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ABSTRACT 

The MOS and MN OS di odes, of which an oxidized silicon surface is an 

; n tegra 1 pa rt. ; 5 i ntraduced. and a theory for its ope ra t i on in the 

absence of surface states is presented. Rea l ti me computer prog rammes fo r 

measurements and numerical ana lysis were constructed. Measurements of the 

MOS and MNOS st ructures were done fo r different n-type samples. of dry 

ox ide and pyrogenic oxide with different thickness of ox ide and nitride . 

I n addit i on to t hi s irradiated samples by l - rays with energy 1- MeV we re 

measured. 

Oiffere nt methods of measurements of determining the density and 

energy di stribution of interface states at si li con- silicon dioxide in ter­

faces are described. By using the set of very se ns i tive electrical measure ­

ments the density of interfa ce states were obtained. A comparison of the 

t heoret i cal capac i ta nce ve rsu s voltage curves with meas ured experimenta l 

cu rves are shown. Computer simu lated resu lts of ca l cu l ati ons using integ ra ­

tion and spline interpolati on are given. Obtained exper imen ta l resul ts of 

ene rgy distribution of t he interfa ce state density of the orde r less than 

10 10 states per eV cm l are presented and discussed. 
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I. I NTROOUCT I ON 

Su rface s tates due to the discontinuity and impurit ies at an ox idized 

semi conduct or su rface with all owed energy leve ls are poss i ble sou rces of 

cha rge at the semiconductor sur face and affect its proper ti es[36]. 

The s tudy of the semiconducto r insulator interfaces has a great 

pra c ti ca l i mportance nowadays for phys i cs and device t echnol ogy. In order 

to obta i n informat ion of the interface st ates the Metal- Insu lator- Semi ­

conductor (MIS) structure was first proposed as a voltage va ri ab le capa ­

citor i n 1959 by Mol l and by Pfann and Garrett[l]. The MI S diode was first 

emp loyed i n a s tudy of thermally oxidized s ilicon su rfa ces in 1962 by 

Terman [36 ] and in 1963 by Lehovec and Slobodskoy[11] . Bu t in the las t 

decade i t has a new importance because of the emergence of the integrated 

circu i ts using Metal-Oxide -Semi conductor (MOS) f ield effect transi stors 

as the active eleme nts and Meta l- Nitride-Ox ide- Semiconductor (MNOS) 

structures as a mas k against alkali metal con tamination and as an oxidation 

ma sk . These structures and charge coupled devices are sensitive to the 

presence of minute traces of charge with surface charge density less than 

10 10 charge s/eV cm 2
• 

The MIS capacitor is used as a simple test structu re. in both moni ­

tor i ng integrated circui t fabricati on and s tudying the electrical prope r­

ti es of the device sys tems . Cont rol of the electr ical properties of the 

MI S sys tem is one of the majo r factors that has led to sta ble and high 

performance s il icon integrated circuits . Three regions of the MOS system 

are impo r tant in integrated circuit technology: the bu l k oxi de . the 

Si -Si0 2 interface . and the silicon itself. Charges in all three regions 
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playa role in integrated circuits . In the s ili con , charges such as dopant 

impurity ions are necessary for proper devi ce ope rati on. There are two 

maj or electrical properties of the Si-Si02 interfa ce: oxide fi xed charge 

and interfa ce trap level density. 

The superi ority of the MIS capacitor rests on its structure , fabrica­

tion and analysis[45]. Using the MIS capacitor , nearly all of the proper­

ties of interest at the Si -Si0 2 interface can be measured. 

In Chapter II the ideal MIS di ode, which is the basis for understand­

ing the non ideal MIS capacitance characterstic is considered and the 

Pois son equation for potentia l and charge density at the sil icon surface. 

using the simplifying conditions is solved. In this chapter the ideal MIS 

curves by deriving expressions for different methods are treated . 

Chapte r III , deals wi th practica l MIS diode in which interface 

trapped charges and insulator cha rges are considered. The major effects 

fou nd in real MIS capacitor surfaces arise from surface states and 

different types of oxide charges . 

In Chapter IV a description of the most important experi mental tech­

ni ques fo r measurements follows. Several different ways of investigating 

and mea suring MIS and MNOS structure of sem iconductor surfaces and oxide 

semiconductor interfa ces using the set of very sensitive e lectrical 

measurements are presented. 

Chapter V is devoted to sample preparation and specification of the 
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MOS and MNOS s tructures. The va r ious s teps of ox idati on, inc luding phot o­

li t hography , ga te e lectrode and deposi ted s ili con ni t ride are desc r ibed 

in this chapter . 

In Chapter VI the instrume nts used are desc ri bed. The in struments of 

HP Model l CR multifrequency meter. HP Model PA me ter/DC volta ge source 

and HP Model multi me ter are directly connected through the bas with the 

HP-IB compute r. In this chapter Bl oc k-dia gram of measuring apparatus is 

shown. 

Chapter VII deals with the experi mental results and di scu ss ion of 

the measurements performed for different samples. Real ti me compute r 

programme was const ructed as shown in Appendices A and B. Using this 

computer programmes measurements were done and numerical ana lysis of the 

experi ments were obtained at the same time. 

MIS struc t ures prepared by different technological methods were used 

and the resulting knowledge of the interface state density distribut ion 

is to improve the MIS structure technol ogy, to improve fabrication tech ­

ni ques and to make bette r performing, longe r la sting integ rated circuits . 
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II . STUDY OF THE MIS SYSTEM 

2. 1 MI S Structure 

The me tal - Insu l at or- Sem iconducto r (MIS) struc ture consis t s of laye rs 

of a pa rallel pla te capacito r with one electrode a metallic plate. called 

the gate and the other elect rode . the s ili con. The two electrodes are sepa -

rated by a thin insulating layer of Si02' Such a structu re is shown in Fig.l 

where d ; s the thi ckness of the in sul a tor and V is the app li ed voltage on 

the me tal field plate. 

v 

d 
~------ METAL 

~f----- SEMI CONDUCTOR 

OHMIC CONTACT 

Fig .l. Cross Section of MIS Structure 

2.2 Ideal Metal -I nsulator -Semiconduct or Diode 

The energy-band diagram of an ideal MI S di ode when V=O . for n-type 

sem i condu ctor i s sho wn in Fi g .2[I ]. An ideal MI S di ode i s defined as follows: 

1. At zero app li ed bias there is no energy difference between the 

me tal work- function and the semiconduc t or work-function[ 21 . or 

• m, fo r n- type . (2 . 1 ) 

Where ~m is the metal work - fun ct ion ; x, the semiconduc t or elect ron 

affi nity ; x;. the insulator electron affinity ; Ee , the ene rgy of the lower 

edge of the conduction band ; ~ . the band gap ; q. the elementary electronic 
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charge; t B, t he po tenti al bar ri er between t he me tal and the insulator ; and 

"6 ' the pot en ti a l diffe rence between t he Fermi level EF a nd the i ntrins i c 

Fe rmi leve l Ei . In o the r words , the bands are fla t ( flat - band conditi on) 

when t here is no appli ed voltage . 

2. The only cha ges that ca n exis t in the struc tu r e unde r onl y bia s i ng 

condi ti ons are t hose in t he semi conduc t or and those with equa l but oppos ite 

5;gn on the meta l surface adjacent to the insul ator . 

3 . There i s no carrier tran sport th r ough t he insulato r under de bi asing 

condi t ions , or t he resi s tivity of t he in sulator is inf i ni ty. 

VACUUM LEVE L 

T 
"s 

METAL 

v • 0 

E912 
~JL----t---~--------- 'c 

- 'F 

~-------'C---Cf----------' ; 

d 
I NSULATOR 

kn77TTTTT7777777TT77T 'v 

SEM I CONoue TOR 

Fig . 2. Ene rgy·band diag r am for ideal MI S $t ruc ture a t V=O . for n-type semi conduc tor 

The voltage is defined in Fig . ! as that app l ied to t he me tal field 

plate. Thus, V i s positive when the me t al plate ;s posit ive and t he semi -

conducto r is negat ive . 

Whe n an ideal MIS diode i s bi ased with positi ve or negati ve vo l ta ges . 

basica ll y th ree cases may exi s t at the sem iconductor su rface . as shown in 

Fig.3. 



6 

-- ---- V<O V<O "----EC 
, 
' .. --- - - --- E 

I f->-;~--- E, 
V)O ~- - --- - E. , 

" '~--;-.. - EV .+" ~ 4 

" 
(. ) (b) (01 

Fig.3 Energy-ba nd diagr"ms for i deal MIS diodes o f n - type semiconduc t o r l'Iilen VI O, 

for the f ollowing cues : ill accumulation ; b) depletion ; c) invenion . 

When a positive voltage (V)O) ;s applied to the meta l plate , the top 

of the conduct ion ba nd bends downward and ;s closer to t he Fermi level 

(Fig.3a). For an ideal MIS diode , no curren t flows in the structure , so the 

Fe r mi leve l r emai ns constant in t he sem i conducto r . Si nce the carrie r density 

depends exponentia ll y on the ene rgy di fference (EF - Ec) ' this band bending 

ca uses an accumulat ion of majority carriers (electrons) near the sem i con -

du ctor s urface . Thi s ;s t he "accumulat i on" case . When a smal l negative 

voltage (V(O) is app l ied , the bands be nd upward , and the majority carriers 

are depleted (Fig . 3b) . Thi s is the "deplet i on" case . Whe n a large r nega t i ve 

is app li ed, the bands bend even more upward Fig. 3c . So that the intrinsic 

level Ej a t the surface crosses ove r the Fermi leve l. At this po int the 

numbe r of holes (m i nor ity carriers) at the su r face i s l arger than that of 

the elect r ons , the surface is thus i nverted, and this is the "inversion" 

case . 
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2 . 2.1 Surface Space - Charge Region 

Fig . 4 s hows the band diagram at the su rfa ce of an n- type semiconducto r. 

A nega tive volta ge at the field plate causes t he bands to be bent upwa rd . 

The potential i s defin ed as zero i n the bulk of t he semiconductor and is 

meas ured with respec t to the intrin s ic Fermi leve l Ei as shown. At the 

semiconductor sur face. ,=' ,~ . and 's i s called the su r face po t ential . 

1.--- SEMICONDUCTOR SURf ACE 

'--------.,----- EC 
E, 

- - - - E; 

INSULATOR x SEHICONDUCTOR 

Fig.4 Energy - band diagram at the surface o f an n-type semiconduc t or 

The e l ectrostatic potentia l is de fined by 

q 'i' = - E i ( 2.2) 

It is conveni ent to choose the or igin of the potentia l so that it is 

ze ro in the bulk . The bands are flat in the bulk semiconducto r with the 

excep tion of the surface , where sur face fields ca n cause band bening . The 

Fermi l evel , whi ch is the electrochemi cal potential depends only on the 

prope rti es of the crystal and remains in its posHi on despi te band bending. 

The electron and hole concentrat i ons as a function of 'f are gi ven by 

the fo l l owing re l ations: 

n n = nno exp( q,/KT) = nno exp( s, ) (2 . 3) 

(2 .4 ) 
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where n no and Ppo are the equilibrium densities of the elect rons and holes 

in the bulk of the semiconducto r~ 8 _q/kT; k is the Boltzma nn's cons tant; 

and T. the absolute t empe rature. , i s nega tive when the band is bent upwa rd . 

as shown in Fig .4. 

At the sur fa ce of the crysta l. the concentrati ons are: 

n = n exp( s,,) 
, 00 

( 2 .5 ) 

(2 .6) 

wh e re t he subs c ript s refers to qua ntiti es a t the su rface . With the help 

of Eq . (2.5) and (2. 6) , the following regions of su rface potential can be 

dist i ng uished: 

't' s > 0 

"5 < ' a 

Enhanced electron concent rati on-accumul ati on layer 

(bands bend upward). 

Flat-band conditi on . 

Depleted el ect ron co ncentration-depletion layer 

(ba nds bend downward) . 

Midgap wi t h n = P = n. , , , ( intrins ic -co ncentrati on). 

Electron enhancement-Inve rsion layer, or channel 

(bands bend downward) . 

2.3 So l ut ion of the Poi sson Equa t ion 

2.3 . 1 Simp lifying Conditions 

We sol ve the Poisson equa ti on with ce rta in s implifying conditi ons. 

These condi ti ons are: 

1. The Pois son equat ion will be so l ved in one dimension in t he direc -

tion perpendicu lar to the plane of the Si - Si02 interface . It i s reason­

ab le to treat only one dimens ion because the field under the gate is uniform 
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and per pendicula r to the s ili con surfa ce . The frin ging field at the gate 

edge is negligible. affecting an area that ex tends only an ox ide thi ckness 

from the pe ri phery of the gate. 

2 . We assume that the im purity concent rati on in the s ili con is uniform 

ri gh t up to the su rface. Th is assumption does not app ly becua se therma l 

ox idat i on causes red i st ri bution of the impurity concentration at the si lkon 

sur face . However . the case of a uniform impurity distribution is a good 

introducti on. 

3 . The Po i sson equation i s so lved f or t he nondegenerate case. In the 

degene rate case , equilibrium free carrier concen trati on in the s il icon is 

de sc ribed by degene rate o r Fermi - Di rac statist ic s . Little useful information 

about i nte rfacial or ox ide properties are ga i ned from MIS capacitor charac ­

ters t ics i n the gene ra te bias region. We use the nondegenerate or Boltzma nn 

approx i mati on o f the Fe rmi - Dirac s tati st ic s[3j . 

4. The Pois son equati on will be solved using an approximate cha rge 

density. The charge of electrons and ho les is treated in a self- cons i sten t 

fie ld app r oximation. That i s , e ach electron or hole is treated as though it 

moved in an average field . 

5 . Surface quantization is neglec ted . Surface quant i zation has no 

bearing on device or MI S capa c itor c ha racte r stics unde r condi t ions o f 

norma l use . 

2 . 3 .2 Band-Bending Approximation 

Fi gure 4 illustrates the band-bending, o r the barrie r height '$ at the 

s urface of n- type sili con i.e. Band- bending 'I' {x) is shown as a function o f 

di s tance x measu red from the S1 - Si 02 i nte rface . The band -bending app r ox i -
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ma ti on assumes that the density of states in the conducti on and val ence 

ba nd is no t changed by an elect r ic fi e ld. In the band - be nding app rox imat ion 

the on ly effect of an electric f ie ld is to shift al l the ene rgy leve l s in 

the conduction and val ence band s by a constant amount determined by the 

potent ial at ea ch given po int in the s lli con . 

Us ing the band-bending approxima ti on, we calculate the hole density 

di s tribution at the silicon surfa ce under an applied bias . Because band­

bending is a fun ction of di st ance, as shown in Fig .4, free carrie r concent ­

rati ons also are fun cti ons of di stance . The di stance x i s measured in a 

direction perpendicular to the in te rfac ial pl ane in to t he s lli con bulk . 

2.3 .3 The Poisson Equation 

We treat the sil i con as a semi-infinite homogeneous crysta l in therma l 

equil ibr i um . The sil i con s urfa ce is represented by the plane at x:: a and 

the bulk by positive values of x . This prob l em is one di me nsional, so tha t 

potentials are fun c tions of x only. 

The Poisson equation will be solved under the simpl ifying conditi ons 

li s ted in section 2.3.1 above a nd wh e r e the band-bending approx i ma ti on is 

val id . Surface potential as a functi on of x i s given by the Poi sson equation 

in one di me nsi on. 

(2 . 7) 

where o( x} is the cha rge dens i ty (cou I / cm J
) composed of i rrmob ll e ion i zed 

donors and acceptors a nd mob il e hol es and elect rons and 
_ 12 

(~ = 1. 04x1 0 F/ cm 

i s the dielectric permitivity of s ili con. g (x) is the algebraic sum of all 

the charge densitie s in the crys tal. 

, ( x) , q[P o - no + No - N,] (2 .8) 
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whe re No and N" represent the dens i t ies of the ionized donors and accep-

tors , respec ti ve ly . Now in the bul k of the sem iconductor, fa r f rom the 

surface , charge neut ral ity mus t ex i s t. There fore , , = 0 and o(x) " 0 , and 

we have 

In genera l, for any value of , we have from Eqs . (2 . 3) and (2.4 ) 

subs tituti ng (2 .8 ) and (2 . 9) into (2 . 7 ) g i ve s 

, (x) • ql n - P + P exp(- .. ) - n exp( " )] no no no no 

The Po i sson equation for one di mens ional geome try i s then 

dZ
, = 

dx' 
- .<! [ P (exp ( - ,, )- I) - n ( exp(" )- I )] . 

( 5 no no 

Integ rat ing Eq. (2.12) from the bulk toward the sur face[ 4] 

l'/3X 

, (-'!) d (.!!.) • - .<! / [ P (exp( - ,,) - 1) 
ax ax (s o no 

n (exp(, )- I)]d , 
"' 

l eads to the el ec tri c fie ld E = - d, I dx: 

nOO 
+ -P (ex p(' 

00 
)- " - 1) ] 

The fo ll owing abbreviati ons are introduced: 

and 

L • 
o 

n 
F( " . pOO ) . [( ex p( - " ) " ' -I) 

00 

J& - , - q p , 
00 

n ; 
+ pOO (exp( " ) _" _I )] > 0 

0' 

(2 .9) 

(2 . 10) 

(2 .11 ) 

(2 . 12) 

(2 . 13 ) 

(2 . 14 ) 

(2 .1 5) 

(2 .1 6) 
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where LD i s called the extri nsic Debye l ength for e lec trons and F( at . 
n ~ 

~ ) 

i s a di me nSi on l ess e lectr ic field. Thu s . the electric fi e ld becomes 

E • " ax F(8f • 

The pos itive sign app li es for ' (0 ; the negative . for , > O. 

To determine the electri c field a t the s urface , we l e t ' =,~ : 

F( S' ~ , 
nno ) 
p 

00 

(2 .1 7) 

(2 .18 ) 

Sim i larly. by Gauss's law the space charge per unit a rea required to produce 

this field is 

Q, • - , E , , • + F(S'f • nno ) 
5 P no 

(2 . 19) 

The dc bias at which measu r ements are made i s vari·ed slowly enough 

so that the charge di s tributi on in the semiconductor can be adequately 

described by the equilib r ium analysis[S , 6]. 

A typical variation of the space-charge des nity 0
5 

as a functi on of 

the surface potentia l '5 i s shown in Fi g . S us ing com pute r progr arrrni ng for 

an n- type sil i con with 101 5 cm- 3 at room t em perature. Note that fo r 

positive '$ . Os i s negati ve and cor res pond s to t he accumulation region . 

