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1. INT RODUCTION

Metal-insulator—semiconductor (MIS) structures and , in par ticular ,

those in which the insulator is an oxide of Si are being increasingly

employed in both the civilian and military electronics markets. These

structures are employed in a class of devices known as field effect

transistors (FET ’s). When the FET consists of a metal—oxide-

semiconductor CMOS) structure, it is then labeled MOSFET , or MOS

device ; insulated gate FET (IGFET) also occurs in the literature.

The MOS structure (fig. 1) is physically a semiconductor substrate

(usually Si) on which is grown an oxide layer. Onto this is evaporated

a thin metallic layer caUed the gate. The structure (sometimes called

an MOS capacitor or diode) consists of a metal-insulator junction and

an insulator-semiconductor junction. Since these junctions consist of

two materials with a different band gap, they are called

heterojunctions . In contrast, a p-n junction is a homojunction.

~~

MET AL

d I— INSULATOR 
1 ,

SEMICONDUCTOR

,J7~ OHMIC CONTACT

Figure 1. Metal-oxide—semiconductor capacitor.

The MOS structure is used mainly as a diagnostic tool to study

phenomena associated with such heterojunctions . The actual useful

device is the MOSFET (fig ,. 2). Before the oxide is grown on the

5
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surface of the semiconductor substrate (p-type , fig. 2), two n+ reg ions

called source and drain are diffused in the p-type bulk substrate 
—

(fig. 2). Ohmic contact is made to these, and a gate is then separa ted

from the p-type bulk by an oxide layer. With no voltage on the gate,

the current path from the source to the drain is effectively open . For

the p-type bulk device , a positive vol tage can be found whereby the

electrons accumulate near the oxide-semiconductor interface and form a

so-called inversion layer and short-circuit the source-drain

electrodes . When a voltage di f ference is subsequently placed between
the source and the drain , a current flows . The gate vol tage at which

this current flow begins is called the threshold voltage (VT).

INSULATOR

SOURCE GAlE ELECTRODE ~~ 1

CHANNEL ’L L ~ ~ TY PE~~~~~~~~~~~

Z

Figure 2. An n—channel metal—oxide—semiconductor
field effect transistor.

There has been an extensive amount of experimental work on the

nature of the oxide-semiconductor interface and , more specif ically , the
Si02-Si interface . The interface is composed, on one hand , of an

amorphous insulator with a forbidden energy gap of approximately 8 to
9 eV and , on the other hand , of a semiconductor with a gap of

approximately 1.1 eV at 300 K. At the interface, there are two types

of electronic states: (1) those that are in the oxide and do not

communicate with either the metal or semiconductor electrode and

(2) those that are in the Si forbidden gap and do communicate with the

semiconductor electrode .

6
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There are other complications with this MOS system. For insta’~ce ,

depending on the history of the device , mob il a ions (in par ticular ,

- ‘  Na ) can exist in the oxi de layer . With proper bias on the metal

electrode and at elevated temperatureS ,* the ions can be asymmetr ical ly

distributed with the mean of the distribution being near the metal

oxide or near the oxide semiconductor ir,terface.1 In each instance ,

the ions form a dipole layer near the interface and cause a lowering of

the interface barrier . Also, segregation of the impurity dopan t atoms

that were form erly in the bulk Si can occu r in the ox ide nea r the

oxide—semiconductor interface. This occurrence, in turn , can either

enhance or decrease the polarization layer due to the fo rmer mobile
ions such as Na

+
. In any case , such extrinsic impurities can affect

the oxide—semiconductor interface and further complicate the physics of

interface states. Hence , wherever poss ible , this discussion is on

phenomena , experiments, and theories in which such extrinsic oxide

ionic charges are negligible.

One can envision how the gross electronic properties of the

oxide—semiconductor interface are manifested . One can imagine a

perfect infini te semiconductor having a forb idden gap separa ting two

bands of extended states called the valence and conduction bands.

These states in which the carriers are characterized by a good quantum

number (crystal momentum) are due to the long-range order in the

crystalline semiconductor . However , to grow an oxide-semiconductor

interface , one needs a surface. The introduc tion of a sur f a ce in the

crystalline semiconductor breaks the long-range symmetry , with the

subsequent result that electronic states loca lized near the sur face can
now exist in the gap. Carriers in these states cannot be characterized

‘N. J. Chou , J. Electrochem. Soc., 118 (1971), 601 .
*The elevated temperatures are used just to decrease the amount of

time elapsed before a given amount of mobile ionic charge is transported
to either interface.

