three of them, they are 

0.797, 0.806 and 0,816. We also tried to evaluate 

from maximum peak it was al:ound 1.1 1n most measurement.. 

Rema.rks: In t.he accul'llulation region the capaci.tance 

slightly decreases w:!.th increase of reverse bias •. , T() 

obtain its asymtotj.c value we would have applied high 

negative bias. It resulted in sample distr.uction. Our 

maximum. bias .,as .J~S .• 

Piscu/!!.!2E.: 

Possible sources of discrepancy: the maximum measur­

ing error in 1\. is 10% this yields alao ki less than 1. 

~Ihat we can say about this is e:lther the thickness or 

our measurement technique £ails for this sam:;>le. 

The objective of determination of dielect:ric 

constant \'-IaS to calculate surface potential that 

correspol:'lds to tho peaks so as to analyse the traps. 

What we can say about left peak is that there may 
. -'.' 

exist parallel capac1tance effect across the ox.i.de that 

contI" ibutes to the total capaci tan'ce of the structure. 
" '-. 

It may be due to charges whose generation or raconillina­

tj.on is enhanced for voltage bias near by -Iv: (the 

peak 1.8 around -Iv). To explain the phenomenon sUffic;len·· 

tly it is necessary to perform further i~vestigation. 



CONCLUSION 
CO-.... ~ 4 

·.·New experimental ·techniques '1:;0 study. ~!Os structure 

are established in our laboratory. Oslng r.he teohniques 

we can determine the following quantH.ies~ T:'lat- band 

voltage shift, oxide charge denBity, surface- charge 

density, surface state density, onergy distrlbution of 

density of states, doping p.t'o£i1t~ atld oXide Clapac:U:ance. 

The determination of the quantities is based on high 

frequency and combined high and low frequi3ncy c··v 

. measurement. 

The experiment found that samples Sa and 6f are 

MOB structures \.;ith oxide layer thiokness of 3, 27E-5cl'1\ 

and S.5411l-5cm. Numerical value of surface state density 

determined in GaJnp1e 8a and 6£ ('V 1011 and J.olO 

respectively) indicates that the samples wer.e thermally 

, annealed. 

Effect of il.lumination was detect{3d as a shift of 

c~v cv.rvea in depletion and inversion regions', There 

~la8 no effect of illumination in <.\cct1l1\ulation region. 

And also effect of value of high f.requency \'la8 observed. 

This effect h~ not been quoted in literature. 

Sample 12.0 (with rnSnO insulal;ol' layer) displayes 

specific 'c-v characterj.$tic curve3 with one major and 

one minor peaks, The peaks are at a fixed bias values 

'V •• lv and 'V 0 .l2v, respectively. 'I'hese values are 

independent of frequency. Effect of illumination 

similar. to that of samples Ga and 6£, was observed. 



theuia. 'fhr'llQ of thalli lUll UtHHj for theoretical 

for.llm 1u amllyuia and for demonstr.ation purpose 

a.re lUled in arlp81'i!;ltmts for. the instrul\lonts 

control ("Oath.J'" and "DiGlh"). ,. bl~.iar diuoulJsion 

of tho programs !'llld f:lubp1'ogrWIIB ia given behuL The 

programs uro written in BASIC .4.~3 find have been 

prepared by 0l1rs01ves. 

frol{r.'aJfl "Sed-Sp':. 

'1'hiu program cO!1Jputea Spaco-Chl1I'/ts density as 

a funotiof} of loiurl'llC& !)otential with 

conoontration 01' te1l!poratllre. 'l'he reflultlJ can bo 

diriplayed in the i'lonil:or screen or plotted by tho 

printer/plottar. Plottinl~ jill clone in d:i.fforent 

co lura for diffel~(mt concontration or templ3l!'atul'o. 