The functi on F i s dom i nated by the third term in Eq . (2 .16 ) , that is , 

O ~ - - exp(q 1 '~1/2 kT). For ,~ = 0 , we have the flat-band conditi on and 

Os = o. For 'B ( ,~ < 0 , Q$ is posi tive and we have the depletion case . 
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The f unction F i s now dominated by the fourth t erm , tha t is , Q, . /T, . 

we have the invers ion case with the func ti on F dom inated 

by t he second t e rm, t ha t i s Q:o • ex p(q',,/2 kT ) . 

Al so note that the s trong inve rs ion begin s at a sur fa ce poten t ial 

2kT 
q (2 .20) 

Two capa ci tances ca n be defin ed for t he MI S capac itor in equilibrium 

c-v curves . The s ta ti c capacitance whi ch i s de f ined as ( s t ilt': Qs / ' !. ' wh e re 

Qs i s t he t ot a l charge dens ity on the capac itor and !o i s the bia s appl ied 

t o it and the d ifferentia l capac itance whi c h i s de f ined as C
5

;;: dQs,/ d" . 

Beca use charge on an MI S capa citor ca n va ry nonl inea rl y wi th vo l tage, these 

two capaci t ances w;11 be di f ferent. 

The di f ferent ial capa ci tance of the sem iconduct or depl eti on laye r i s 

given by 

- 5 
10 

C\J - 6 
E 10 

\ 
\ 

u , 
- 7 

~ 10 
0 
u 
~ - 8 
a 10 

10 
- 9 

\ 
1\ 

\.. 
\ 

- . 8 . 6 . 4 . 2 
Surfac e p o tent i a l , 

o 
V 

/ 
V 

L 
/ 

. 2 . 4 

Fig . !> Variati on o f space -cha r ge dens i t y i n t he semiconductor as a fu nction o f t he su r face 

IS - 3 potentia l ':. fo r n- type si li con "1 1th ND • 10 em ill room t e"'Pftratu re . 
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[I-exp( - ".) t (nO./ PM )(exp( " ,) - I )) 

F( s" . nno/ Pno ) 
(2 .21) 

At flat-band conditi ons , that is . ,~" 0 , Co ca n be ob tai ned by expanding 

the exponenti al terms into series . and we ob tain 

C, (flat - band) ~ (2 .22) 

2 . 4 Idea l MIS Curves 

2.4. 1 Qua s i stat ic and High Frequency Cu rves 

We develop the equ ivalen t ci rcui t representation of t he MIS capacitor 

wi t h no inter face traps . ox ide charge . or work funct ion diffe rence and 

der ive ma themati cal express ions fo r t he ci rcu i t elements as a functio n of 

gate b i a s . For charge neut ra l ity o f the sys tem , it i s req u i red that 

~ Q , (2 .23) 

whe re QH is charges pe r unit area on the me tal , On is the electrons pe r 

unit a rea in t he inver sion region, q NoW is the ionized dono r s pe r unit 

area in t he space-charge reg ion wi t h space charge wi dth W. and Os is the 

t ota l cha rge per un it area in the semiconductor. The applied voltage will 

pa r t ly appear ac ross the insul ato r and partly acro ss the semiconductor. 

Thu s , 

Vc = V Oll + '$ (2 .24) 

We re l at e t he charge per un it area in the silicon 05 to the field in 

the ox ide , (Vc - 's lid by 

, 
•• EOll= t, E, 

where , ., i s t he die lec t r ic pe rmi tivity of 

(2.25 ) 

and EOll is the elect r ic 

f ield in the Si02 . Si nce t he re are no cha rges in the S1 02 ' the field in 
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the Si02 i s cons tant and equa 1 to 

E v •• I Q,I 
• 

IQ, I (2 .26) '7 • •• ' .. COJ! d 

whe re V •• ; s the voltage across the Sl 02 ' Using Eq . (2 .25) we have 

(2 . 27) 

where COl! =: '<",J d is the ox ide capacita nce per unit area ; d is oxide thick ­

ness; Vc and 's are the gate voltage and s ili con band bending , respective ly. 

The tota l capacitance per unit area of the MIS capacito r C of the system is 

a se ri es combina ti on of the ox ide capac itance pe r unit area COA , and the 

s i 1 i con depletion-layer capac itance Co: 

Co:o. Co 
Co;o; + Co 

c • F/cm2 (2.28) 

For a given insulator thi ckness d, the value Co ;s constant and corresponds 

to the max i mum capacitance of the system . The capacitance Co as given by 

Eq . (2 .21) depends on the voltage . Comb ination of Eqs . (2 .2I, 2. 24, 2.26 and 

2. 28) gives the complete descripti on of the ideal MI S cu rve as shown-in 

Fig.6 , which is pl ot ted after computer programming was done . 
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fig.6 MIS ca paci ta nce- vo ltage cu rve s (iI) La ... frequency ( b) High frequency 
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Of pa rti cular intere s t is the total capacitance a t fl at-band condition , 

that is, ' •• O. From Eqs . (2 . 22) and (2 .28 ) we obtai n 

• (2 . 29) 

whe re CO l< and [~ are the permittivities of the insulato r and the semi con-

du cto r, re spect ive ly . and Lo i s the ex trins ic Oebye length given by 

Eq . (2 . 1S). 

In describing this curve we begin at the r igh t s ide , posi ti ve vo ltage . 

where we have an accumulation of e lec trons and therefore a hi gh differentia l 

capacitance of the semiconducto r. As a res ult the total capacitance is close 

to the insulator capacitance . As t he positive voltage i s reduced sufficient ly, 

a depletion reg ion whi ch acts as a diel ec tric in se ri es with the insulator 

is formed near the sem i conductor surface , and the total capac itance dec rea ­

ses. The capac itance goes through a mini mum and then inc reases aga in as the 

inve rsion layer of holes forms at the su rface . The minimum capacitance and 

the correspond i ng min imum vol tage are designa ted Cmi n and Vmin , re spectively 

Fig .6. Note that the increase of the capac itance depends on the ability 

of the holes concentration to follow the applied ac Signal. This only 

happens at low frequencies where the recomb inati on -generati on rates of mino­

rity carrie rs (in this case, holes) can keep up with the sma ll- s ignal va ri a­

tion and lead to charge exchange with the inversi on laye r in s t ep with the 

measurement signal. Experi mentally, it is fou nd tha t for the meta l - Si02 - 5i 

system the frequency is between 5 and 100 Hz[7]. As a consequence, MIS curves 

measu red at higher frequ enc ies do not show the increase of capac i tance on ~e 

left side , Fig .6, curve(b) . 

Figure 6 al so shows the corresponding surface potenti a ls. For an ideal 

MIS diode, the flat -band capac itance occ urs at V:: O. where " :: o. The de ple­

tion region co rresponds to a su rface potential range from ', :: 0 to ',::I: 's ' 



17 

Wea k inversion begins at ,= 'B ' wh ic h is slightly gr ea t e r than V. ln I and 

the onset of s trong inve rs ion occurs at '. :: 2'6 ' as indicated in the 

fi gu re. The quasi-static cu rves occu r s at f < 100 Hz. 

The high-frequency curve can be obtained us ing an approach analogous 

to a one - sided abrupt p-n juncti on[ B] . When the sem iconduc tor su rface is 

dep leted. the ionized donors in the depl e tion region are given by ( - q NoW>' 

where W is the depletion width. For a uniform impurity distribution , 

q No:: constant , and the electric field, integrat ing from the bulk t oward 

the surface is 

Integrating (2 . 30) yields 

[(x) :: .9. No /' " . dx' 

[(x) = 9 N (x-w) , 0 , 

The field at the s lli con surface (x=o) will be given by 

(2 . 30) 

(2 . 31) 

(2 .32) 

Equation (2 .31) and (2.32) show that the field in the silicon depletion 

layer decreases linea rly from Es at the surface to zero at x = w, the edge 

of the depletion layer . Integrating (2 . 31) from the bulk to the surface to 

obtain the potentia l in the depletion laye r yields 

/1,' [(x') dx' = 9 N / (x ' -w)dx' 
o Cs 0 .. 

(2.33) 

The result of integrating (2.33) is 

, (x) (2 . 34 ) 

At the surfa ce , x = 0, and the surface potential 's from (2.34) becomes 

" (2 .35 ) 
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From (2 . 34 ) and (2 . 35) , we wr ite 

(x) (2 . 36) 

Equations (2 .34) or (2 . 36) show that band bending in the depletion laye r 

ha s a parabolic shape as it va ri es from ,~ at t he su rface t o ze ro i n the 

bu lk . When the app lied vo l tage increases , ':. and w increase . Eventually , 

strong invers ion will occur. As shown in Fig .S. st rong inversi on begins 

at ":,(iov) :. 2 ' 6 ' Once s trong inve r s i on occurs , the dep l e ti on-laye r width 

rea ches a max imum . The ma xi mum width Wm of the su rface dep l etion region 

under steady-state condition ca n be obtai ned from Eqs . (2 .35) and (2 .36) : 

From equat ion (2.27). we obtain 

4 c:. kT t n(No/ nd 
q2 No 

Q, 
V=- - + ', 
C Co ... 

(2 . 37) 

( 2.38) 

Equation (2 .38) expresses how the appli ed gate bias divides between the 

To ca l cu l ate a C-V curve t o compa r e t o expe ri ment, (2. 21) i s calcu-

lated as a function of band bending. Then , t his result i s used t o calculate 

tota l capacita nce as a function of band bend i ng fr om (2. 28 ). Finally. band 

be nding is related to gate bias using ( 2 . 38) to obtain the C-V curve . 

Surface charge is calculated from (1 .19 ) by subs tituting (2 .16) in (2 . 19) 

for n-type . The corresponding t otal capac i tance fo r high frequency is given 

by 

C'min '" (1 . 39) 

For n-type sem iconduc t o r the th inne r the oxide . the mo re rapidly capaci ­

tance changes with gate bi as[9 ,lO ] . 
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Alternatively the high frequency capaci tance in inversion and its 

smoo th connection with the C-V cu rve in wea k inversion , deple ti on, and 

accumula ti on is calculated. By introducing the sma ll- s ignal quantities 

defined by 

u 

" 
and 

:: U + • (2.40 . 1) 

(2.40.2) 

Where V ~O is the total band bending set by the ga te bias and 6 v ~ i s the 

ae band bend i ng at x = 0 , the silicon surface capaci tance becomes 

(2. 40.3) 

Taking the derivative of the dimensionless electri c field given by (2 .21) , 

the s ili con surfa ce capacitance from (2.40.3) becomes (for \/ , ) 0) 

C : C o ,. 
n 2 

fl -exp( - v, ) + (if) [(exp(v, )- I) 
o 

(1 - , u ")+I] 
'v, 

F- 1 (v, ,u. ) } (2.40.4) 

Where eFe = (.$ l Ol from (2 .22). The excess minority carrier charge On 

is given by 

Q, : q n , t ( exp [v(x) + U'N] - exp(u . ) } dx , 

The excess electron charge se t by gate bias al one is also given by 

Q, : qn, ,- ( exp[v , (x) + u. ] - exp(u . ) }dx , 

(2 .40.5 ) 

(2 .40.6) 
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Where vo(x) is the band bend ing at x established by the gate bias. The 

cons t ant on On is obtained by se tti ng (2 . 40 .5) equa l t o (2 . 40. 6) . Thus . we 

obta in 

( ( exp[ v(x)+u " J - exp( u. ) dx • ({ exp[ v .( x) +u . ] - exp( u.) ) dx (2 .40.7) 

Introducing the sma ll- signa l quantities from (2 .40 .1) and (2 .40 . 2) in to 

(2 .40 . 7) and making a smal l- signa l ana lys is [55. 56] 

(2 .40.8) 

Where b ;s a fraction taking into account the cons tancy of inversion 

laye r charge and its spatial redi stribution. The particular form of (2 .40.8) 

has been chosen deliberately to avoid round-off error in the capac itance 

when 6 u Fn/6 V~:: 1, whi ch wi 11 occur in st r ong inversion . The expression 

for tJ. is 

F(v so ,u s) . , 
exp (vso )-l 

Vso exp{v s ) - exp(-v s) - 2vS] 
f dV[ -1 ) 
o FJ(v s ,u

B
) 

Now we can rewrite (2. 40.4 ) in t erms of b . to obtain 

n i 2 to _ I 
(-N) [(exp(v • .,) -I) -1- ' 1] ) F (v •• ,u .) 

o ' . 

(2 .40.9) 

( 2.40.10) 

Eq . (2.40.10) is an accurate expression for the high frequency capacita nce . 

To see how t:. affects the high frequency capacitance at different values 

of v ~o ' (2 .40 .9 ) must be eva luated. 
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2.4. 2 Origin of t he Eq uival ent Parallel Conducta nce 

The dominant process causing the measured equiva lent parallel conduc­

ta nce i s captu re and emiss ion of carrie rs by i nterface s tates . Ser i es 

res is t ance is not important because i t can be ma de neg li gible by usi ng 

epitax ial samples or i t ca n be meas ured in s trong accumulati on and subt ­

rac t ed from t he tota l impedance. Noramlly . sma ll - s igna l measurement a re 

ma de so tha t harmo nics of the signal frequency ar is ing ( rom the non­

l inea r ity of the charge - vol t age cha ra cte r s ti es a re uni mpo r tan t. 

2 .4 . 3 Admittance of a Singl e l evel Sta te 

The purpose is to deri ve express ions fo r t he admittance of the MIS 

capac i t or as a f unction of bi as and frequency . and t o ob t ain t he co rres ­

pondi ng equi va l ent c ircu its which f it in de tai l to expe ri me nt al obse rva ­

t i ons . To desc r i be t he MIS condu c t ance techn ique and i nt e r pr e t the 

measu r ements in the dep l e t i on and wea k i nve r s i on regions , we shall rede r ive 

the t heory for t he admi ttance of the MI S capac itor . The s tarti ng point will 

be the theo ry for majo r i ty ca r r ie r cap t ure and emi s s i on by a s i ng le - leve l 

i nte r face s t a t e first ca l culated by Le hovec and Sl obods koy[ ll ] . 

Expe r imen t al evidence shows t hat only cap t ur e and emi ss ion of 

majo ri ty ca rri e r s a r e important when measur ing i n t he dep l et ion regi on . 

The quas i Fenn i l eve l and Fe rmi leve l a r e iden ti ca l for ma j ori ty carT ie r s . 

Thus , appli cati on of an ac s i gna l Simply r es ul t s i n a ti me varying Fenn i 

func t i on . From Shockley and Read[12] , t he capture rate of el ec trons . ta ken 

as major ity ca r r ie r s , by s ingle - leve l inte r fa ce s t ate is 

R, {t ) ~ N, C, [ I - f { t )] n , {t ) (2 .40) 

and t he emi ss ion ra t e i s 

G, {t ) ~ N, ' , f{ t ) (2 .41) 
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'Nhere N) is the densi ty of sla te s Cm- 2 , 

cm 3/ sec . e n e l ectron emission cons tant . 

en e l ec tron capture probability , 
_ 1 

sec , f ( t) the Ferm i functi on 

at ti me t . and n){ t) electron dens ity at the si li con su rface at time t , 

-, em . 

Net cu rrent dens ity fl owing is 

i ,( t) • q N, C, [ I- f(t))n ,( t ) - q N, ' , f(t) 

where q is elec tronic charge in Coulombs. Making the small -s ignal 

approx imat i on. the admi ttance is • 

y • , . ~ N, f, ( I- f, ) 
J III k. T ~( ~I +~J~ .• 2,f":,':;/-e","'n~,-,~) 

(2 .4 2) 

(2. 43) 

Where - 1 
/j) i s the angular frequency of the ae signa l , sec k Ba l tzman's 

constan t eV x cQ ul r k, T the abso l ute tempe rature , Ok, fo the Fermi func-

tion es tabli shed by the bias , and nso the elec -

tron densi ty at the s il icon su rfa ce esta bl is hed by the bias , cm- 3
. 

Equation (2 .43) i s the admittance o f a series RC network .... ith capac i­

tance C:r, = q2 N:r, fo(l - f o)/ kT and ti me constant t = fo/ C n n ~o ' Separat ing 

(2 .43 ) i nto its rea l and imagina ry parts . the equivalent para ll e l capacitance 

i s 

C, 
C • ,-:+-: 

1+ W2 12 
(2 .44) 

and the equivalent pa rallel conductance i s 

(2 .45) 

Plot of s ingl. 1 ••• 1 state of Eq . (2 .45) is shown in Fig . 12( a) . 
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2.4.4 Equ ivalent Circuit of MIS Capaci tor 

le t Q, be the total c ha r ge dens ity a t a given bias . Then 

Or' 0" + 0. + Or (2 .46 ) 

Where Qsc i s the sili con s pace- cha rge de ns ity . coul /cm 2 , Q~ t he i nte r­

face state cha r ge density. coul /cm2
• a nd Of the fi xed- charge dens i ty in 

the oxi de. coul/cm2
• The ae current dens ity . it ( t}, obtai ned by diffe ­

rentiating (2 .46) with respect t o ti me is 

(2 . 47) 

Where i sc (t) and i s (t) are the ae c urrent de ns ities c harging the 

s ili con space -charge laye r and t he interfa ce s tales , res pec t ively . To 

obta in i sc (t) we have 

(2 . 48 ) 

Where ' $( t ):: 'so + 6'$ is the sili con band be nding in volts at ti me , 

t; 'so the s ili con band bending e s t a bli s hed by the bias, and 

6' $ = a exp(j lll t). From thi s , d' s/dt:: j ill 6'$ ' Also , dOse / d ' s = Co the 

dep let ion layer capacita nce per cm 2
. Subs tituti ng these into (2.48) we 

ge t 

i (t) given by (2.42) ca n De written , 

(2 .49 ) 

(2 . 50) 

Whe re Y. is defined by (2 .4 3) . Subs tituting (2 .49) and (2 . 50) into (2 .4 7) , 

we have 
(2 . 51) 
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From (2 . S0 ), it i s seen that Co appears in paralle l with the se r ies RC 

ne two rk of the inter face s t a t es . The voltage , v" + Vo t 6"'" • applied 

to the capac itor devides between the s ilicon and the oxide film so that 

Q 
6 V =,( t). -L • , C ,. (2 . 52) 

where '10 is the de bias . 6V, = b exp(j lol t ) . and Co;>. is the oxide capa ­

citance per cm z . Differentiating (2 . 52) wi th r espec t t o t to ge t the ac 

terms only 

(2 . 53) 

Substitut ing for 6' 5 from (2.51) 

(2 . 54) 

Where 

(2 . 55) 

The br acketed term in ( 2 .54 ) is the i mpedance of a c ircui t in whi c h 

C i s in series with Z. l13J. The equi va l ent circuit for the MIS capaci tor ,. . 
f r om (2.43) , (2.51) and (2 .54 ) i s g ive n in Fig . 8(a) . 
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III. PRACTICAL MIS DIODE 

Of a ll the MIS di odes , the Meta l- SI02 - Si (MIS) diode is by far the 

mos t impo rtant. An appea l ing picture o f the inte rface is that the chemical 

compos ition of the interfacial region, as a consequence of the rma l oxi da ­

tion , is a s ingle-crysta l s i li con followed by a mono laye r o f SIO" ' that 

is, incomplete ly oxidized silicon, then a s trained region of S;02l14J. 