7 
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by momentum alone since momentum is not a good quan tum number . In Si,

these states form two so—called surface bands centered slightly below

and above the bulk conduction and valence bands. These bands were

observed in work function and photoelectron threshold measuremen ts on
atomically clean Si surfaces .2 Later, optical absorption due to

transitions between these two bands was observed .3 Electron

paramagnetic resonance studies have established that the surface

valence band consists of unpaired electrons .~ Also , from photoemission

studies , the surface valence band contains one electron per surface

atom (8 ~ l0
1
~ electrons cm 2 ).5’6 Theoretical calculations by

Appelbaum and Hamann show a “single band” of gap states that are highly

localized in the surface and have an unmistakable dangling bond shape.7

Hence , these localized surface band states represent an unnatural

state. Upon exposure to the atmosphere , the atomically clean surface

undergoes chemical reactions by saturating most dangling bonds and ,

thus , reduces the surface-free energy . This reduction takes place via

the chemical absorption of a layer of 02. The photoemission peak of

the former surface valence band is practically eliminated .5 What

occurs is that the surface valence band and 02 p-orbitals form the

oxide valence band below the Si band . Now as the Si surface is

continually oxidized , some Si diffuses into the Si02 , while , at the

same time , 0: diffuses into the bulk Si. This is just another example

of a system ’s lowering its free energy by the entropy of mixing . This

process is continued in the manu facture of MOSFET dev ices until an

oxide layer of approximately 100 nm is formed .

2F. G. Allen and G. W. Gobeli , Phys . Rev. , 127 (1962), 150 .
3G. Cluarotti et al, Phys . Rev. , B4 (1971), 3398.

~D. Haneman , Phys . Rev., 176 (1968) , 705.
5L. F. Wagner and W. F. Spicer, Phys . Rev. L e t t. ,  28 (1972) , 1381 .
6D. E. Eastman and P1. D. Grobman , Phys . Rev. Let t . ,  28 (1972) ,

1378 .
7J. A. App elbaum and D. R. Hamann , P hy s . Rev. Left , 31 (2973) , 106 .
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We point out in section 2 that the interface should extend over

several lattice spacings and shou ld be ver y disorder ed. Th is disorder
should give rise to fluctuations. In fact , in the course of their

investigations on MOS-type devices , Nicollian and Goetzberger

noticed a dispersion of interface—state time constants in the depletion

region of gate voltage .8

At the same time , it was demonstrated both theoretically and

experimentally that the strong surface electric field associated with a

-~~~ semiconductor inversion layer is sufficient to quantize motion of the

charge carriers normal to the surface.3 The levels in the inversion

region consist of electr ic subbands , each of which is a two-dimensional

Block state associated with one of the quantized levels. Indeed , these

conclusions were corroborated by electron-tunneling, capacitance , and

far—infrared cyclotron resonance studies of the quantized levels.’~

It was suggested further that electrons in these inversion layers

also behave like electrons in a two-dimensional disordered system , the

disorder being due to the random f luc tuating interf ace potential

independently proposed by Nicollian and Goetzberger .8 In other words ,

the random fluctuating potential should yield the characteristic

temperature dependence of amorphous conductivity in the conductance

channel , otT l/~~ +i~ at low temperatures , where d is the dimensionality

of the system.11 Indeed , such a dependence of the low-temperature

8E. H. Nicollian and A. Goetzberger , Bell Syst. Tech . J., 45
(1967) , 1055.

9F . Stern and W. E. Howard , Phys . Rev. , 163 (1 967) , 816;
A. B. Fowler , F. F. Fang, W. F. Ho~i’ard , and r. J. Stiles , Phys . Rev.
Left., 16 (1966) , 901.

10D. C. Tsui , Ph ys. Rev., 84 (1971), 4438; Phys. Rev., 88 (1973) ,
2657 ; S. James Allen , D. C. Tsui , and J. V. Dalton , Phys . Rev. Let t. ,
32 (1974) , 107; D. C. Tsui , G. Kaminsky, and P. H. Schmidt , Phys . Rev. ,
B9 (1974) , 3524.
— 11 R . Am Abram , J . Phys . Chem., 6 (1973) , L379; V. D. S. Shante ,
Phys . Lett., 43A (1973) , 249.