Taking Fermi-lovel as the ori{!in it drllws vertical 

lines eorratlponding to v!llenee band Bv ' conduction 
.< t.> 

band Ee and f'li'.ronll :i.!lvel"sien ellergy (Bee Fig.5 

p .15 ). BaNie funotion compllt,at:ion is done in 
" 

I!ubpl' og r.1Ul< Cit! contains 63 linfls, totally the 

program contains 99 linef). 

3'1 



funotion of applied voH,~Il, It ",v!tluatoa applied 

volta£le I'l.S ft t'urwtion of Burfan!\! potential iflth 

oxi.de thlollnass tnJmn !Ul n. pUl'llllmtel', It p19l'f'ormlll' 

plottins uith llibolifl~ in different oolors for 

dif'i'IH:'llnt 01!i.d(~ thickrlees, funotion 

oomputation I1nd plotting is dona in till') ftlllln 
. , 

progr~~, Tho program oontainn 1~ lines. 

This 10\\1 frequenoy 

cspaoi tauce of idonl 1mB atructure ilOrmalil&11W wi til 

reHpeot to oll::!.do oepllcitlUloa veraullI atlplied biaa in 

WId MOS 

OflVl!citanoa em Ii 1lll1ot1tll1 of sud,'aoe potential 

(oxid6 thiolmesu ~il.« takon us Pltt"uoter) . 

Plotting if¥ dona tqith lab61ling and different 

colora for different o.xide thie!maaB. 

avalufAtion and plnttlna 1111 dono in the 

progrl'!llL The pJ:ogrl'l.l1 oontaim'i '16 lines. 

high frequency 

All 

lIlain 

c-v 



curve. It is aIm) sllitv.ble 

looation oj! a (l()llvuni~nt contl\ot. 'Uw pl'ografl.i 

oontains 4 filubpro!!i"l:n~lH; Sub M6!ig--O. Sub Eval and ,_ 

Sub Pri.nt. 

In thE> llJ.ain body of til", pro/ifl'1m we havE; 

brlUlohina. lAftm~ taking measurcd data and C-V 

plotting. It flats tHO optionlll. either to print -out 

the evaluated quantitw or to Lto buok to neft 

DleaS1U'ftlJitmt. Tho lllll:!.n badv of the pr-ogrlUl oontains 

114 lines. Total nUMbc,H' of !inss in the pro(JrfUt is 

307. 

Su~ KI.'Hlfj·-O illlleoting c1l;t111 

'fM.B I1l1lbprogl'lllll I1lll!tlil dittito.l Illultilllater (DItH) 

IUld Lea l1.\eto1:' in to re520te oontrol. It enables 

selection of bias intol'val and 

SRQ 

frequenov. After 

mask in o~der to 

il1terupt th0 uGfltroller un lest:! the duta 

Datil Ready SRQ ~w!:'t of the program 

is retl.oy. 

is th0 

follof;lillg. 

1460 OUTPUT 723 ; "IUlOl" UK" CLEARS 'fIlR 

SERIAl. POLL RHGIS'l'UR, 

"H01" SETS HASK '1'0 01 



1470 Datal: ot~ IN'lR 7 GOTt) DutuZ 

1400 RHABLR INTR 7 ; 2 

1480 ('.0'1'0 Datal 

1.5130 Dnta2: Sp '~ SPOLL (732) 

1510 STATUS 7. 4; Au 

'Hmrl3 HITRRlIACB, 

2-Bl'l' 1 OF IIBIB 

IWl'ltRUPT lUUiBLJI 

RIUHS'1'BR. 

RH'rlHU~S SInn AI. POLL 
., 

RESPONSE AS S 

(NOT USBD) CLHARS SRQ 

RETURNS CON!BN'!' OF 

IHTl!IlFACR S'l'A'.!'US 

REGISTBR No, 4 AUD 

CLllARS IT. 

'l'h13n data. is tl'lmsi'ared to the oomputer' £I Ilte~lorb" 

After cOllllpletin/it !lOIlIllUramant, line Mo. 159111 sets 

oontains 47 linc~. 