For a practica l MIS diode , interfa ce traps and oxide cha rges exist that 

will, i n one way or anothe r, affect the ideal MI S cha ra c t e rstl cs. 

The basic c l ass ifi cations of the se traps and charges are shown[l S,16] 

in Fig . 7: 

1. I nterface t r apped charges Qil' wh ich are charges located at the 

5; - $;02 i nterface with energy states i n the sllicon-forbidden bandgap 

and whi ch can exchange charges with si l i con in a sho r t time; Qit can 

pass i b 1y be produced by excess s i1 icon ( tri va l en t - s i I i con ) , excess oxygen , 

and impu ri t i es[17 , 18] . 

2. Fixed oxide c harges Qf ' which are located at or near the interfa ce 

a nd are i mmob i le under an applied electric field . 

3. Ox i de t r apped charges Qot ' whi c h can be c r ea ted. for example, by 

x- ray radiat i on o r hot - electron injec ti on ; these traps are dist r ibuted 

inside the oxide laye r . 

4 . Mobile i onic charges Q
III 

' suc h as sodium ions, which are mob ile 

within t he oxide unde r bi as - t empe ratu re aging conditi ons . 

The effec t ive numbe r of charges per unit a rea (i . e . C/cm2) i s N=Q/q 

i n numbe r o f c harges/cm2. Because interface - trap l eve l s are distributed 
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accross the s ili con energy bandgap , we shal l def i ne an interface - trap 

density Nit : 

N • 
It number o f cha rges/cm2 - eV 

Metal S;Ol 51 

, 
,Ill 

,iii 

( N· , 'Ill 
• + I' III , 

t N+ 1 • + I, III 

-+ I' I!l 
I 

A - sur face s t ales . Oil 

(In te r fac e s t ate s ) 

(3 . I ) 

( ~ J - Fh.ed ox ide cha r ge , Of 

- O~ ;de trapped cha rge , 00l 

Flg .7 Terminol ogy for charges . s,oci a t ed wi th ther~lll y oa idi l cd silicon 

in non lde.l MI S di ode 

3 . 1 Inte rfa ce Tra pped Charge 

Interface tra ps are de fe cts l ocated at the Si -$ i 02 interfa ce , each of 

whi ch has one or mo re energy l eve l s within the silicon bandgap [19 .20 , 21] . 

These defects can exchange cha r ge with t he s il icon speci fi ca lly . they ca n 

interact with the silicon conduc ti on band by captu ring or em itling electrons 

a nd with the va l ence ba nd by capturing or em i tting holes . Shoc kl ey[ 22j , 

a nd others[23] have studi ed t he interface- trapped cha r ge Qi t (hi s t or ical ly 

called the interface s tate , fa st sta te, or surface state) and have shown 

that Q exists within the f or bidden gap due t o the interruption of the 
It 

pe ri odic latti ce structu re, at the s urfa ce of a crystal[ 24] . 

An interface trap is conside r ed a donor i f it can become neut r al or 

pos itive by donating (g i ving up) an e l ectron . An accepto r interface trap 
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can become neutral or negative by accepting an e lectronL 25 .26 ,27]. 

When a vo ltage i s applied , the inte r fa ce-t rap leve ls move up or down 

wi t h the valence and conducti on bands while the Fermi leve l rema ins f ixed. 

A change of charge in t he interface trap occurs when i t crosses the Fe rmi 

leve l. Thi s change of cha r ge contributes to the MIS capacitance and alte r s 

the i dea l MI S curve . The basic equ ivalen t c ircuitl 28 ] inco rporating the 

interface - trap effect i s shown in Fi g .8(a) . In the figure, Co", and Co are 

t he oxide capac i tance and the semiconductor depleti on- laye r capacitance . 

re s pectively . C
5 

and Rs a r e the capac i tance and resistance associated 

with the interface traps . and a re functions of surface potentia l. The 

produ ct CsRs i s defined as t he inte r face-trap life time . whi ch dete r­

mines the frequen cy behavior of the interface t raps . The pa ral l el branch 

of the equi va l ent c ircuit in Fig. 8(a) ca n be converted into a f requency ­

dependent capacitance Cp in pa rall e l wit h a frequency -dependent conduc ­

tance Gp • as shown in Fig. 8(b), where 

c, 
1 +"l, t 2 

(3 .2) 

and 

~p • • 
Cs 10\ 1 (3. 3) 
1 +!il2 1

2 

• 0 
l ' 0 l , 
T eoJl ,. 

Y. 1, l , ~ Yi l'l~ , , C w' 1 
(( . ' c · - '-

D o 1'", l ' P \ * ,,1 1 1 

" 

. 0-------' t ! ( R , , 

(a) ( b) 

fig.8 Equ i v~ len t c ircui t i ncludil'lg Illte r f~ce- l rap ef fect, fthere (, al'ld R, are 
associ ated ~ i th i nt e rface-trap densi ty. 
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t i C R The inpu t admi ttance vf • i s given by , , with 

vf • = G f. • j " Cin 
(3 .4 ) 

wh e re 

G • jo12 C~ t C! . 
f. 

(C •• ' Co ' C, )'. ~2t l (Co.t Co) l 
(3 . 5) 

and 

C.:=: COil l C + C ~(C'-'."'_'-,c"o'-'_C"·C:)~'_'--"·T' .:,"rC'!o",(c:c~.!. .. --"Co~) 1 
In C t Cot C 0 ~ (C + C + C)l t ./t2 (C t C ) 2 

0 .11 ~ O Il O~ OA O 

(3.6 ) 

3 . 2 Oxi de Charges 

There a re t hree types of ox ide cha r ges [29 ,30j. that a r e techno logi­

cally important. The fir s t type. ox ide f i xed cha rge Of ' i s t he cha r ge 

dens ity rema in i ng a fte r i nte rface trap i s an nea led ou t . I t i s fixe d and 

canno t be cha r ged or di scharged ove r a wi de va r iati on of ,~ . Oxide f ixed 

charge i s l ocated at or very nea r the SI - SiOz inte rface . In e l ec tri ca l 

measu rements Of ca n be regarded as a cha r ge s heet loca t ed at the SI - SiOl 

i nte rface . 

The s econd type of oxide char ge . ox ide trapped cha r ge 0ot ' usua ll y 

is located e ither at t he me tal-SiOl in te r face or a t the S I - S iOl int e rface. 

One exception is when t he ox ide t r aps a r e i nt rodu ced by i on i mp l anta ti on. 

In t hi s case Qot ca n be d i s tri buted wi th in the oxide l aye r. 

The thi rd type , mo bi le i oni c cha r ge Q ~ , mos t conrnonl y i s cau sed by 

t he pr esence of i oni zed a l kal i me t a l atoms such as sodium or pota ssium. 

Th is type of charge i s loca ted eithe r at the me tal - SI Ol inter fa ce . whe r e 

it origina l ly ente red t he oxi de laye r , or a t the 51 - 51 0 2 i nte r fa ce , where 

i t has drifted unde r an ap pli ed f ie l d . Dr ift can occur becau s e such ions are 
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mo b; Ie in SI0 2 at relative ly low t emperatu res . 

- -'''--- -f 
IDEAL c-v CURVE 

(a) 

C 

o • v 

C 

IDEAL C-Y 

CURV' > J 
-

o 

( b) 

Flg.9 c-v cu rve sh i ft a l ong the vo ltage .x l~ due t o positi ve or nega t ive 

fixed oxide charge for n- type semiconduc t or 

v 

Fig . 9 shows the shift along the voltage axis of a hi gh freque ncy C- V 

curve when positive or negative Q, is present at the inlerface[31] . The 

voltage shift ;s measured with res pect to an ideal C-V curve where Q,= o. 

For both n-type and p- type substrates . pos i t ive Qf causes the C-V curve 

to shift to more negative values of ga te bia s with respect to the ideal 

c-v curve , while negative Qf cau ses the C- V cu rve t o shift t o mo re pos itive 

gate voltage . 

I 
- --<'t'- ' I o,>o~ 

10- ' 10, "01 -"'I 
Fig .l 0 Eff ec t of f i xed oxide cha rge on HIS diode 
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The votage shift of the C- V curve caused by Qf ca n be exp lained wi th 

the he l p of Fig . IO , whi ch shows a c ross sec t i on t hrough an MIS diode ha vi~ 

positive Of and a negative gate bia s . Charge neutrali ty requi res every 

negative charge on the gate to be compensated by an equal and opposi te 

c ha r ge in the ox ide and the sili con. Fo r the ideal case , Qt a O. the 

ent ire compensation cha rge comes from the ioni zed dono rs . However, for a 

prac tical MIS di ode with a positve Q, • par t of the compens ating charge 

mus t cons i s t of Qf and the res t of ionized donors . Fi g.IO shows some field 

lines from Qf terminating on negative charges on the gate and fewer f ie ld 

l ines from ionized donors te rminating on the ga te than would exi s t if 

Of = O. Becau se f ewe r ionized donors a re required , the s ili con depl e ti on 

layer width wi ll be smal ler than with Qf =: 0 at any gi ven ga te bias . Thus . 

the capacitance wi l l be hi gher than for the ideal cas e for all values o f 

gate bias i n the deple t ion a nd weak inversion reg ions. The result is a 

s hift of the C-V curve t owa r d mo re negat i ve gate bia s for pos itive Qf . 

Fo r negative Qf the C- V curve s hift s t o the oppos ite direc ti on. The ma g­

n itude of the s h ift is given by 

(3.7) 

The re is a large concentrati on of sodium ions at the 51- SIOz in te r ­

face . This ions cause large flat-band voltage s hift and devi ce in s t ab ility. 

The flat-band voltage sh ift du e to the mobil e i oni c charge i s g i ve n f rom 

Gauss ' s l awby 

Q. 
• • 

Co. 
1 1 
- l -
COl< d 

, 
J x , ( x )dx ] 

o • 
(3 . 8) 

whe re Qm is the effect ive net charge of mo bile ions pe r unit area at the 

Si- SiOz i nte r fa ce and 

j ons ( j. e . • Clem'). 

D (x) i s the vo l ume charge de ns ity of the mo bil e 
• 
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Oxi de trapped charge also can cause a voltage shi fl of the MIS ( ­

cu rve . These oxide traps are associated with de fec ts in 5i 0
2

_ The oxide 

traps are usual ly electrically neutral, and are cha rged by int roducing 

e lect rons and holes into the ox ide . The shift due to the ox ide tra pped 

cha rge is given by 

1 1 
-[ -
Co... d 

(3 . 9) 

whe re Qot is t he effect ive ne t cha r ge in bu lk oxide traps pe r unit a rea 

at the 5i - $ ;° 1 interface, and 0ot( x);s the vo l ume oxi de-trap dens ity . 

The tota l voltage shift due to all the oxide charges is given by 

:: t. V, t t. Vt fJ V 
m ot 

=~ 
Co, 

(3 .1 0) 

wh ere Q :: (Q + Q + Q ) is the sum of the effective net oxide cha rge o f m o t 

per unit a rea at the Si - $ ;02 interface. 

3.3 MNOS Dev i ce 

Among several kinds of MI OS (Metal - Ins ulator- Si0 2 - 5i ) memory devices . 

the MNOS ( Metal - S i lN ~ - Si02 -SI) device is the mos t popular as shown in Fig . 

13(c) . Other MIaS devi ces use different insul ato rs to rep lace the silicon 

nitride f ilm , such as aluminum oxide . tantalum ox ide . and titanium oxide . 

The MIaS dev ice has been ma de by using meta l ions of Au inplanted into 

Si02 to alter the conduction prope rt ies of the outer oxide to form the 

interfacial cha rge storage cente rs[32J . 

Sil icon di ox ide. or s ili ca . is the mos t widely used dielectric in 

s ili con devices at present because t hi s ma terial is readily prepared by 
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the ox idati on of silicon. However . si l ica is st ructu rally porous , as indi ­

ca t ed by its low density , and the use of silica fil ms in devices has some 

inherent di sadvantages . For e xamp le , the high permeability of silica toward 

water vapor and other impurities redUces its ef fectiveness fo r passivation , 

and the migration of alka li ions in the rma ll y grown si li ca is responsible 

fo r the instabi l ity of MI S devices. To ove rcome these di sadvantages of 

sil i ca fil ms , the utilization of s ili con nitride fil ms i n s ili con devices 

has been ex pl ored recent lY[33] . 

The two mos t important applicati ons of si li con nitride in in teg rated 

circuit technology are (1) as a mask again s t al kali metal conta mi nati on and 

(2) as an oxidati on mask[34, 35] . Used as an ox idati on mask , it i s possible 

to ha ve oxi de i so lation rather than j unction iso la tion resu lting in reduced 

device size s imilar to the anodi c ox ide iso lati on. The oxidat ion maski ng 

feature also all ows sel f -alignment and s implified maski ng that t ranslate 

into higher yields and low costs . 
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I V. SURFACE - STATE MEASU REMENT TECHNI QUES 

A number of techniques have been deve loped to ob ta in surface -sta te 

paramete r s fr om MIS capacitor s. Among these efther the capac itance measu re­

ment or the conductance measureme nt can be used to evaluate the interfa ce ­

charge density, becau se in (3 . 2) and (3.3) both the inpu t conductance 

and the input capacitance contai n simila r informati on about the interface ­

charge densitie s. Four techni ques for surface-state measu rements we re 

used; these are: 

1. the high freq uency MIS capac; l ance me thod 

2 . the quasi-static MI S capacitance method 

3. the .c.omb ined high-low frequency MIS capacitance method and 

4. the MIS conductance method 

4. 1 High Frequency MIS Capacitance Method 

Terman[36) developed and used the hi gh frequency capacitance method 

for determi ning interface trap capacta nce . In the high frequency capaci ­

tance method, capacitance is measu red as a functi on of gate bias with 

frequency fixed at a high enough value so that inte rfa ce traps do no t 

re spond. 

"High frequency" mean t a frequency high enoug h t o r ule out minority 

carrier r esponse. Gene rall y. minority carrie r s do not respond to frequen­

cies muc h above 1KHZ in devi ce grade s il i con , whereas interface traps will 

respond to frequencie s upto 100 MHZ. Thus. the term "hi gh frequency" mean 

a frequ e ncy suffic ient l y hi gh that net ther inte rface traps nor minod ty 

carriers follow the ac gate voltage. 

The presence o f surface states will a l ter the s hape o f a capac itance -
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voltage curve even if the measurement s are ma de at a frequency high 

enough that the s tates do not cont ri bute their cha rge t o the capacitance 

measurements . At a given bias, surface states lying above the Fermi level 

in ene rgy will be empty . The empty states represent a density of positive 

charge at the silicon oxide/s ili con interface, and wi ll give rise to an 

additiona l field in the oxide . This will result i n a larger voltage drop 

ac ros s the oxide t han wou ld be experienced if no s tates were presen t [37] . 

The capac itance-vo l tage curve wi l l consequentl y be shifted hori zontally 

by t he amo unt of the increased drop in the oxi de[38] . 

v •• 
SURFACE STATES 

X 

'. 
Ee -r - - - - - - £r 

E, 
0 , 

~ d 
Ev 

METAL OXIDE SEMI CONDUCTOR 

Fig .11 Bdnd picture for MOS capacitor of n-type . 

F Fo 11 ,Ot foll ows that r om 19. 

(401 ) 

wh e re V is the effective applied gate volta ge and the conta c t potential 

between meta l and semiconductor is zero so that V = Va [39] . 
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Wh en a voltage V is applied to the MOS s tructure, the net sem iconduc -

t or charge Qtot i s distributed between a cha r ge Q in surfa ce s t a t es and .. 
a charge Osc in the semiconductor space charge layer . Thus , 

~ 0 + 0 
55 SC 

(4. 2 ) 

As t he app1 ied voltage (and with it Vo", & "'J changes . these charges wil l 

change so that we de fine t he fol lowing capacitances: 

The MOS capac itance ( 4. 3) 

The oxide capacitance (4 .4 ) 

The sem iconductor capacitance dO / d. to , (4.5 ) 

The su r face state capacitance dO / dt to , (4.6) 

The space charge l ayer capacitance C!c :: dO sc / d $ (4 . 7) 

It is al so conven ient t o def ine the voltage equ iva lents of the charge 

in surface states V and of t he charge in the space charge laye r V as .. " 
V , Oss /C Ol< (4 .8) .. 

and 
V , Qsc /COII. ( 4 . 9 ) 
" 

Si nce we have ass umed that the charge O'S ha s a negligible effect on the 

uniformity of the f ie l d in the oxi de , it foll ows from Gauss' law that 

o ~ , E 
tot O.ll O.ll 

~ , ( V / d) ~ c V 
O~ 0 " 0 " 0 " 

(4.1 0) 

F (4 2 4 5 4 . 6 and 4 . 7) it can be s hown t hat rom . • . • 

c, (4 .11 ) 



----------------------------------

36 

;s a pa ra ll e l combination of the surface state and space charge layer capa ­

cita nce . In add it i on, from (4.2) through (4. 5) i t can be shown that 

Co ... C$ 
C + C .< • 

1S a se ri es combina t ions of oxide and sem iconductor capac itance . 

( 4 . 12) 

As i s di sc ussed in de t ail in Terma n[36], Lehovec . et a1. [l1] and 

Heiman and Warf ie ld[ 40]. one can dete rmi ne an effec ti ve surface sta t e 

density N ss from measu rements of the hi gh- frequency MOS capacitance as a 

f unction of bias . Because of t he pecula r it ies in the high- frequency response 

of an in ve r s i on l aye r, we will res t rict t o accumulati on and depleti on laye rs . 

For conven i ence . we sUl1Illa ri ze here the procedure for ca rrying out t his type 

of experiment. 

1. De t ermi ne expe r imentally the hi gh- frequency capacitnace as a 

fun cti on of bi as . 

2. Ca lcula te dVse / d,s for each bias 

3 . Determine ~s corresponding to thi s pa r t icular bias[ 40] . 

4. This va lue of surface potential ca n now be used to calculate the 

vo ltage equivalent Vse of the charge sto red in t he semiconductor 

space charge l ayer . 