C’ 
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channel conductance has been :aer.~ ly aeer ~nd re~~,rted.
L The

fluctuating potential at tre irtc- rface is necessary to explain the

behavior of the inversion la”rlr carrier mobility as a function of

carrier concentration and temperature 1 Finally, measurements of the

resonant absorption of photons due t transitions betwoer the quantized

levels show a distortion of the resonanre line width that can be caused

by a fluctuating surface J~ote :~t i a i . 1 ’ ’ 1
~

Hence , these independent measurements strongly indicate that the

surface potential at an oxide—semiconductor lnterfac (? is not a smooth

function , but is more akin to a random fluctu t:rq l otertial somewhat

similar to that observed in amor hour solids. We theorize that these

fluctuations are the result of the loss of lor~~--rari~e order as the Si

is “alloyed” with the oxide. This altoy i riu tends to cause band-tail

states extending into the gap in both the Si valence and conduction

bands. These states we call ‘ intrinsic ” interface states , since they

arise from the inherent disorder introduced by t he  alloying. Also , in

the oxide are localized states rhat rannot conmuuicatr with the

semiconductor , metal electrodes, or both.  These states are notorious

hole traps . We speculate that  any holes t~~~~~ored in these states

increase the fluctuations and , in turn , inLrease the band-tail states

or interface states. Such a theory accounts for the U-shaped ,

structureless , measured density of states curves. It accounts also

for an approximately equal. number of ele~-tron ~~~ hole states. On the

other hand , models that depend on an ic~’latod microscopic defect to

account for the interface states are hard pressed to exhlain all the

characteristics of the measured densit’-’ of states.

‘‘H. Ibach an~ J .  F .  Rowe , l’hys . R~ c. , Br~ ( J 9 ~~4)  , 1951 .
13A . G. Revesz et il , J. Phys . Chem . ~]o1ids , 2~ (19e7) , 197.
1
~~R. Castagne and A. Va caille , E1n~-tronic i~ herr , (1~~’0) , ~ 9 i .

Kuhn and P. II . ?~;co1iian , 7. El -tr -h~’r- . S O C . ,  i 1~~ (1 C’ ’l), 3~ O .

1’
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In section 3 , we rev iew the derivaricn cf the admittar~~c- of an MOS

capacitor with a distribution of 10 ai1~~ed stateu. her we indicate

how one can interpret these ictcrf a— e ~~~~ntial fluctuations via a

macroscopic theory of Brews . These anterfacc- c t u t e s  c;ic be measured

by a variety of techniques, one of which we have si erifi cally

considered-—the quasi-static ca~ icit ar,-:e volt a ; measurement

(QSCV) . We also indicate the uere;;sar ,’ conditi cs cf reversrbiiit :

that must be satisfied rn order to use the ~~SC~~ t e : ~l ;ue- .

2. MICROSCOPIC THEORY

2.1 Intrinsic Interface States

The MOS system is quite comp licated . T~~e first oor j lit: t l o  s

that the system is heterogeneous--that is, the I i  1 ertios of the system

are origin dependent . Also , the elect runIr ro;-erties large from

extended conduction in the metal to boron-assisted tunnelinc through

band—tail states in the oxide. N on e t h e l e s s ,  w~~~~rhould like to

speculate using the knowledge of the physics of ordered and disordered

systems on the properties at and near the oxide-semiconductor

interface.

Ion backscatter studies indicate that this region is not

sharp. ~ Instead , the oxide appears to he stoichiometric up to the

interface while having an ever increasing concentration of Si. This is

to be physically expected from the entroj v of mixiro~. During the

16 J. R. Brews , J. Appi . Phys ., 43  (1972) , 2~~l6 ; 345 1 .
‘‘C. N. Bergiund , IEEE Trans . Electron Devices , ED-13 (l~~f~0 ) ,  7O ~’ ;

M. Kuhn , Solid-State Electron ., 13 (1 9 ’O) , •~ 73.
16W. K. Chu , E. Lugujjo , and J . W. M~~;o~~, , l r ; 1 .  P h os .  L ef t . ,  24