The subprogr!lJll seleots VIRWPOR'l.', H(~tl3 tHIllOOIf • 
. " 

scales th<l AXES and take tha aVl1l'iitto of thG first 

ten· capacitance (capao Hance in 

aooumulation r.aglon). Then it plots o!1pacitlitloo 

nOl'malizad tdth respeot to t~he above average V01'SUB 



applied voltll.ge. Plotting it~ done ni til Illlbell :i.rlt~ 

lind diff'el'ont color fol' difforent M.81U1l1lrGlIIllnt. Thl9 

aubprogra~ oontains 40 linea. 

Sub Bval ~evaluill.2!l of aomo~.!j;itiel3 and 61'1'01(' 

p.nal"f!is) . 

Transforing the n&aoured tlupaoitnnoe and the 

cox'r0ll1pondinf( applied bi.as values the 5ub!;lrOflru 

perforna nunerical differentiation . of oapaoitanoe 

with respect; to applied bias. Then it takes til" 

negative square root of it (gee Eg. 3.1.11i, p.59). 

aftar thiu, Pearson"s oOX'l'elation ooeffioient, 

slope, oxide capaoitance from interoept and thoir 

standard error is ol1lloulated. 'rhe 

contains 72 lines. 

Sup Pl'i!!!.-1P.Lil)tin.!l..9f:- tha._6v~1~t6d 9UIi.l!.~~_ and 

~~e(t data) . 

Tho subprogral!l printR t.lls 0\11l1untcd qUllutitioa 

and measured data. Printing is don& either in thG 

soreen .or on Ii paller ulli-nlt PIUNTlm IS statemont" 
" '. 

Data io printed aooording to the for~at givan. The 

subprogram oontains 34 liHes. 

1!H 



freguenoy G--V doea data 

evaluat:i.O!umd plot;ti.ng of tho quantities daterllllined 

from evaluation. oontains five 

aubp~ogru\lll3; Sub Ht.lIW, Sub Hval, Sub Oi - plot, Sub 

Nb - pl()t and Sub printer. The main bony of tha 

progrttlll oontfAina 21 lines. Total numbar of Ilnes-'ill 

the p:>"oiu~am ia 369. 

to be oOlUw<ltml the lJ1"aohtl pt. tnater tOl'l:iinals. 

linea . . ' 



Sub, BVlll (evll.1uti_<!!!> 

Firat. the IDotal plate . 'lrea find oxide 

oapao i tf4nca values ara INPU1'ed. Then t.he subprogram 

evaluates euerltv dist.ribution of density of states '" 

and doping profile (according to RqIll.3.1.5 and 

3.1.12 respeotively). Depth is evaluated using the 

folloung relation. 

X(depth) , Ii 

Sub Eval oOl1siata of 36 lines. 

. . 
notal plate area 

high frequenoy 
oapaoitanoe. 

Sub 01- plo~ (plottin~ of Dct versus voltago) 

The subprogram plots energy distribution ot 

densitv states versus applied voltage. 

Appropriate scaling is done usiug SBLBC'r CASH. 

which pro'licl0B oonditione.l eX60utitln of ofte of 

several progrd seglllElnte. Plotting is done with 

labeling and orosa sign (RPLOT). This subprogram 

contains 114 linos . 

... 

, 
.' 'i'his Illubprogru.m plots doping profilo. Plotting 

is done in the slUte {fall' as diaoussed in Sub 

Di-plot. This Bubprogram oontains 114 lines. 

103 



. ~~.b ['rinto!_ (p~il'it~_.2L.....!.va1"~!L._'@l!lee ifi~l! 

~l~ll~JI..<,<p".tl!§.) . 

Thii'l Bllbpl'ogrn1'4 prints appliod bia~ wld the 

eva.lul!.tod guantitioa aooording to the forillat given. 

Tho printing is done either 1n the Imreafl or on the 

paper. This flubpr.ogrru-':I contains 17 linea. 

. . 

. " 

" 
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