5 . Now t hat V, ~s ' and Vse are knwon, Vse ca n be ca lcul ated from t he 

re lation 

V = V + =V t-V t-
ox s uses (4. 13) 

whi ch i s a consequence of (4. 2, 4.8 , 4. 9 and 4.10) . 
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6. Pl ot V ~ S as a funct ion of , 

7. From (4. 8 ) it ca n be seen tha t the s lope of thi s cu rve is 

dV::. s 1 ( dQ,, ) e ( dN u e 
d " 

• • C •• d " 
C-) • 

C •• N" (4.14 ) 
0)1. d t s 

where N is the tota 1 number of occupied t rap s ta tes and N" " 
i s t he e f fec ti ve occup ied surface sta t e concentration i n units 

of (em' vr'. 

4. 2 Quas i -Stat ic MIS Capac i tance Method 

Be rglund[ 41 ] developed and was first to use the quas i -sta ti c freque ­

ncy C- V met hod. C- V cu rve is measured at a freque ncy so low that interface 

trap response i s immed i ate . 

"Quas i-stat i c frequency" meant a f requency low enough for irrrnediate 

mi nority ca rri e r r esponse. Gene ral ly , it requi res a l ower frequency t o 

elicit imme diate mi nority carr ie r res ponse than to e l icit i mmediate 

interface t rap response. Thus , the term "qua si- s tati c frequency" mean a 

f requency l ow enough fo r immedi ate minority carr ier and in terface trap 

response , Meas urements at low frequencies . whe re t he per iod of the 

measurement s igna l ;s long com pared to the ti me cons ta nts of the surface 

states , wi l l be ut i li zed to determine the ene rgy dis tr ibut ion of the 

surface states[ 42J , 

Fig. ll shows the vol tage and charge rela ti onships in an MOS capac itor. 

At equili br i um , the relati on between app lei d vol tage across the MOS s truc ­

ture and band bending in t he sili con neg lec tin g space cha rge in the ox ide 

is 
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[0 ... (V o", + Ve ) 

d " q I , • + 
NSD IE)[ I-f IE , ', )] dE 

q ( N ~A IEl f IE , ,) dE +00 1 , ) 14.15 ) 

where Vc is a constant voltage whi ch accounts fo r the zero bias band 

bending . This vo ltage includes the effect of fi xed cha rge in the oxi de , 

net c harge in the surface states at zero bia s , and d iffe r ences in work 

+ 
fu nctions ; NSD (E), the density of surface sta tes o f energy E which a re 

positivel y charged when i on ized; N;,,(E), the density of su rfa ce s tates of 

e nergy E which are negatively charged when occup ied; f (E . ) . the Fermi , 
di stribution function; and Qo( ~s ) ' the net charge per squa re centi me ter 

i n the s ili con. 

The charge in the si li con has been calcu lated by seve ra l authors as 

a function of band bendi ng. tempe rature, and bulk doping density[6 ,43 ,44 ]. 

If (4 .15) i s differentiated with respect t o 

for dw /d V to g i ve , " 

• the resu lt can be so l ved , 

d ' ~/ [ dO DI' ,) + qNss ( \,l s)] -->. " dVox d d " 
14 . 16 ) 

where 

N .. I , ) 
+ 

I' ) + N;A I' ) " N so , , (4 . 17) 

is the total surface-state density per unit a rea located at an energy 

q "'s • provided that the su rface - s t ate density does not vary signifi can tly 

ove r seve ral kT/ q of surface potential about ~s · 

Refering to Fig.II an MOS s tructure ca n be re presente d by a n ox ide 

capacitance in se ri es with a network whi ch takes i nto account the s ili con 
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space charge region and the surface states . The small-signal capacitance 

C of t he devi ce at an applied de vo lta ge V i s , 

C( V, ) ~ dq / dV, (4.18) 

Bu t 

dq ~ Cox dVol< (4.1 9) 

so 
C(V , ) ~ Co"dVoII I dV , (4. 20 ) 

s ince 

dV, ~ dV o,,+d s( Va ) (4. 21) 

then[ 40] C(V, ) ~C,, [I - d ,( V,) ] 
dV, (4. 22) 

Hence d ~s/ d Va = 1 C( V,)/C" (4 .23 ) 

Integ rating (4 .23) , t he charge in surface potential due to a change i n 

applied MOS voltage from VI to VI is 

/' [I - C( V,)fC,,] dV . (4 .24 ) 
" 

Us ing (4 . 21) and (4 .22) , it can al so be shown that 

(4.2 5) 

The value s of d"'s/ dV ox obtained from (4. 25) are given by (4. 16) unde r the 

condition that the surface s tates are in equi l i brium at all times duri ng 

the measurement . Hence . if dOd( s )/ d 5 i s known, an expe ri menta l curve of 

d"'s/dVox Vs. tis ' obtained from l ow-frequency MOS capacitnace measu rements 

and (4.24) and (4 .25) , ca n be compared to that 9iven by (4. 16) to de ter-

mine direct ly the su rface -s ta te density . 
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4.3 Combined High-Low Frequency MIS Capacitance Method 

Comb ined High-Low Frequency MI S capacitance method i s a combi nati on 

of both the high frequency and l ow frequency MI S capacitance methods . Th is 

met hod is used to obtain a measured Co whi ch el iminates the need fo r a 

theo retical computa ti on of Co and for me asureme nt of the dop ing profile 

of the device. At high frequencies the interfa ce traps capaci tance C it: 0, 

beca use frequency i s too large for any ac res ponse of interface traps. The 

capacita nce at hi gh frequencies CHf i s given by 

(4 . 3 .1 ) 

The refo re , regardless of interface trap leve l density . the hi gh frequency 

capacitance of an MOS capacitor is the same as that of an idea l one with ­

ou t interface traps, provided that Co is the same . Us ing Eq .(4.3. i) . we have 

c ~ o 
(_1 _ _ 1_) - ' 
CHF Co;>; 

The low freque ncy capacitance of the MOS capac itor i s 

c., 
COIO.+C O +C it 

(4 . 3 . 2) 

(4 . 3 . 3) 

Eq . (4 . 3 . 2) s hows that Cit can be extracted from the mea sured low frequency 

capacita nce if Co and COlO. are kn own. The re lat ion between this capacitan­

ces in Eq . (4 . 3.2) can be rewritten as 

1 + 
1 (4. 3. 4) 

c., 
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Where elF 1S the l ow frequen cy capacitance mea sured at gate bia s Vc . 

So l ,lng (4 . 3.3) for e . yields 
" 

1 1-. 
= [ - - -) - e. 

elF COl! 
(4 . 3.5) 

Where COl! can be measured in strong accumul at ion. Substi tut ing Eq . (4.3.2) 

I nto (4.3.5) yie l ds 

e. = (_1 ___ 1_ ) - . _ 
It C C 

IF Oll 

(_1 _ _ _ 1_ ) _. 

C HF C Ol! 
( 4.3 . 6 ) 

In this way C it ;s obta i ned direct l y from the measu red C-V cu rves , with­

out the uncertainty introduced by a theoretical Co and withou t uncertainty 

as to whether Co has been ca l culated for the co rrec t band bending . The low 

frequency capacitance elF ; s eliminated from (4 . 3 .6 ) by the relati on 

Whe r e . e = eLF - e
HF

. Substituting (4 .3. 7) In to (4.3.6) yields 

Where C it 

and Nit I s 

= .e (I 
q 

I s related to 

-. ) (I 

N it by 

C it = 

t he in terface tra p leve l 

q N it 

dens ity . 

( 4.3. 7) 

(4.3 .8) 

(4 . 3 .9 ) 

(4 . 3 . 10) 
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4.4 MIS Condu ctance Method 

The princip le of the MIS conductance techn ique i s eas i ly illu s tra ted 

by equiva lent circu it of Fig. 8(a) . The admittance of the capaci tor i s 

measured in the region of s t rong accumulati on. The admittance of the 

network i s then conve rted into an impedance . The reacta nce of the ox ide 

capacita nce is subt racted from thi s impedance and the resu lt ing impedance 

converted back into an admittance . This leaves Co in parall e l wi th t he 

ser i es Rc Network of the in terface states . The ca pacitance fr om ( 2 .4 4) 

and (2.5 1) i s 

and the equival ent parallel conductance divided by to! fr om (2 .45) i s 

Gp ;s divided by III to make (4.27) syrrmetri ca l in III l . Equati on (4. 26) 

desc ribes the capacitance di spe rsion and is the bas i s of Teman's me t hod. 

To extract Cs and t from Cp us i ng (4. 26 ) , Co mus t be known. Co can be 

ca l cu l a t ed[43] us ing an estimated doping den sity. The do ping dens ity i s 

not accura tely known near the sil i con surface beca use of pi le up or 

deplet i on of the dopant during oxidation. Equati on (4. 27) on the other 

hand depends only on the interface state branch of t he equiva len t ci rcui t . 

Gplbl goes through a maxi mum when /4 t ::: 1 which gives t di rect ly. The 

va lue of Gp/ IJ:. at the max imum i s C5 / 2. Thu s , equ i va lent pa ral lel conduc ­

tance cor rec ted for Co~ gives Cs and t directly from t he measured 

conductance. The surface-state density i s obta i ned by usi ng the re lat ion 

(4. 28 ) 

whe re A ; s the meta l plate area and Cs is the capacita nce of the surfa ce state . 
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4.4.1 Admittance of an Interfa ce State Con t inuum 

The interface states are obse rved to be comprised of many le ve l s so 

c l osely s paced in energy that they canno t be distingui s hed as separate 

level s . Thus. they appear as a contin uum ove r t he bandgap of the s i l icon. 

A continuum of interface s tales appears to be characte r istic of the 

Si -5 iOz interface. 

For a cont inuum of sta tes at a finite abso lu te tempe ratu re , captu re 

a nd emi s sion of majority carriers can occur by s t ates l ocated within a 

f ew KT/ q on either s ide of the Fe rmi level. This results i n a time cons -

t anl di s persion . The admittance of the con t inuum i s obtained by integrat -

ing ( 2 . 43) ove r the bandgap. 

N ~~ fo O-fo )d, 

( l+jlj/ fo /C nnso ) 

. - 2 - 1 
He re Nss is the den s ity of interface s t a t es . cm eV • and 

(4.29 ) 

is ene r gy 

in eV . The integrand of (4. 29) is sharply peaked about t he Fermi leve l 

with a width of about KT/ q. Thus. (4. 29) ca n be eas ily in te9 rated if both 

Nss and Cn the capture probab il ity do not va ry very much with ove r a 

r a nge KT/ q. Making the subs titution 1. (1 -1. ) • (KT/q)( df./d ) transforms 

(4 . 29) into an integral over fo ' Integrating from zero t o unity yields . 

wh e re 

N 
q ~ a r c 

, m 
(4 . 30 ) 

(4. 31 ) 

Co ncentrating on the real part of (4. 30), we have for t he continuum 

Go qN " ( 1 ") ~ =-- t n + ~t . 
CII 2 111 Till III 

(4 .32 ) 

The plot of interface s tate continuum of eq.( 4. 32) is shown i n fig.1 2(b) . 
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4.4. 2 Extract ion of G p/~ 

It is necessary first to get G/ _ and C
p 

fr om the mea surements . 

Cp and Gp are shown in Fi g.8( b) to be t he capacitance and equival ent 

pa rallel conductance of the porti on of the equivalent c ircuit cons isting 

of Co in parallel with the di s tr ibuted network representing the inte r fa ce 

st ates . The admittance measured across t he terminals x-x in Fig. 8(a) is 

(4 . 33) 

Co nverting (4.33) to an impedance , we get 

- j (4. 34 ) 

1/ '{ ) 

..- " / 1\ '\ 
/ II \ I,,{ ) 

1/ \ r--. 
J / \. "\ 

./ ./ i'.. "'" ..... ::...- r-..... 
. 01 2 5 • 1 2 5 2 5 0 2 5 10 o 

wTm 

Fig . 12 Calcul.,ted Cp/ll1 Vs. log O<: TII\ ' 

(b) Plot o f interhce sute conti n~um . 

la) Pl ot of single l evel sl ate and 
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Subtract i ng away t he reac tance . X. - 1/· C f C ( .. - J ill 0 ... . 0 0 ,," from 4. 34) we get , 

+ (4.35) 

an d conve rting ba ck (4.35) to an admittance . we ge t 

(4.36) 

where (4 . 37) 

and (4 . 38) 

It s hould be noted t hat t he c ircuit across the terminals x- x in 

Fi g . 8(a) has a s hor ter time constant than that of j us t the interfa ce sta te 

branch of the circuit becuase of Co ... . Therefore , Gp/r.:. fr om (4.37) wi 11 

peak at a lower f requency t han Gp/'<l measured across termianls x-x when 

equiva l ent parallel conduc tance ; s measured as a fun cti on of frequency 

with bi as as pa rame t er. If equiva l ent parallel condu c ta nce is measured as 

a f unct i on of bi as with freque ncy as parameter , Gp / Iil from (4. 37) will 

pea k at a bia s close to flat bands . To mini mize er ro rs introduced by 

co r rec t ing for Co ... . the oxide shou ld be ma de as thin as prac t icable and 

f requency measured accu rately wi th a counter . 
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V. SAMPLE PREPARATION 

MOS and MNOS samples incl uding the holder of t he samp le were brough t 

from St. Petersberg, Technica l Un i versity . Al l t hese MOS and MHOS structure 

samp les as shown in Table 1 are n-type , of no t i r rad ia t ed and i rradiated 

by Y-rays with energy IMeV , and dry oxide and pyrogen i c oxide wi t h di ffe­

rent thicknesses of oxide and nitride. 

The samp l es as shown in F19.13 (a) are phos phoru s doped of donor 

concentration No = 10 15 cm-
3

, having res ist i vity of 0 = 4. 5 Ohm-em or ie n­
-, , 

ted in the [100] directi on with surfa ce area of A = 4x lO em . 

No. Sample ISo-ucture Type of '0' Radiali on Thickness ,~ , 

I NSD- 6 MOS Dry Not - I rradiated 670 

2 NSP- IS " Pyrogenic " 620 

3 NSNP- 19 MNOS " " 600/S00 

4 N7D - 9 MOS Dry " 690 

5 N7NP-1O MNOS " " 750/S lO 

6 ~ 5-8 MOS " " 625 

7 N40- 13 " " " 400 

8 NSNP-S MNOS " irrad ia te d(IO 7 rad) 660/850 

9 NSNP - 12 " Pyrogenic " 600/800 

10 <7 - 14 " Dry Not -l rTadiated 1000/800 

Table 1. Samp le spec i f ication of MOS and MN OS st ruc t ures 

The MO S capacitor consis ts of a s ili con subs t rate , an ohm ic bac k 

conta ct to the silicon subs trat e , a thin ox ide laye r, and a metal gale 

electrode. Such an array of MOS capa citors on a s ili con wafer is shown in 

Fig . 13 ( b). 



Metal Gate E l ectrode 
Sample chip 

(b)~ Si 0 2 

D O D ~ Si 

00000 \ Ohmic Back Contact 
0000000 
0000000 
0000000) A -

00000 Metal Gate E l ectrode 

DOD ./ 

(C)~ 
Si 3N4 
Si 02 

( a) 51 

Ohmic Back Contact 

Fig . 13 Typical MOS Capacitor Array on a Wa fer 
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The silicon c rystal for electron device appli cati on was pull ed into 

the f orm of a cylinderica l single crystal ingot. To pr epa re wafe r s f rom 

an ingot for ox; da t; on. three steps are requi red : 

1 ) saw, 

2) chemical ly etch , and 

3) po li s h[45 , 46] 

S.l Sawi ng 

The c r ysta l lographi c orientat i on of the wafe rs was determined during 

the sawing process . The saw ;s genera lly a circular disk with an edge 

charged with diamond dust. A diamond saw was used because silicon i s a 

relative ly hard material. The sawing operation mechani cally da mages the 

su r face on eac h side of the wafer . Damaged surfa ce laye rs have elect ri cal 

prope rties sign i f icant ly dif ferent from the bulk properties of single -

crysta l silicon . These damaged surf ace layers were removed to eli minate 

adverse effects on device characterst i cs . 

5.2 Etch i ng 

Chemica l etching of 25 urn of sil i con fr om each s ide of the waf er 

r emoved the electri cally active da ma ge complete ly and neither leaved the 

wafe rs nonflat nor caused feather edges prone to chipping. The etchant 

consists of 4 parts by volume of nitric acid, 1 part hydrofluoric ac id , 

a nd 3 parts acetic acid. The nitric acid oxidized the s ili con surface a nd 

the hydrof l uoric acid disso l ved the oxide formed. 

5.3 Pol i shing 

The po l ish i ng operation i s the l ast and most c r iti cal s tep . It lea ve 

one sur face of the waf er fla t. specu l a r , and unda maged . Po l ishing was done 
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by rubbing the wafer against a cloth saturated wi th an ab rasive mate ri al 

such as sy t on . Syton is powdered S102 • whi ch was used beca use i t i s no t 

fore ign to the Si - $ i 0 2 system. After polishing . an ox ide wa s grown to 

protec t the s ili con surface duri ng storage. 

5.4 Preoxidation Cleaning 

After pol ; shing res idues were cl ea ned off and the wafe r s were ready 

for the preoxi dation clean i ng step. The preoxidati on cleaning s tep mus t 

be regarded as part of the oxidation process, as the wafers should be 

placed in the oxida tion furnace i lTll1edia tel y after preoxidati on cleani ng. 

The purpose of preoxidation cleaning was to remove both organic and inor­

ganic contaminan t s that the wafers have picked up during hand l ing and 

storage. If not removed. such contaminants can cause poo r perfonnance and 

stabi 1 ; ty of the devices subsequently made . 

5. 5 The Oxidation Proce ss 

The basic oxidat i on process is the sharing of val ence electrons 

between silicon and oxygen to form fou r silicon-oxygen bonds . For oxida ­

ti on in pu r e oxygen. which produces "dry" oxi des. the s toichi ometri c 

chemica l reaction producing the oxide is 

(5 .1 ) 

The stoichiometric chemica l reaction for produc ing the ox ide f i lm i n wate r 

vapor. "we t" oxides. is 

S;(solid) + 2H,O '.:'==. $;O,(solid) + 2H, (5 . 2) 
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React 10n (5. 1) dese r t bes the ave ra 11 reaction between oxygen and s j 1 icon, 

and reaction (5.2) describes that between wate r vapor and sili con at a 

pressu r e of 1 atm, and elevated temperatures . typically 900- 1200Il C. 

5.6 Photo li thography 

Photo l ithography was used to make the dot pattern[47] . The s lective 

r emova l of the s ilicon di oxide wa s carried ou t by a photolithog raphic 

process us i ng photoresistant mate r ia l. A mask of gla ss containing an 

opaque pr i nted pattern of t he areas into which impurities were diffused 

was secured over the wa fer, and t he structu re was exposed to ultraviolet 

li ght , with a phot omask being used as a template for the diffused and oon­

di ffused a reas [48] . This light "fixed" the photoresist in all areas of the 

wafe r exce pt those covered by the opaque pattern of the mas ks[49]. The 

en t i r e waf e r was then i mme r sed in a so lu tion wh ic h r emo ved unexposed 

photo res i s t, uncove r ing t he S;02 f ilm in these r eg i ons. The fixed photo -

resis t f ilm was no t affected by the solution. 

The wafe r was then subjected t o an etchi ng soluti on which atta cked 

a nd r emoved the uncove red Si 02 fi 1m but canno t penetrate 

t he " f ixed photoresist. The Si02 film, was then r emoved only in those areas 

which, subsequent ly , were diffused. After etching, the fi xed photoresist 

was r emoved a nd the r esu l t was an opening through t he oxide layer in whi ch 

t he wafe r was r eady f or the diffusi on cycle. 

5 . 7 Gate El ectrode 

To make t he gate electrode, alumi nium was deposited about 3000A 

t hick in a high vacuum system by evaporati on . It wa s difficult t o conta c t 

an a l um i ni um gate with a probe without signi f icant se r ies resistance 
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beca use of the protective oxide layer that forms on it an exposure to 

room a ir. It was muc h easier to ma ke a low resistance con tac t to a me tal 

such as go l d, which did not form a protec ti ve oxide . Unfortunate ly, 

because gold is not an act ive meta l , it did not bond s trongly to the ox ide 

surface. 

To obtain reproducible results, it was desirab l e that the gate elec ­

trode adhere strong ly to the oxide surfa ce . Thi s prob lem was solved by 

us ing a bimeta lli c gate. An active me tal such as chromi um was firs t depo­

sited on the oxide surface. This me tal chemica ll y react with S i0 2 and 

s trong ly adhere . Next gold was inmediately depos ited over the active 

meta l. Because the active metal was in a vacuum , no protective oxide laye r 

formed. Thus. go ld formed on adherent ohmic metal - to-metal conta ct but did 

not f orm a protect i ve oxide layer when exposed to room air. Then , Cr-Au 

was deposited by evaporation to the same thi ckness . 

5.8 Deposited Si li con Nitride 

Although silicon nitride is not an oxide , it i s so intimately connected 

with s ili co n dioxide in integrated circuit technology . Chemi ca l Vapor depo­

sition of the s ili con nitride was used from a gaseous mixtu re of e i ther 

S' H , , or Si Ct .. diluted t o 1-3% in nitrogen or hydrogen and arrmo nia . The 

vo l a tile s ili con compound, s il ane or s il icon tetrachloride was rea cted with 

the ammo nia at t empe ratures above 850°C to form sili con nit r ide on subst -

rate surfaces[34 ,50 ,5Ij . 

The mos t impor t ant parame ters determining the depositi on rate of 

s ili con nitride films are the substrate temperature , the compositi on and 
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fl ow rate of the reactant mi xture. The subst rate temperature was in lhe 

range of 800 -1100°C. The int erface charac ter is ti cs of s ili con-si li con 

nitride stru ctu res depend to a large ext en t on t he surface condition of 

the subs trate prior to the deposition process . 
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VI MEASUREMENT APPARATUS 

In this work, the set of very sensit ive elec tri cal measurements were 

done to detect low charge densities. Bl ock -dia gram of C-V and G-V mea sur­

ing -apparatus is shown in Fig.14. Computer prog ra rrrn ing was done to 

col lect data interfacia l ly from the measuring ins trume nts: HP mode l PA 

mete r/ Dc vo lta ge source, HP model LCR multifrequency mete r, HP model 

multi mete r and to plot C-V and G-V cu rves us ing the printe r and the 

pl otter . 

6 .1 PA Me t er /DC Voltage Source 4140B[52] 

The HP model 4140B PA meter/DC voltage source compri ses a high 

s tability PA me ter with 10-15 A (max. ) resol ution coupl ed with two program-

ma bIe DC vo l tage sources to ensure useability in many appli ca ti on areas . 

The PA meter ha s a ba s ic accu racy of 0.5% over wide meas urement ranges 

(± 0.001 x 1O- 12 A - ± 1. 99 x 1O- 2A) enab l ing stable PA current measurement 

at 1O- 15A (± count) . One of the two prog ranmabl e DC vo lta ge sou rces (VA) 

ca n operate not only as a prog ranmable DC voltage source, but a l so as a 

unique stair case C/ , ~ ) and accura te ramp (J ,J\J gene-

rator . 

wah the 4140B a i s espec ially easy to ma ke a quas i- s tati c C-V 

measu rement wh ich i s usual ly employed as one of the measuremen ts when 

trying to i mprove semiconductor quality . The 4140B measu res capacitance 

va l ue by the foll owing formu la: 

l( measured Cur rent Value ) 
C • dv / dt (ramp r.te) 

(5 . 3) 
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For a C-V measureme nt, th 41408 e provides two measurement ranges , 

O. OpF - ' Igg~g pF in 0. 1 pf steps and 200 pf - 1999 pf in l Df steps. The 

41408 prov i des "HP- IB computer interface for remote control and data 

output via the HP- IB compu ter. 

6.2 Mu It i- frequen cy LC R Meter 4275A[ 53) 

The HP model 4275A multi-frequency LCR me ter is a high pe rf rmance . 

fully automatic t est instrument designed to measure values of an impe ­

dance e lement in the re latively high frequency region. The wide range 

meas urement capabilities of the model 4275A are enhanced by the 12 spo t 

test frequencies selec table from 10kHz upto 10 MHZ in a 1- 2-4-10 

sequence , inc 1 udi n9 two opt i ana 1 frequenc; es. 

The measuring range for capacitance ;s from O.OlfF (fernto farads = 

lO- 'S farads) t o 199.99 Ll F, resistance and impecia nce from 0 .01 rnn to 

19.999 Mn, conductance and susceptance from 0 . 01 nS t o 19.999 S all of 

which are measured with a basic accuracy of 0. 1% to 5% dependin9 on tes t 

s i gna l l eve l and frequency. The measuring circuit for the device to be 

meas ured is capable of both parallel and series equival ent circuit 

measurement. The 4275A provides HP- IB interface for remote contro l and 

data out put via the HP-IB model 9000 series 310 computer . 

6.3 Digital Multimeter 347 8A[54) 

The HP-Model 3478A is a ve rsatile multi me ter with dc and ac volts , 

dc and ac currents , and res i sta nce measurement capabi lit ies . The multi­

meter is excellent for bench use , and since it is remot ely prog ra rrrnab le , 

it can be used in measuremen t sys tems. No mechani ca l adjustments are 

necessary to calibrate the 3478A . 
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The 3478A is able to make de volts measurements from . 1 to 300 

i n f ive ra nges: 30mV , 300mV . 3V. 30V, and 30D V. The 3478A uses a t rue 

RMS AC to DC conver ter t o measure ae vo ltages f rom 1 V to 3DD V 

in fo ur ranges: 300mV . 3V. 30V . and 300V . The response of the converte r 

is from 20Hz to 100kHz on al l ranges. All ranges are protected f rom 

input vo ltage s uptc 450V peak. 

6.4 Description of Computer Programs 

Real ti me computer programs for meas urements and for plott ing curves 

using sp line interpola t i on and numerica l integ rati on were cons t ructed as 

shown in Append ices A and B. 

Appendix A represents computer prog ram constructed for hi gh frequency 

MIS capacitance method of measu rements, nume ri ca l integ rati on, t he set of 

inte rpolat i on and ca l culation of derv iatives , pl ottings and addi ti onal 

calcu lations. Short discussion of the contents for the compute r program 

are given bel ow. 

Lines f rom 110 to 160 is part of a program for meas urement us ing 

multifreque ncy lCR me ter . 

lines from 240 to 450 rep resent cons tants of measur ements and formulas 

used in ca lc ulat ions . 

lines from 470 to 520 is in stallation of pa rame ter s of subprog ram for 

numerical integ rat ion (refe r 3380). 

lines from 540 to 790 is pa rt of a prog ram for theore t ical ca l culati on 

(2.4.1) and plotting of the voltage versus tot a l capacitance us i ng nume r i ­

ca l integrati on ( re fer 6790). 
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Line s from 910 t o 1070 and 1090 t o 1290 a re fo r calculating theoreti ­

cal capacitance versus potential and exper imenta l capac itance ve rsus 

vo ltage respectively using splin interpola ti on ( refer 7850). 

lines from 1310 to 1790 are for plotting theoretical capacitance 

versus potential curves and experi me nt al capac i tance versus voltage curves. 

(See 2.4 and 4.1) . 

Lines from 1810 to 1960 and 2580 to 2730 are for t heoret ica l and 

expe rimental derivatives of voltage dV e versus po tential d ~ respec ti ve ly 

us ing spline interpolation (Ref .4.1). 

lines from 1980 to 2790 and 2750 t o 2790 a re for pl ott ing theoretica l 

and experimental curves of ~~ versus Ve. 

Lines from 2810 to 3340 are for pl otting i nt erface t rap level dens i t y 

versus energy (Refer 7 . 1). 

lines from 3380 to 6620 is subprogram f or numerical integration. 

lines from 6630 to 6770 is part of a prog r am for .$ versus Vc (Re f e r 

( 2.38 }). 

l ;nes from 6790 to 7310 is Graphi cs f or pl otting theo retica l and 

expe ri mental curves of high frequency MIS ca pac i tance ve r sus vo l tage . 

lines from 7340 to 7600 ;s subprogram for measu reme nt of the expe r i­

me tntal voltage versus capa citance using the multi frequency LCR me ter. 

Li nes from 7620 to 7710 are for ca l cula t i ng flatband voltage s hift 

us ing experiment. (Refer 2.4.1). 

Lines from 7730 to 7820 are f or plo tting e xper ime nta l capac itance 

ve r s us voltage befo re and after s hift of voltage . 

lines from 7850 t o 8660 i s subprogram for sp line interpola ti on and 

de ri vative cal culat i ons. 
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Appendi x B represents computer prog ram const ructed for combined high ­

low frequency MIS capacitance method of measurements , the set of interpo ­

lat ion and ca l cul ati on of derivatives , plottings and additional cal cula ­

tions . 

Li nes f rom 100 to 320 represent constants of measu rements and fonnulas 

used i n ca l culations . 

Li nes from 340 to 430 i s i nstallation of parame ters of subprogram fo r 

Graphics (Re f e r 2040) . 

lines f r om 450 to 490 ;s i nstallation of pa ramete rs of subprogram fo r 

plotti ng ( refer 2550) . 

Lines from 510 to 730 i s program for measureme nt of quas ista ti c fre­

quency usi ng pA meter DC/voltage source and pl ot t ing experimental capaci ­

ta nce vers us voltage . 

Lines f r om 750 t o 950 and 970 to llSO are for plotting meas ured high 

frequency ca pacita nce versus voltage and quasistatic f requency capacita nce 

versus vo l tage usi ng sp li ne interpolati on and deri va ti ve cal culati ons 

(Refe r 3050). 

L ;nes 11 70 to 1280 and 1300 to 1440 are for ca l cul ation of energy 

versus "$ Eq . p . l ) using spline interpolation. 

lines f rom 1460 t o 1900 and 1920 to 2020 a re for plotti ng interface 

trap leve l dens ity versus ene rgy (Refer Eq.(7.1) and (7 .4 )) . 

Li nes from 2040 t o 2530 and f r om 2980 t o 3040 a re subp rog ra m fo r 

Graph i cs of plott i ng combined high-low freque ncy MIS capac itance versus 

voltage . 

Lines from 2550 t o 2870 is prog ram f or measu rements of the expe r imenta l 

voltage ve r sus capaci t ance us ing mu l ti frequency l CR me t e r and digital 

multimete r . 

lines f rom 2880 t o 2970 are for cal culati on of expe r imen tal voltage 

s hift . And lines from 3050 to 3740 ;s subprogr am fo r sp l ine inte r polat ion 

and de ri vat i ve ca l culations . 
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VII. EXPERIMENTAL RESULTS AND DISCUSS IONS 

Results of the experiments for diffe rent types of samples using the 

high frequency MIS capacitance and the combined high-low frequency of the 

measurement techniques are presented and discussed . The samp les are n-type , 

phosphorus doped of donor concentrati on No :: l 01 5cm- l having resistivity 

of P = 4.5 11 - em oriented i n the [100] direc ti on with surface a rea of 

A = 4xlO-
2 

cmz, The results of measurements were ob t ained in dark cond ition 

at r oom temperature and we re automatically reco r ded inte rfa cial ly on the 

HP 9000/310 computer . Real time computer programmes for measu reme nts and 

numerica l analysis were constructed. 

7 . 1 High Frequency MIS Capacitance Method 

The frequency of measurement range wa s from 10KHZ upto 10MHZ in a 

1-2 - 4- 10 sequence . The measur ing circuit fo r the experi me nt wa s series 

equiva l ent circu it of measurement. Using integ ration and spline inte rpo-

lat i on the C- V curve of the t heoretical one is pl otted in Fig.15 (a) . In 

this figure the i nitia l curve of the experi mental resul t of sample 7 i s 

r e presented by dotes to the right of the theoretical cu rve . Taking the 

flat band capacitance as re f e r ence point for both the theoreti ca l and 

expe rimental cur ves , the expe ri me ntal curve of capa c itance versus voltage 

of hi gh frequency ;s sh if ted along the voltage axis t o ma ke the flat band 

points coincide as shown in Fig.15 ( b) . The range of the voltage i n thi s 

figu r e ; s from - 2V to 2V and the selected frequen cy is 200KHZ . The t op of 

the accumulation regi on of high frequen cy theoret ica l cu rve fit to the 

experimenta l curve by adjusting thickness of the ox ide as a parameter . 

• 
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Measu rement of samples used were with i nitial value of thi cknesses as given 

by the fact ory wh i ch was mea sured by el l ipsometry (see Table 1) . Bu t thick. ­

ness mea suremen t by el l ipsometry me t hod is no t accurate enough than the 

set of sens i t ive electr ical measu reme nts used. Simila rly. the invers ion 

region of t he hi gh frequency fi t to t he exper imen tal curve by adjus ting 

the dop i ng concentrat i on of t he s ample as a pa r amete r. The initial value 

of the doping concentrat i on No was t aken fr om Chapter V as it was given 

by the fac t ory . 

From the fitted t heoretica l curves , t he dependence of CHF versus 

surface potenti al Ws is obtained by knowing CIS cor responding to a gi ven 

CHF in the i dea l curve and mea suring Vc co r respondi ng to the same C
Hf 

in t he r ea l curve. From t his relati on !/Is versus Vc curve is constru c ted 

as shown in section (4 .1 ). A theoreti ca l pl ot of high fre que ncy capac itan ce 

CHF versus su r face po t ential ~s was compa red with t he meas ured plot o f 

hi gh frequency capa c itance CHf versus voltage Vc as shown in Fig.16 . For 

a ny choice of capacitance, compari son of t hese two plots determined surface 

potent i al ~ s ve r s us voltage Vc as s hown i n Fig . I7 . Fig . I7 is the r esult 

after sp li ne i nte r po l ation was applied t o the theoretical curve (a) and 

the experimenta l curve (b ) compa r ison of the cu r ves (a) and (b) of Fig.15 

s hows the inter face s ta t e dens ity ex i s t due to di s tort i on of t he cu r ves 

but it is not s impl e to find thi s small i nterface state dens ity by diffe­

r entiati on of the curve. From Fi g. I7 i t i s possible to see the necessa ry 

conditions fo r obtain i ng the inte rface state dens ity as it shows that 

i nterface states s tre tc h the ~s ve r sus Vc cu r ve along the gate bi as 

axis. It i s th i s 1II s versuS Vc rela t ions hi p that conta i ns al l the i nfo r ­

mati on about inter face level density in high frequency C-V curve . 



451313 

4131313 

351313 

31313 13 

250 13 

21313 13 

l50 13 

l00 0 

50 0 

2 1 

c v 

/ 
I 
I 

/ 
/ C b 1 . 

~ . ', ' .. ...... . .. . 
Cal 

13 

voltage 

. 
. 

.. ' .. ..... ' . . . ..' . . . . . ' . 
. 

. 
OJ 
U 
C 

'" +' 

u 
. '" "-

fU 

U 

I 2 

Fig .15 High-Frequency MIS Capacitance-Voltage Curves 

Cal Theoretical Curve Cbl Experimental Cur ve 

Sa mp Ie 7 

a> -



J 

/--
~ 

• 
• 
• 

• 
• • 

P oten t Ial 

/ 

/ 
I 

II 

- - - - -

III 
U 
C 

'" +' 

u 

'" "-
'" u 

V 
/ 

II 

/ 
II 

/ 

- - - - - - - ~j 
V 

• , , 
• 
• 
I 

Vo l tage 

Fig. iS R Theoretica l Capacitance vers u s Potential and 

E x perimental Capacitance versus Voltage 

SamT'le 7 



P s V 
5 

v V 

- I 

( b l V 5 

I <I 

II 
j) 

( a l 

5 

1;/ 
- I 

-2 <I .8 . 6 . 4 . 2 o .2 . 4 . 6 .8 

v a I tag e 

F i g .!? S u r fa c e Potential Ve r su s Appl i ed Vo l tag e 

(al Th e o r e t ica l Cu r v e ( b ) 

S a mop I e 
Exp e rimen ta l 

7 

Cur ve 

" CL 

tTl 
w 



>. 
OJ 
'-

" c 
w 

o 
1 

. 2 

. 3 

.4 

5 

6 

7 

8 

9 

1 

-3 

..---
v 

/ 
/ 

/ 
/ 

/ 
/ 

-----
-2 I o 1 2 

Voltage 

FIG. i S Inte rface Energy Vers us Bias 



65 

Fe rm1 l eve l at the in terfa ce from Fig.lI is found by 

(7 . I ) 

where E9 i s the energy band gap and ¢B = KT/q (n(No/n j ). The band gap is 

sca nned by varying "'s ' which ;s fou nd by changi ng gate bia s . Interface 

energy versus bias curve is shown in Fig.IB . 

The interface sta te density Nit was obtained f r om the results of 

measurements and theore t ical curve of the high f requency capacitance as a 

fun ction of bias using 

(7.2) 

where stands for the experi menta l curve. 

and stand s for the theoretical curve . 

The interface slale density N it i s derived from 

• Co. [ t s) _ 1 _ IJ - Co ( s) 
q dVe 

(7.3) 

and the derivatives were taken f rom spline inte rpola ti on progranmes of the 

corresponding curves of Fig.I7 . 

To determine the den sity and energy dist r ibution of interfa ce s tates 
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at s ilicon- silicon dioxide interfaces , Rea l . tl me computer programme was 

cons tructed using numerical integration and spline interpol at ion thods 

as shwon in Appendi x A. 

The interface trap level density versus energy measu red with respec t 

t o the conduction band edge at the 5i-SiO l interfa ce is pl otted in Fig .19 . 

Simil ar ly for different ox ide thicknesses of samples 1, 2 .4 and 6 the 

energy distribution i s plotted in Fig .20, Fi g.21, Fig .22 and Fig. 23 res­

pect i vely. Where sample 2 is pyrogenic MOS structure. 

High-frequency MIS capac itance-vol tage cu rves for pyrogen ic MNOS 

struc ture of sample 3 ;s shown in Fig .24 where curve (a) represen ts the 

theo retical curve and the initia l experimental curve ;s shown t o the ri ght 

side of the theoretical heavy line curve. After flat band capa citance is 

s hifted al ong the voltage axis exper imenta l curve becomes as shown in 

cu rve (b) . For thi s sample v s ve r sus va 1 ta ge curves fo r thea r et i ca 1 

curve (a) and exper i mental curve (b) are shown in Fi g. 25. Simil arly for 

irradiated dry MNOS structure of sample 8, the C-V cu rve is shown in Fig.26. 

In this figure the in-itial experimental cur ve is shown to the l eft hand 

side of the theoreti cal heavy hne curve (a) and after flat band capac i -

tan ce i s s hifted, the experimenta l cur ve i s pre sen t ed by dotted curve as 

shown in curve (b). In addit i on to thi s C-V curve for dry MNOS s truc t ure 

of samp le 10 i s plotted in Fig. 27 where the heavy l i ne (a) i s the t heore ­

t i ca 1 curve and the dotted 1 i ne, to the 1 eft hand side of the theo reti ca 1 

curve i s the ex perimental curve (b) plotted afte r the ori ginal expe ri-

mental curve ;s shi fted. 

In Fig. 24 it ;s possib l e to use graphical different iat ion to ob tai n 
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the interf ace state density. Compared with t he other C-V curves the slope 

of this curve ;s sma ll and inclined which shows t ha t mo re interface sta l e 

density exists. Simil ar information is found from .5 ve rsus 'I e curve. 

That is, Fig.25 shows large interface state density ex ists in the inter­

face compared to Fig.17 which has small interface state density. 

Compari ng the C-V curves , in Fig.24 the initia l exper imental curve 

; s shifted to the left which shows that the oxi de f ixed charges present 

are negative. However, in Fig.26 since t he initial exper i me nta l curve is 

shifted to the r ight, the oxide fixed charges are pos iti ve. 

Interfa ce t r ap level density versus energy measured wi t h res pect to 

the conduct i on band edge at the $;-Si02 interface for MNOS struc tures of 

di fferen t oxide and nitride thicknesses are shown in Fi g.28, Fig. 29, 

Fig.30, Fig.31 and Fig.32 for samples of 3,5,8.9 and 10 respect ively. 
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7.2 Combined Hi gh-Low Frequency MIS Ca i pa c lance Method 

The i nterface state density can be ext racted from the measuremen t of 

interface trap capacitance direct ly fr om the measured combined high· low 

freque ncy C-V curves without knowi ng the theoreti cal and cal culated value 

of Co . 

The interface st ate dens i ty N it from the results of measu rements of 

comb i ned high-l ow frequency capacitnace wa s obta ined using equa tion {4.3.8} 

by 

_ I( I I - . I 1-' - - C-- - C--) - (~ - ---) 
q IF ox HF COlt 

(7. 4) 

To de t ermine the density and energy distributi on of interface sta tes at 

si li con- sili con di ox ide inte rfaces , Real time computer prog ramme was 

constructed using numerica l ana lysis and spline in terpolation methods as 

shown in Appendix B. 

The output vo l tage of ramp wave changes con tinuous ly from s tart 

voltage to stop voltage. The range of the voltage is used from -SV to 3V 

and the ramp rate of measurement was used 0. 1 VI S. 

To minimize measurement errors, the ze ro offset fo r C-V measu rement 

of t he pA meter/ OC voltage source was used to cancel the offset e rror 

caused by stray capac i tance i n the test leads and test fixtures . 

Using spline i nterpolat i on the combined hi gh-l ow frequen cy HI S capa -

't It 's shown in Fig 33 of sample 1 dry oxide /1OS structure . 
C1 ance-vo age curve 1 • 
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Where curve (a) ;s high frequency Cu rve and Curve (b) is quasis tatl c 

frequency curve. The combined high-l ow frequency MI S capaci tance measure­

ment was done at a quasistatic frequency with mo re accurate measurement 

but not at low frequency of measurement. Both high and quasistat1c f reqe n­

cy curves are direct results of the experi me nt after spline interpo lati on 

was appl ied to the results. The top of the accumu lati on region of high 

frequency fit to the low frequency curve by adjusting the thickness of the 

oxide as a parameter . Measurement of capacitance us ing thi s method was 

restricted upto the upper limit of 1999.99 pf. samples that have the value 

of capacitance less than this limit were measured. 

Interface trap level density versus ene rgy measured with re spec t to 

the conduction band edge at Si-SiOz interface for MOS structures of diffe­

rent oxide thicknesses are shown in Fig.34. Fig.35. Fig.36. Fi g.37 and 

Fig.38 for samp les of 1,2.4.6 and 7 respectively. Where samp le 2 is 

pyrogenic MOS structure of not irradiated type . 

Combined high-low frequency MI S capac itance-voltage curves fo r MNOS 

structures of sample 5, 8 and 9 with dif ferent ox ide and nitride thick-

"
n F,'g,39. F,'g.40 and Fi9.41 r espectively. Where sample 9 nesses are shown 

is pyrogenic and irradiated. (a) represents a hi gh frequency curve and (b) 

is quasi s tatic frequency curve. 

frequency C-V cu rves are pr actically identi cal in 
The low and high 

accumulation, 
. . because in these re9ions , depletion and most of weak lnverSl on 

minority carrier concentrati on in 
the depletion layer i s negligibly sma ll 

. concentrati on. Therefore. it does not lna tler 
compared to majority carner 

t o the ac voltage. The major difference 
where minority carriers respond 
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between low and high frequency C-V curves OCCu rs in weak to strong inve r-
s ion where minority carrier concentrat,'on in the depleti on laye r becones 
compara ble 

effec ts in 

to and exceeds majority ca rr ier concentrati on. Minority carrie r 

these reg ions are then important they cannot be neglected . 

Hence the capacitance at a gi ven band bend ing is not the same In compa ri­

son of MIS capacitors but conta ins an additi onal interface trap capac i­

tance, which is not present if there are no interface traps. 

The interface trap level density versus energy measu red with respec t 

to the conduction band edge at the 5i-SiO t interface of MNOS samp les of 

3,5.8 ,9 and 10 with different thi CKnesses of oxi de and nit ride are shown 

in Fig.42, Fig.43, Fig.44, Fig .45 and Fig .46 respective ly. Fig .44 shows 

two dotted experimental curves of dry Irradiated HNOS structure of samp le 

8. Change of the oxide thi ckness by 1% of the lower dotted curve in Fig.44 

results in change of magnitude of the energy di stributi on as shown in the 

upper curve. 

The combined hi gh-l ow frequency MIS capacitance me thod is mo re advan­

tageous than the high frequency HIS capacitance me thod. Becuase the sem i­

conductor capacitance Co ; s detennined experimentall y from a high frequenc;y 

C-V measurement for t he same gate bi as at wh ich (Co + Cl t ) was measured 

usi ng a l ow frequency C-V measurement. Therefore . the subtracted Co 

d t the correct band bendi ng. Additional adva ntages di rect ly correspon s 0 

are tha t a theoretical cal culati on is not necessa ry and no doping proff Ie 

measurement is needed . 
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7.3 Discussion of Results On Interface Ch 0 . 
arge ens lty Distribution 

The total bandgap energy between the conducti on band and the valence 

band of silicon at room temperature is 1.12 eV and the half of the bandgab 

;s at 0.56 eV. Using high frequ ency M.I S capac itance me thod, plots of the 

i nterface trap level density versus energy measured with respec t to the 

conduction band edge at the S;~ S i02 in terface for MOS s tructures were 

shown in Fig s .19, 20, 21, 22 and 23. Large interface trap leve l density 

was found between the conduction band and energy of 0.4 eV . Above 0. 4 eV 

for Figs. 19, 21 and 23 no infonnati on of interface trap l eve l densi ty 

exists. This shows that the small value of interface trap level densi ty 

was not detected by the measuring inst rume nt used. As we approach the 

va lence band from left, we get no informat ion about t he i nterface trap 

l eve l density since the samples used were n-type. However , as we approach 

the conduction band by decreasing energy from 0.4 eV , the interface trap 

leve l density increases . In Figs . 20 and 22 for energy between 0.4 eV and 

0.5 eV , interface trap 1 eve 1 dens; ty becomes sma 11 er because it is a 

l oca tion near the half of the bandgap . 

Similarly, for MNOS structures of samples , i f we approach from the 

right hand side to energy of 0. 3 eV the interface trap l eve l density 

- b t ' t h a ,-nformation about the interface trap level dens ity lncreases U 1 as n 

at t he edge of the conduct ion band as , hown in Fi9 S. 28 . 29. 3~ . 31 and 32 . 

In a ll of these curves around t he half of the band gap the interface trap 

, the above HOS and MHOS samp les measu red level density decreases. Comparlng 

at hi gh frequency the interface trap level densi ty i s l arge r in MHOS 

h" sample 9 has the largest interface 
samp les than in MOS samples. Mea nw 1 e. 

" 1 measured of the order greater than 10 
trap leve l density of all samp es 
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was found between the conducti on band and energy of 0.4 eV . Above 0.4 eV 

for Fig s. 19, 21 and 23 no infonnati on of interface tra p level density 

ex i s ts. This s hows that the sma ll value of in terfa ce trap level density 

was not detected by the measuring i ns trument used. As we approach the 

va l ence band from left, we get no informat ion about the interface trap 

level density since the samples used were n-type. Howeve r. as we approach 

the conduction band by decreas ing energy from 0.4 eV . the interface trap 

l evel density increases. In Figs. 20 and 22 for energy between 0.4 eV and 

0.5 eV . interface trap level density becomes smaller because it is a 

location nea r the half of the bandgap. 

Simil ar ly , for MNOS structures of samples . i f we approach from the 

righ t hand s ide to energy of 0.3 eV the interface trap l eve l density 

increases but it has no infonnation about the inter face trap l eve l density 

at the edge of the conduction band as shown in Figs. 28 . 29. 30 . 31 and 32. 

In all of these curves around the half of the band gap the interface trap 

level dens ity decreases . Comparing the above HOS and MNOS samp les Ileasured 

. I d ity i s large r In HNOS at hi gh frequency the lnterface trap leve ens 

samples than in MOS samp les. Meanwhile, sample 9 has the largest fnterface 
12 

d f the order greate r than 10 
trap l evel dens ity of all samples measure 0 



STRUCTURE 0 0 0 

NO(Cm-') ( 'r' No. SAMPLE AND TYPE 0 0 .1\ A o nt A C mu :(Pf ) Cmi n{p t) 0 0XE A N;tf(eVcm'f' Nitm eVcm 
.It l OT 5 

I N8D- 6 MOS , D 670 1996 386 690 1.5 1.7 x 1010 1.2 X 10 '0 

2 N8P-18 MOS,P 620 2120 380 660 1.5 1. 7 x 10 10 1. 2 X 10 '0 

3 N8NP- 19 MNOS , P 600 800 1350 350 650 1.2 9.7 x 1011 1.3 X 1011 

4 N7D- 9 MOS,O 690 1880 385 710 1.5 1.4 x 10 9 9.0 X 10' 

5 N7NP-IO MNOS ,O 750 810 1090 353 815 1.2 1.1 x 1011 1. 0 X 1010 

6 r 5- 8 MOS , D 625 2200 380 665 1.5 7 . 4 x 1010 5 . 2 X 10 9 

7 N40-1 3 MOS ,O 400 4410 431 315 1.5 2 .7 x 1010 5 .0 X 109 -0 
0 

8 N8N P-8 MN OS , 0* 660 850 1200 392 700 1. 1 5.6 x 1011 3. 8 X 1011 

9 N8NP - 12 MNOS , P' 600 800 1309 373 630 1.3 > 10 12 2 . 9 X lOll 

10 rJ - 14 MNOS ,D 1000 800 962 342 1010 1.3 > 1012 1.3 X lOll 

• • l~radiated samples by 10 7 rad o • dry and P • pyrogen i c 

Table 2. Results of measu rements fo r MaS and MHOS sa mp les 
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in flatband and in the order of 10 11 in half of 
the bandgap . Because 

sample 9 is Irradiated MNOS structure f . 
o pyrogenlC type wi th radialion of 

10 ' rad. 

Us i ng combi ned hi gh-low frequency HI S . t capacl ance method t he inte rface 

trap level density versus energy measured with respect to the conduction 

band edge at Si-Si02 interface for MOS structures are shown in Figs. 34. 

35, 36, 37 and 38. As we approach from right to left, energy decreases 

but the interface trap level density increases. Sampl e 4 has the sma ll es t 

interface trap level density of 1.4 x 10 9 at flatband condi ti on and 

9 x 10
8 at half of the bandgap, It is dry MOS structure of not irradiated 

type. Similar to MOS structures, energy distribut ion of the interface trap 

l evel density of MNOS structures is shown in Figs.42. 43, 44, 45 and 46. 

Samples 3, 9 and 10 have no information of the interface t rap leve l 

density between conduction band and energy of 0.3 eV . Compar i ng the MOS 

and MNOS samples measured at combined high-l ow frequency simi lar to high 

frequency method. the 1 argest interface trap leve 1 dens i ty was obta i ned 

for sample 9 of pyrogenic, Irradiated MHOS structure as discussed In the 

above high frequency method. The interface trap 1 eve 1 dens ity is sma ller 

for sample 4 of MOS structure than MHOS structu re which was found fn the 

order of 109 in the flatband condition and in the order of lOll in the half 

of the bandgap. 

. tal re sults obtai ned after th ickness of 
Tab 1 e 2 shows the expenmen 

the concentrati on of the samp le were adjusted as a 
oxide and doping 

parameter. 0
0

)( and Dnt are initial 

samp 1 es obta i ned from the factory. 

oxide and nitri de thicknesses of the 

Similarly DoxE and No are the ox ide 

thickness and the doping concentration of the samples 
respectively afte r 
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adjustment was made. From the C-V meas 
. ureme nt of the expe r iment using 

high frequency MIS capacltance and cambi d h" 
oe 19h-low MIS capacitance 

methods the maximum capacitances C d h "" 
mu an t e mlnlmum capacita nce C ••• 

were obtained. The interface trap level d " 
enslty at the f latband condi t ion 

N itf and at midgap N itIJ were found and are shown in Table 2. 

Com paring both methods of experimental llleasurements fr om t he obtained 

results, high frequency MIS capacitance method gave more info rma t ion about 

specific structure of energy but the combined high-low frequency IIle t hod 

did not give infonnation of the energy structure since its curve is smoo t h. 

Small values of interface trap level densities were not possible to be 

detected by high frequency MIS capacitance method which need adj ustments 

of the doping concentration and the oxide thickness. However. this me t hod 

detected large values of interface trap level densities. Us ing combi ned 

high-low frequency HIS capacitance method small interface trap level densi­

ties were measured by adjusting the oxide thickness. This method i s ve ry 

sensitive to the presence of small interface trap level density. For instance 

in Fig.44 changing the oxide thickness by a of the lower dotted cu rve 

results a change in the interface trap level density as shown in the upper 

dotted curve. Therefore, one method of meas urement is not good enough to 

be used separately from the other method. Both methods should be used 

together. In addition to these methods the conductance MI S capacitance 

" th ' s work but due to lnadequa te range of 
method was proposed to be done 1n 1 

10MHZ of the multHrequency l CR me ter the experi­
frequency from 10KHZ upto 

d Ory and pyrogeni c sampl es were c~red . 
menta 1 resu 1 t was not presente . 

the interface trap level dens
ity for pyrogenic sample 9 was found 1n the 

the dry samples in which 
order greater than 1012 and it is larger than 

. ' 1 1 irrad iated salllples were ob-
both methods gave s imilar results. Slm1 ar y. pi 

' ty than not -i rradiated sa_ es. 
tained with larger interface trap level denSl 
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CONCLUSION 

1. Real time computer program 
was constructed using numerical integra-

ti on and spline interpolation methods to determine 
the ene rgy dis tr ibution 

charge density for MOS and MNOS structures at of interface 
the 51-SiD, 

interface . 

2. Interface charge density, Nit from the results of measu rements and 

theoretical curve of the high frequency capacitance IIlf!t hod as a funct ion 

of bias was calculated using the new method of formula wit hou t includi ng 

other parameters. 

3. Measurement on different types of samples was done using the high 

frequency MIS capacitance method and combined high-l ow frequency MI S capa­

citance method and for each sample the interface charge density di str ibu­

tion was obtained. The obtained interface charge density was reached upto 

the order of 109 charges per eV cm2 using the very sensit ive exper imental 

method with good accuracy of measurement. 

4. Comparison of the high frequency MIS capacitance method wi th the 

comb; ned hi gh-l ow frequency method shows tha t one me t hod is not good 

enough to be used separately from the other me thod. Both methods shou ld 

be used together. 

5. From the measured results of MOS and MNOS st ructures of pyrogenic and 

dry oxide of Irradiated and not Irradiated sampl es , t he intefa ce charge 

f d t irradiated sample was found the SIkl l1est 
dens ity ; n MOS structure 0 ry no 
. 0' t flatband conditi on and 9 x 10

1 
at half of the 

1n the order of 1.4 x 1 a 
t . terface charge densi ty was obtained fo r 

band gap. Similarly the larges 1n 12 . 
. the order of 10 1" flatband condf­

irradiated, pyrogenic MNOS samples 1n 
11 • the half of the band gap. 

tion and in the order of 10 1n 



APPENDIX fit 

10 "HI6H FREQUENCY MIS CAPACITANCE METHOD " 

" 20 OPTION BASE I 
30 DI M Integ( II :44 ) 
40 OIM Ctotc0:441,Bp( 44 1,Vth ( 44 ) 

50 DIM Ct h( 500 ) ,P~ 1 ( 500) ,Ce)« 500 I ,Vex( 500 I ,Vt ho t 500 I ,Spo( 500 I ,O t h( se0 ) 
60 OIM P~10(S00).Ve)(o ( S00).Oe)(S00 1 ,}J ( 500 1 
70 DIM Cy(S001 , Xy(S00) ,Dtt<S00 ) 
80 Myg- 0 
90 Cf'I-1350 
100 Left .. - S 
110 REMOTE 717 
120 CLEAR 717 
130 OUTPUT 7171"A2B3CIMl w 

140 OUTPUT 7171"BI" ;Left- . S, "E00V· 
150 OUTPUT 7t7 ; "F1 S" 
160 OUTPUT 7171"E" 
170 PR INT ~ Clo~e the light'" 
180 PAUSE 
190 Right-4 
200 A- I.E-6 
210 Aerr=t .E-100 
220 Rerr-. I 
230 

Qe"'I.60218E-19 
Kb::tJ .38066E- 23 
Eps- lt.9- 8 . 8S4ISE- 14 
Epo-3.9-8.8S418E-14 
Epn-7 . S- S.8S418E-14 

T-295 
00)(-6 . 950E-6 
Ont"'8 . 5E-6 
Ni""I.4SE+10 
Nd-I.20E+15 
I 

ICoul 
IJ/I< 
IF/Cf'I 
!FICI'I 
IFICIII 
IK 
tC", 
ICM 
ICI'I ~ -3 

IC,., - -3 

Cox-Epo/ Oox 1F/CI'I - 2 

1.05E-12 
3. 45E- 13 

240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 
5 10 
520 
530 

Cnt"'Epn / Ont !F / CI'I -Z 
Con"Cox - Cnt / ( Co)(+Cnt ) 16-38,6815 I /V 

a~Qel (Kb - T) I Ct'l 
ld"SQR( Eps /( Qe · Nd ta » I Cou llCI'I - 2 
Ao-SQR(ZltEps/(a · ldl 
Co-( Ni / Nd )~2 

Cf b ·Ep ~/ld 04 . 1 E+ 12 
; Ct fb -Cox t CfbI<CO)(+Cfbl. ; 04 . ;.E+1 2 
Cfbtot-Con . Cfb/(Con+Cfb) . 

Fap'LOG(Nd/Ni )/13 
I 

FOR I -II TO 44 
8 .. \ E-3+<1-II) E. FlO Cadre ) 

• B /It r Rerr . r" ' CALL C~dre(A, , er , 3) Flo 
PRINT I ,DROUNO( Cadre, ' 

Integ( I )·C~dre 
NEXT I 



540 
550 
560 
570 
580 
590 
600 
610 
620 
630 
640 
650 
660 
670 
680 
690 
700 
7 10 
720 
730 
740 
750 
760 
770 
780 
790 
800 
81 0 
820 
830 
840 
850 
860 
870 
880 
890 
900 
910 
920 
930 
940 
950 
960 
970 
980 
990 
[000 
101 0 
1020 
1030 
[040 
1050 
1060 
1070 
1080 
1090 
1[00 
1110 
1120 
t 130 

105 

CALL GrdPh ( C~ll e ft,RiQht ,My") 
PEN 2 • 

Ctot(0 )-1 0000 
FOR I-I TO 44 

8"1 . E-3H I-II) 
TerM3~EXP ( -B ) tB- 1 
TerM4-EXP(Bl-B-l 
Fo!-TerM3+Cot TerM4 
Qs - SGN(S) *Ao *SQR(Fol) 
VisQs / Con 
V"V1+B/a 
Vthl I )--V 

IF 1>10 THEN 
De 1 t,,"'FNFo( 8 I 'd Integ( I )- tI lt EXP( 8 I_I ) 
Re~ult-I/(I+Deltd) 

Cs-Cfb * ( I -EXP( -8 )t( NilNd ) ~ 2 ' ( (EXP( B 1-1 ). De I ta ' Ruu!t. [ ) I/FNFo( e) 
ELSE 

Cs"ABS( Cfb t ( 1-EX?( - 8) I / FNFo( B) ) 
END IF 

Ctot ( I ) -C~ ' Con/ ( Cs+Con ). , .E t 12 • . 04 
IF Ctot<I »Ctot<I-t) THEN Ctotet )-CtoUI-1 1- . 01 
Bp(I I"-8 
PLOT Vth( I ) ,Ctot( I) 

NEXT I 
PENUP 

Mo de- t 
T- .05 

CALL Plot_c_v(Left ,Right ,Cf'I, Xy( ' ) ,Cy( · ) ,VSh lft, 11"14)( ,C f tlt ot ,Mode, T ,r1YQ ) 

INPUT "PloHer?, '" ,Myg 
IF Myg- ' THEN 540 
FOR 1,,\ TO Il'Iax 
Xy ( I )" Xy( I )-Vshi ft 
NEXT I 

PAUSE 

Eps"'I.E-4 
Narg - Z00 
N" 44 
ALLOCATE X (N ) , V{ N ) ,OOM.! In( Narg ) ,Der 1 .... ( Narg) ,Fund N.!rg I 

FOR 1"' 1 TO N 
X ( I )-Ctot ( N+I-I I 
V( I )"' Bp { N+I-I ) 

NEXT I 
FOR 1=1 TO Narg I I 

DOl'lain( I ) .. 380+( I-I ). ( I 150-380 1/ (NarQ-

NEXT I _ XI . ) V( . , DOMaln ( . ),Fund . ) ,Oerl v( . ) , ln t,Eps ) 
CALL Sp l lne ( N,Narg, ' ' 
FOR 1= \ TO N.!rg 

Cth ( I )=DOl'la1n( I) 
PsI< I )"Fund I ) 

NE XT 1 D ( . ) Func C' ) 
DEALLOCATE X( . ' ,V ( . I ,Do!'!"ln( ' ) ' eri .... , 

I 
N"'lf"Iax _ 0 r iv(r4arg l ,Func CNorg ) 
ALLOCATE X( N), Y( NI,Ool'lllln( NarQ ) ' e 

Q- I 
X(l) "'Cy ( I ) 

Y( I )" Xy ( l ) 



1140 
1150 
1160 
1110 
1180 
1190 
1200 
1210 
1220 
1230 
1240 
1250 
1260 
1270 
1280 
1290 
1300 
1310 
1320 
1330 
1340 
1350 
1360 
1310 
1380 
1390 
1400 
14 10 
1420 
1430 
1440 
1450 
1460 
1470 
1480 
1490 
1500 
15 10 
1520 
1530 
1540 
1550 
1560 
1570 
1580 
1590 
1600 
1610 
1620 
1630 
1640 
1650 
166. 
1670 
1680 
1690 
1700 
1710 
1720 
1730 

FOR 1-2 TO N-1 
Q"'O+I 

X( Q )-Cye I ) 
Y( 0 )-Xy(l ) 

lee 

IF X( O) ( -X( O-11 THEN 0_0_1 
NEXT I 
N=Q 
FOR I -I TO Narg 

OOf'l'lai n ( I )-380+( I-I h( 1150-380 )/( Narg- I ) 
NEXT I 
CALL Spline( N ,Narg ,xc t ) ,V( . ) ,Oo",aln( I ) .Fund . ) ,Derl v( ' ) .Int .Etl s ) 
FOR Ie I TO Narg 

Cex C I I-OoMain( I I 
Vex( I )-Func( I) 

NEXT I 
DEALLOCATE X( . ) . y( .. ) ,OOfl1l!1 1 n ( it ) ,Oer i v( . ) ,Fune( • ) 

! 
INPUT ' Plater, I" ,Myg 
IF My!;!- I THEN 
PLOTTER IS 705, ' HP6L' 
OUTPUT 705, "VS7.5, " 
ELSE 

OUTPUT 2 USING "1,1<" ;CHRS (2SS)&"I( " 
GIN IT 
END IF 
DEG 
VIEWPORT 10 ,60 ,30,90.001 
WINDOW -20,5,0,200. 
PEN I 
GR ID 5,500 
CLIP OFF 
LOIR 90 
LOR6 6 
HOVE 5,9,2000 
CSIZE 3 .5 
PEN 5 
LABEL "Capacitance" 
LDIR 0 
LDR6 6 
NOVE -8,0 
LABEL · Potential" 
HOVE 22 ,0 
LABEL "Vol tage" 
PEN 3 
HOVE 7,-400 
CSIZE 3.7 
LABEL "Fig . 
MOVE 7,-800 

Capacitance versus Potential and" 
A Theoretical 

LABEL "ExperiMental 
CLlP ON 
PEN 2 
FOR I'" TO Narg 
PLOT PSi ( I ) ,Cth( I) 
NEXT I 

PEN 1 

Capac itance versuS Vol t ag e " 

VIEWPORT 68,118 ,30,90. 001 

WINDOW _,8,,8,0,2000 
GRIO .2,500 
PEN 4 



1740 FOR I - I TO N/IIrg 
1750 PLOT Vex(II,Cex(I) 
1760 NEXT 1 
1770 PENUP 
1780 PAUSE 
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1790 I F MYQ'" I OR Myg- 2 THEN 1310 
1800 ! 
1810 N- 44 

'820 ALLOCATE X(Ni,YCNI ,OofllClin CNarg l ,Derl v<Nar o l Fu n,, " ) 
1830 FOR 1"1 TO N • "~H·O 
1840 X( I )o: Bp (N+I- li 
1850 Y( I I-V th ( N+I-I) 
1860 NEXT I 
1870 FOR 1=1 TO No!!IrQ 
1880 DO Main e I )--1 5.0+(1-1 )' ( 3.7+1S.0 1/C Naro- l) 
1890 NEXT I 
1900 CAL L Splimd N ,Nar!;! ,XC , ) . y< . i ,OOMi!!n( ' ) ,Fund ' ) ,Denv( ' ) , Int ,Epa 1 
'910 FOR l ui TO Narg 
1920 Spa( I )-Oofl'lain( I ) 
1930 Vt ho ( I )"' FunC< I I 
1940 Qth ( I l -Dertv ( I ) 
1950 NEXT I 
1960 OEALLOCATE X( . ) , y( . ) ,OoP'lo!linCt ) ,Dertve . ) ,Fund ' ) 
1970 ! 
1980 INPUT · Pl ot t e r, ",MYQ 
1990 IF MyC-' THEN 
2000 PLOTTER IS 705 ,"HP6l ' 
2010 OUTPUT 705,· V57.5, · 
2020 ELSE 
2030 OUTPUT 2 USING "1 ,1(" ,CHRS (25S I&"K " 
2040 GIN IT 
2050 END IF 
2060 UIEWPORT 20 ,110 ,25,85 
2070 WINDOW-I ,I,-20,S 
2080 PEN I 
2090 GRID . 2,5 
21 00 PEN S 
2110 CS IZE 3 . 25 
2120 CLIP OFF 
2130 lORS 6 
2140 FOR 1-- . 8 TO 1 STEP . 2 
21 50 MOVE 1 , -20 
2160 LABEL PROUND<I ,- I) 
21 70 NEXT t 
2180 CS IZE 3 
2190 LORG B 
2200 FOR 10-20 TO 5 STEP 5 
2210 MOVE - 1 , 1 
2220 LABEL USING ~ #, K~ ; I 
2230 NEXT I 
2240 LORG 4 
2250 PEN 5 
2260 CSI ZE 4 
2270 MOVE 0,5 .4 
2280 LABEL · PSi _ V" 
2290 OE6 
2300 LOIR 90 
231 0 C5I2E 3.5 
2320 MOVE 1. 1,-8 .5 
2330 LAB EL ' Psi » 



LOR6 6 
LOIR 0 
MOVE 0,-22 
LABEL ·volt ~ge ~ 

PEN 3 
C5 I2E 3.25 
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MOVE 0,-25 
LABEL "Fig. 
MO VE 0 ,-27 

Surface Potenttal Versus Appli ed Vo ltage' 

LABEL - ( a ) Theoretical Curve ( b ) Experil'le ntal Cur ve' 
C5I2E 3 
MOVE -.3, - 12 
LABEL " ( al " 
MOVE - . 5,-3 
LABEL "Cb) W 

! 
Ep s =I.E-6 

CLlP ON 
FOR I - I TO Narg 
PEN 2 
PLOT vtho ( I) ,Spo( I ) 
NEXT 1 
PENVP 

N- Narg 
ALLOCATE X ( /Ii ) ,Y( N ) ,Ool'l('l1n ( N<!Irg ) ,Der iv( N<!Irg ) ,Fund Ner g 1 
FOR I-I TO N 

X( I )-Psdl l 
Y( I )-Vex ( J ) 

NEXT I 
FOR 1- 1 TO Narg 

OOfl'lain( I )- -15.0+< 1-1 j 4(3 .7+15.0 1/(Nar g- l ) 
NEXT I 

• 

2340 
2350 
2360 
23 70 
2380 
2390 
2400 
2410 
2420 
2430 
2440 
2450 
2460 
2470 
2480 
2490 
2500 
2510 
2520 
2530 
2540 
2550 
2560 
2570 
2580 
2590 
1600 
2610 
2620 
2630 
2640 
2650 
2660 
2670 
2680 
2690 
2700 

CALL Spl ine ( N ,Nero ,X( " ) ,y ( . ) ,00I'la1n( " ) ,Fund 0 ) ,Oe rLv ( ' ) , I nt ,Eps 1 

FOR I- I TO Narg 
Psio{ I )- OOfl'laln ( I ) 

Ve xo( I J-Fund I ) 
2710 De x( I)"'Derlv(I l 
2720 NEXT I 
2730 DEALLOCATE XC* J ,YC * l ,Ool"laln ( 4 ) ,Deri v( o ) ,Fund o ) 
2740 
2750 PEN 4 
2760 FOR I -I TO Narg 
2770 PLO T Ve xo ( I ) ,Ps iO ( I ) 
2780 NEXT I 
2790 PENUP 
2800 
2810 PAUSE 
2820 IF Myg- l OR Myg-2 THEN 1980 
2830 New=I.E+l l 
2840 INPUT "Plotter, I " ,HyO 
2850 IF Hyg-l THEN 
2860 PLOTTER IS 705 , "HPGl " 
2870 OUTPUT 705 ; "VS7 . 5; " 
2880 ELSE 
2890 GI NlT 
2900 END IF 
2910 VIEWP ORT 20,1 10,25,85 
2920 WINDOW . 2,.8,0 , 10 
2930 PEN I 

5 

II 



2940 6R I 0 . 1 ,I 
2950 PEN 6 
2960 CL IP OFF 
2970 LaRS 6 
2980 CSIZE 3 
2990 FOR I~.3 TO . 8 STEP . 1 
3000 MOVE I ,0 
30 10 LABEL I 
3020 NEXT J 
3030 LORG 8 
3040 FOR I - 0 TO 10 STEP 1 
3050 MOVE .2.1 
3060 LABEL VSIN6 ' •. K' , I 
3070 NEXT I 
3080 LORG 4 
3090 DEG 
3100 LOIR 90 
3110 PENS 
3120 CSI2E 3 .5 
3130 HOVE .IB.5 
3140 LABEL aNiUxl ,Ei ll/cl'I"21ev) " 
3150 LOIR 0 
3160 LORG 6 
3170 HOVE .5. -.50 
3 180 LABEL "EnergY,(ev) " 
3190 PEN 3 
3200 CS IZE 3 . 25 
3210 MOVE ,5,-1 .5 
3220 LABEL "Fig . Interface trap level denSity Uer:5u:5 Energy Measured il k' 
3230 MOVE .5 ,-2 . 2 
3240 LAB EL "respect to tne Co nduction band edge at t ne Si-Sl02 Interface' 
3250 1 

3260 CLIP ON 
3270 PEN 2 
3280 FOR 1-' TO Narg 
3290 01t(I)-Col'l *a *( Oex ( I )- Dtn ( I;) / Oe 
3300 IF Dit<I )(0 THEN OiUl)"0 
3310 )J-( I).,S6-Fai-Psio(Il/S 
3320 PLOT )J < 1) ,01 t( I )/New 
3330 PENUP 
3340 NEXT I 
3350 IF NyC-' OR MYO"2 THEN 2840 
3360 I 
3370 END ! 

3380 Sue 
3390 ! 

3400 ! 

Cadre( A B Aerr .Rerr ,Err ,F 19 ,Cadre } 
Subp~o~raf'l\ for nUl'lericel integration 
Lines fro", 3380 to 6620 

66 20 SUB END 
6630 OEF FNF (X) 
6640 F: NU('J"'EXP ( X ) -EXP( -X )-2 * X 
6650 FzNuM/FNFo ( X) "3 
6660 RETURN F 
6670 FNENO 
6880 OEF FNF o( X ; 
6690 Nd- I , 20EiIS 
6700 Ni "'I . 45E+10 
6710 Ub-LOG CNI / Nd ) 
6720 Ter~I~EXP(-X) iX-l 
6730 
6740 



HI!) 

6750 Fo~SQR(Fo) 
6760 RETURN Fa 
6770 FNENO 
6780 
6790 SUB Gr~ph(C~,left,Rlght ,Myg l 
6800 IF Myg .. r THEN 
6810 PLOTTER IS 705 ,"HPGL" 
6820 OUTPUT 705 ; ~ VS7 . S; · 
6830 ELSE 
6840 GINIT 
6850 OUTPUT 2 US ING · ',K " I CHR${Z5S l& "K" 
6860 PLOTTER IS CRT, " INTERNAL' 
6870 END IF 
6880 VIEWPORT 20,1 10,25,85 
6890 WINDOW Left ,Right ,0.CM+.001 
6900 GRID 1,150 
6910 CSI ZE 3 . 25 
6920 CLIP OFF 
6930 PEN 6 
6940 LORG 6 
8950 FOR I-Left TO Righ t ST EP I 
6960 MOVE 1.0 
6970 LABEL USING "I,K" ;1 
6980 NEXT I 
6990 CSIZE 3 
7000 LORG 8 

FOR 1'"' 150 TO eM STEP 150 
MOVE Left ,I 
LABE L USING "#,K";1 
NEXT I 
PEN 5 
CSIZE 3 . 5 
LORG 5 
MOVE (Left+Rlght 1/2,CMt CM/20 
LABEL Me_v · 
DES 
LDIR 90 
CSIZE 3 ,5 
MOVE Right+.2,CM - CM/ 3 
LABEL "capacl iance " 
LORS 4 
LOIR 0 
MOVE (Left+R1ght )/Z, - CM / B 
LABEL "vo l t,,-ge" 
PEN 3 
CSIZE 3.25 

7010 
7020 
7030 
7040 
7050 
7060 
7070 
7080 
7090 
7100 
7110 
7120 
7130 
7140 
71 50 
7160 
7170 
7180 
7190 
7200 
7210 
7220 
7230 
72 40 
7250 
7260 
7270 
7280 
7290 
7300 
7310 
7320 
7330 
yO) 

73 40 

HOVE ( Left+Rtght)I2 ,-C",j4 IS C"p",cltance-Volt"ge Curve~' 
LABEL "F 1 g. Hi gh-Frequency M 

MOVE ( Left+Rloht ) / 2 , -CM / 3 C ' 
( b) E x p er l~e n l al ur ve 

LABEL M( a ) Theoretica} Curve 
CSI ZE :5 
MOVE -.8,200 
LABEL M(a)" 

MOVE - . 8, 600 
LABEL V( b) " 

CLIP ON 
SUBENO 

, CI"I Xy ( . ) Cy( ' ) ,V~tH ft, I ",ax ,Cfbtot , 
SUB Plot_c_v(Left ,R H~ht .. • 

IF Myg~l THEN 7730 

ode ,T ,/'1 



7350 REMOTE 723 
7360 OUTPUT 7231"FIRAN4 -
7370 t INPUT " Fr : 11 to 2121- F 
7380 F:15 • 
7390 OuTPUT 717 ; "F"IF 
740121 !INPUT " Wait ,sec : " ,W 
741121 W"2 
7420 PEN 5 
743121 S-LeH- . S 
744121 E-Right- . 5 

! II 

745121 PRINT "Fr ' "IF :W·";W I"sec·" Step. " ;T 
746121 1- 121 
747121 FOR J-S TO ESTEP T 
748121 J~PROUND(J,-5) 

749121 1- 1+ I 
75121121 OUTPUT 717 1"BI " ; J ' "E00V" 
751121 WAIT W 
752121 OUTPUT 717 ; "E" 
753121 ENTER 717 1A 
754121 Cy<Il-A+l . EtI2 
755121 ENTER 723lV 
756121 Xy( I)-V 
7570 NEXT J 
759121 J !'lax" I 
7590 OUTPUT 717j"BI0E00V' 
76121121 PENUP 
761121 
762121 FOR 1-2 TO I~~ x 

763121 IF Cfbtot <Cy(J 1 THEN 
764121 Cf"h!!lX-Cy( I ) 
765121 Cr'un-Cy( I-I) 
766121 UMax·Xy( I) 
767121 UMln-Xy < I-I) 
7680 GOTD 771121 
7690 END IF 
77121121 NEXT I 
771121 Ushift_(Cfbiot-CMin) . (VMax-VMln )/( CMa X-CMln )+VMl n 
772121 
773121 
7740 
775121 
776121 
7770 
nS0 
7790 
7800 
7810 
7820 
7830 

PEN 4 
FOR I- I TO I,.,~x 

PLOT Xy( I )- V!ohi ft ,eye Ii 
PENUP 

NEXT I 
PEN I 

FOR I-I TO I,.,ax 
PLOT Xy( I ) ,eye 1 ) 
PENUP 

NEXT I 

7840 SUBENO 0 ( 0) Fund d Oer 1"( 0) ,In t ,Epa I 
78505UB (N N X ( . ) y ( . ) Ol"lal n , • I It Splint! • arQ . _ • ' I t on ~nd derlV~tI"e c. cu • loni 
7860 SubprograM for ~pline InterpO a I 
7870 I Llne5 fro'" 7850 to 8660 
8660 SUBEND 



10 
20 
30 
40 
50 
50 
70 
80 
90 
100 

I 

112 

APPENOIX 8 

·COMBINED HIGH-lOW FREOUENCY MI S CAPACIT AtlCE METHOO 

OPTION BASE 1 
DIM C{S00I ,V(S001,CY(S00) ,Xy(S00 ) 
DIM C~ f( 500 ) ,Vlf( 500) ,Chf e 500) ,Vhf {S00 ) 
DIM BlaSeI00 ) ,jJ< 100) 
DIM Vb( 500 ) ,EpC 500) ,Ci t( 500) ,Od ( 500) 

CM'"i 400 
Qe-l .60218E-19 Ie 

110 Epo"3 . 9 1 8.85418E-14 IF/CM 
120 Eps-l 1.9 1 8 . B541SE-14 
130 Epn-7 . 5 I S. BS41 8E-1 4 I F/eM 
140 
150 Dox-6. 85E-6 !C'" 
160 Ont s 8 . SE-6 !C", 
170 Cox-Epo /Oox 1!4.E-2 !F/CM ~ 2 
180 Cnt-Epn /Dnt . 4 .E-Z ! F/CM ~ Z 
190 Con-Cox 1Cnt/(Cox+Cnt) .F/CM ~ 2 

Z00 Kb- 1 . 38066E -Z3 ! JlK 
210 Y-295 If( 
220 Ni-l . 4SE+10 !cM ~( - 3) 

230 Nd-l . IE+tS !cM ~( -3) 

240 
250 a-Qe/K b/T 
260 LdaSQR(Ep5/(Qe · Nd · ~» 

270 Co-CNi/Nd)A2 
280 Ao"SQR(2) I Eps /(~ I Ld) 

290 F~l "LOG(Nd/Ni )/ ~ 

300 Cfb-Eps/ ld I 4.E-2 
310 ! Ctfb-Cox 1Cfb/ (Cox+Cfb )ll. E+12 
320 Cfbto t=ConI Cfb /( Con+Cfb) · t.E+12 
330 

Lef't .. -B 
Right-2 
Myg-Z 
I F My~r~ I THEN 
PLOTTER IS 705,"HP6l " 
OUTPUT 705;"V57 .5; " 
ELSE 
GINlT 
END IF 

CALL Graph(Lett ,Ru~ht .eM ) 

CLIP ON 

340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 

Mode- t 
Step=.1 

CALL 
.. t eM Step eyC ' J ,Xy C' J .VShlft , h.a x ,CfDtot ,M 

PloCc_v(Mode,Left ,R IQh" ' 

yg ) 
480 PAUSE 
490 IF Myg:1 THEN 660 
500 
510 Rate- . l • R t 
520 PRINT ~St ep= ' ; St ep, ' R<!Ite" ; a e 
530 CLEM 727 
540 DI M M[30J • 
550 OUTPUT 727; " F3RAI J3AIB2L2M3 

! C-V ,AUT O .nED I UM ,V<!I • Vb • I "II , I e.,A 



560 
570 
580 
590 
600 
610 
620 
630 
640 
650 
660 
670 
680 
690 
700 
710 
720 
730 
740 
750 
760 
770 
780 
790 
800 
810 
B20 
830 
840 
850 
B60 
B70 
8 B0 
890 
900 
910 
920 
930 
940 
950 
960 
970 
980 
990 
1000 
1010 
1020 
1030 
1040 
1050 
1060 
1070 
1080 
1090 
1100 
I r 10 
11 20 
1130 
t 140 
1150 

113 

OUTPUT 727; »PS" i Ceft-2" ' PT" R hI 
OUTPUT 727;"Wl " "; 1Q t St ep, " ;PE" ,Sh p, " .PHI 0 IPV"IR .. t e, "' , 
r '0 
I" I + I 
ENTER 7271 AS •. 
C( I ' =UAl ( F\$(4,i3J) 
V( I l - VAUA$[16,21]) . ~ 

IF A$[Z,Z) <>"l" THEN 590 
CMax-MAX( C{ . » 

1M:! 
PEN 4 
FOR J>=t5 TO 11'1 

PLOT V(J),C(J) tI.E+12 
PENUP 

NEXT J 
PAUSE 
INPUT "Repeet?, I or 2" ,M yg 
IF Myg-2 OR Myg- t THEN 370 
I 
PLOTTER IS CRT. " INTERNAL" 
Ep:s::I . E-4 
N""ll'lax 
Narg:200 
ALLOCATE X (N ) ,Y( N) ,DoMai n( Narg ) ,Der i v ( Nerg ) ,Fund Ner Q l 
FOR r- I TO N 

X( I )"Xy< I ) 
Y< I ),.ey( I ) 

NE XT I 
FOR 1=1 TO Narg 

OOl'l6in( I )·-3+< I-I ) I ( 1+3 )/( Narg-I ) 
NEXT I 
CALL Sp 1 i nee N ,Narg ,X ( . ) ,Y( . ) ,DOf'laln ( · ) ,Func( ' ) ,Oe r i v( · ) , Int ,Ec a) 
FOR I'" 1 TO Narg 

Vhf ( I ) -OOfl'lain( I I 
Chf ( I I-Fund I) 
PEN 1 
PLOT Vhf ( I ) ,Chf(I )" I.E+12 
PENUP 

NE XT I 
DEALLOCATE X( J ), Yi " ) ,Dofl'la1n ( · i ,Deriv( · ) ,Fund 0 ) 

! 

N=III'I-IS F ( N ) 
ALLOCATE X( N) ,YeN) ,OOf.uun( Narg ) ,Oer i v(Nar Q) , unc aro 

FOR 1""1 TO N 
X( l) - V({+IS I 
Y{ I ) .. C ( I+~S ) 

NE XT I 
FOR I =1 TO Nar g 

OOMa i n( I 1--3+< I -I ) 0( 1 +3 )I e Nan~- I ) 

NEXT I ) YI . I o,,",:un ( . ) ,FunC< o l ,Oen v( oJ,ln t ,Ec s l 
CALL Spli ne ( N,Narg,X( · , ,"" " 
FOR r: I TO NarQ 

VI f ( I j-Ool'\o!!lin ( I ) 

Cl f ( I )-Fund J) 
PEN I 
PLOT VI f ( I ) ,C}f<I )d .E+12 

PENUP 
NEXT 1 ( ) Dert v ( 0 ) Fund ' ) 
DEALLOCATE X( · ),Y( l ),OOfl'l.!lln · , • 

PA USE 



116121 
1170 
118121 
! 190 
12121121 
121121 
122121 
1230 
124121 
1250 
126121 
127121 
128121 
129121 
1300 
131121 
132121 
1330 
134121 
1350 
136121 
1370 
138121 
1390 
14121121 
141121 
1420 
143121 
1440 
1450 
146121 
147121 
148121 
1490 
15121121 
151121 
1520 
153121 
154121 
1550 
156121 
157121 
158121 
159121 
16121121 
16 10 
162121 
163121 
1640 
1650 
1660 
167121 
168121 
169121 
17121121 
171121 
172121 
173121 
174121 
175121 

FOR K-I TO 100 
PSi"'- . 2+(K-I ) • • 1211 
TrM 1 " EXP( -a ' Ps i )+a*ps i-I 
T rM2:EXPI a "PS! )-(3*Ps 1-1 
Fo=Trl"ll+Co *TrM2 

IF Fo ( =0 THEN 128121 
Qs=SGN( Ps i l*Ao *SORI Fa) 
Vi=Qs/Cox <f .1214 
BiasIKl=-Vi-PSi +Vsh1ft 
Spot=-PSi 

jA (K )" . 56-Fai-Spot 
NEXT K 

! 
N"'100 
ALLOCAT E X IN) ,Y( N) ,DoMa i nC Na rg i ,O~r i vi Narg ) .Fund Na r Q 1 
FOR 1"' 1 TO N 

X( I )=Bias(N+I- I ) 
V( I )=}l(N+I- I) 

NEXT I 
FOR 1=1 TO Narg 

001"181 n( I )= - 3+( I - I )* ( 1+3 l/( Nar g-1 ) 
NEXT I 
CALL Sp 1 i nee N ,Narg ,XI " ) , y( . ) ,DoMi ni " ) ,Fund . I .Den v l . ) .Int ,Eps ) 
FOR 1= I TO Narg 

Vb( I )=00I"la 1nl I) 
Ep,( I )"' Fund I) 

NEXT I 
DEALLOCATE X( . ) ,Y( . ) ,Ool"lain( * i ,Deri .... ( · ) .Fund · ) 

1 INPUT "Scaie?,IE+12? " ,New 
Myg=3 

New""I.E+12 
IF Myg=1 THEN 

PLOTTER IS 71215,~HP6L · 

OUTPUT 71215;"VS7 .5 ; " 
ELSE 
PLOTTER IS CRT, "INTERNAL' 
I F Myg=2 THEN 193121 
END IF 

VIEWPORT 20,110,25,85 
WINDOW . 2, . 8 ,0,10 
PEN ! 
GRID .!, I 
PEN 6 
CLIP OFF 
CSIZE 3.7 
LORG 6 
FOR 1= . 3 TO . 8 STEP . 1 
MOVE 1,0 
LABEL USING H#,K " ; I 
NEXT I 
LORG 8 
CSIZE 3 . 2 
FOR 1=121 TO 1121 STEP 1 
NOVE .2,1 
LABEL USING "I ,K" ; I 
NEXT I 
LORG 4 
OEG 



1760 
1770 
1780 
1790 
1800 
1810 
1820 
1830 
1840 
1850 
1860 
1870 
1880 
1890 
1900 
1910 
1920 
1930 
1940 
1950 
1960 
1970 
1980 
1990 
2000 
2010 
2020 
2030 
2040 
2110 
2120 
2130 
2140 
2150 
2160 
2170 
2180 
2190 
2200 
2210 
2Z20 
Lo0 
2240 
2250 
2260 
2270 
2280 
2290 
2300 
23 10 
2:320 
2330 
2340 
2350 
2360 
2370 
2380 
2390 
2400 

LDIR 90 
PEN 5 
C51ZE 3.5 
MOVE .15 , 5 
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LABEL "NitlXl .E+I21cIII A 2Iev) " 
LDIR 0 
LORG 6 
MOVE ,5,-,8 
LABEL " Energy I (ev)" 
PEN 3 
C51ZE 3,25 

MOVE ,55,-1.8 

LABEL "Fig . Interfe.ce tr/lp level den~dy Versus Eneroy Me a sured I,nth' 
MOVE , 55,-2,6 

LABEL "respect to the Conduction band edge at the 51- 5102 In t erface" 

CLIP ON 
PEN 2 

FOR I- I TO Narg 
Cit ( I ) .. r I ( I IC I f ( I )- t ICon )-1 1 ( t ICh f ( I )-I / Con ) 
Ott ( I )"Cit (l J/Qe 
PLOT E)Jt I) ,Dtt( I l/ NeLol 
PENUP 

NEXT I 
PAUSE 
INPUT "Repeet ?, 1 or 2" ,Myg 
IF Myg- I OR MYO"2 THEN 1490 

END 
SUB Graph(left ,Rioht ,CI'I I 

VIEWPORT 20, 110 ,25,85 
WINDOW Left ,Rioht ,0,CI'I 
PEN 1 
GRIO 1 , 200 
PEN 6 
CLIP OFF 
CSIZE 3.7 
LORG 6 
FOR J-Left TO Right STEP I 
MOVE 1 ,0 
LA8EL VSIN6 " , ,K " ' I 

~m ~ 
CSIZE 3.2 
FOR 1- 200 TO C~ STEP 200 
MOVE Le ft ,I 
LABEL USING a t.~ ~ 11 

NEXT I 
LORG 4 
PEN 5 
CS IZ£ 4 
HOVE (Left+Right )/ 2.C~+C~ / 60 
LABEL ·C_V~ 

OEG 
LDIR 90 
CSIZE 3.5 
HOVE Right . t .Z,C~/2 
LABEL "cap~c it e nce · 

LD IR 0 
LORG 6 

, +Cl"l / t 0 



2410 HOVE (Left+RiQht )/ 2.-C~ / 15 
2420 LABEL ·voltage " 
2430 PEN 3 
2440 CSIZE 3.25 
2450 MOVE ( Le H tR 1 gMt )/2 ,-Cf'l / S 

IIG 

2460 LABEL "Fig . COMbined High-Low Frequenc v MIS C~ pa c l t a nc e-Vol t .oe Curve " 
2470 MOVE (Le ft+R1gnt l/2, -Cf'l / 4 
2480 LABEL " (a) High Frequency Curve <b ) low Fr equency Cur ve" 
2490 MOVE -1.5,300 
2500 LABEL "( a) " 
2510 MOVE -2.S,eM / I.3 
2520 LABEL " ( b )" 
2530 SUBEND 
2540 
2550 SUB Plot_c_v( Mode ,lett ,R1!~ht ,CfI'I,Ste p ,Cr( ' ) , Xy t . ) ,Vs h tft ,hunt ,Cf b t o t ,"' YO 
1 
2560 
2570 
2580 
2590 
2600 
2610 
2620 
2630 
2640 ! 
2650 
2660 
2670 
2680 
2690 
2700 
2710 
2720 
2730 
2740 
2750 
2760 
2770 
2780 
2790 
2800 
2810 
2820 
2830 
2840 
2850 
2B60 
2870 
2880 
2890 
2900 
2910 
2920 
2930 
2940 
2950 
2960 
2970 
2980 
2990 
3000 

IF Myg-! THEN 2980 
REMOTE 717 
CLE AR 717 
OUTPUT 7171 " A2B3C"il1odel- l'1l " 
OUTPUT 7171 "£" 
REMOTE 723 
OUTPUT 723 ; " FIRAN4" 
OUTPUT 717j "BI"lleft-II "E00V · 

INPUT "Fr : lIto 20".F 
F-15 

OUTPUT 717 1 "F " IF 
INPUT ·W<!Ii t ,sec: " ,W 
W-I 

PRINT "Fr I";F, "101"- 1101 1 "~ ec " 

PAVS E 
SaLeft-l 
E-R ight 
1-0 
FOR J-S TO E STEP Step 
J-PRQUNO(J ,-5) 
1- 1+1 
OUTPUT 717 1 · BI " IJj " E00V ~ 
WAIT W 
OUTPUT 717; · E" 
ENTER 717;A 
Cy ( I ) ·A 

ENT ER 723 , V 
Xy ( I )aV 
NE XT J 
IM", x -r 
OUTPUT 717; "BI0E00V· 
M<!I xc-MAX ( Cy ( • ) ) 

FOR 1- 2 TO JMC!IX 

IF Cfbtot o t ,E-I Z<Cy l ! ) THEN 

CI'I.3x-Cyi r ) 
CfI'Iln"'Cy( I- I) 
VfI'Ia x -Xy(I) 
VfI'Iln"Xy( I-I) 
60TO 2970 
ENO IF 

NEXT J V III C"a, -C''IIn ItVrl1 n 
12-CMln ) . ( VMa ~- "In 

V~h1ft"'(Cfbtot . I,E-

PEN 2 
FOR 1"'1 TO IMa)( 
PLOT Xy(Il,Cy<I) · I,E+12 

, 



30 10 PENUP 
3020 NEXT I 
3030 PENUP 
3040 SUB END 
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3050 SUB Spllne ( N ,Narg ,X_( · ) ,Y ( . ) ,OOl'lo!ln ( ' ) ,Fund ' ) .Oerl v( · ) , l n t .(0 5 ) 

3060 ! SubprograM for 5pli ne inlerpoi at l on ana deri va t ive calcul at ions 
3070 ! Lines fro~ 3050 to 3740 
3740 SUB END 
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