(1974) , 105.

~~~~~~~~ 
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growth process , two materials , the Si and oxide thereof , are present

and in contact at high temperatures. The total system at this elevated

temperature can reduce its free energy by increasing the entropy due to

mixing . Therefore , one should expect a large concentration of Si in

the oxide at the interface . On the other hard , the Si being used to

grow the oxide is already saturated with a l irge concentration of °2,

since the Si crystals used in MOSFET devices are pulled from quartz

crucibles.* Therefore rather than being a sharp mathematical plane

separating two nonmixed solid phases, the interface appears to be more

of an alloyed heterojunction--the excess Si and 0, concentrations

persisting into the oxide and semiconductor regions , respectively. The

adage that nature abhors a singularity is the rule in this case.

Nevertheless, a description of the junction as a “gradual

heterojunction ” is indeed simplified . Not only does the junction

undergo a compositional gradient , but long-range order disappears , and

the nearest-neighbor lattice constant changes. These physical changes,

needless to say, have severe ramifications on the electrical properties

of the system and , in particular , at the oxide-semiconductor junction.

One approach to the problem of an oxide-semiconductor junction

is to investigate the nature of the density of states in a gradual gap

heterojunction. Unfortunately, this problem has yet to be solved .

However , it can be qualitatively modeled by an alloy in which the

composition , x , is a function of direction . The subsequent alloy ,

A B
1

, can then closely model a graded heterojunction by the

appropriate choice of the spatial composition dependence as indicated

in figure 3 for a Fermi type of compositional dependence,

x = (exp (— ~ z) + 11 ~

*At the melt temperature , there is an equilibri um distribution of
dissol ved °2 ~~ Si. Most 0. remains in the Si crystal structure as
bound in tersti t ial impurit ies. The inter action of this intersti t i a l
0 with a lattice vacancy gives rise to the in famous Si-A center wi th
an electron trapping level 0.lr eV below the conduction band. 
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Figure 3. One possible dependence of composition of
graded AxBI-x heterojunction.

Her e, ~ is a measure of the amount of mixing , the “effective ”

junction wid th being just twice the inverse of ~ . From our knowled ge

of the alloy density of states for homogeneous mater ials ,~~
’ we can say

that the density of states of a graded heterojunction should behave

somewhat similarly to that in figure 4~ ?3 For simplicity , only one band

has been shown . In the model , £ and e are the mean band positions .A B
As the concentration of the A spec ies increases , an impurity band forms

in which the states are purely localized as the hatched marks

indicate (see fig. 4) . This localized A band grows with

increasing distance into the junc tion unt il , at z = 0, there are equal

compositions of A and B. Then as the B species decreases , the A band

becomes more and more extended until, at large distances, the material

consists of all A atoms. This highly idealized picture serves two

purposes: (1) the density of states is position dependent , and

(2) there will exist localized states in and around the junction.

In our actual. oxide-Si interface, the details are more

complicated . The lattice constant changes, and the oxide is disordered
(lacks long-range order) . In the binary alloy model of a

heterojunction , there is a basic la ttice ; the d isorder originates in

19P. Soven , Ph ys . Rev. , 156 (1967) , 809; B. Ve l io ku , S .  Ki rkpatri ck ,
and H. Ehrenreich, Phys . Rev. , 175 (1968) , 746.

20M . M. Sokoloski , Bull. Am. Phys . Soc., 20 (1975) , 426. 

—~~~- -
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Figure 4. Possible dependence of der aity or states for alloy A~ Bi~~
heterojunction: x has posit iou dop~-;ridecce of fig. 3;
point  x = 0 corresponds to pure B material z - -‘- ; while
for  x = 1, z = -t- - ’- . For  x = 0.5. z = 0, the m i d d l e  of the
h e t e r oj un c t i o n .

the random placement of A and B atoms on the la t t ice .  This type of

disorder is called compositional d isorder .  In the oxide-semiconductor

case , there is also topological disorder . Here the  oxide i s  not un l ike

that of an amorphous solid where the  binding fo rce s  between the atoms

are still similar to those in a cryat:il , but  long—range  order  is absent

while short—range order of a few l a t t i c e  constants  a re  genera l ly

present.21 From the angular dependence cf  the  scattered radia t ion  of

an x—ray diffraction pattern , the radial or pa i r distribution function

4ii r 2 p (r ) d r  can be obtained through a Fourier inversion . This yields

the number of pairs of atoms separated by a distance ly ing  between r

and r + dr .  As an example , the exper imenta l  radial distribution curves

(RDC ’s) for amorphous and crystalline Si are Shown in f i g u r e  ~~~•
? If

21 N . F. Mott and E. A. Davi s, Electronic Processes rn
Non-Crystalline Materials , Clarendon Press , ;x ~ ord , England (1971).

22~~• C. Moss and J. F. Grac:’k , Ph-os. Rev. Left., 13 (1969), 1167;
S. C. Moss and J. F. Graczk , i r o - e e i - ~n-;r o’ ~~~~~~- l- ’~th In terna tional
Conference on the Physics ‘f Yel-lc n~~’2- - t c S , JimI-ro i~ e , 7~1~ (lalO) , 658. 

- - -~~_- - ~~- -



~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — —~ - ‘ - ~=-~~ - -- -

the peaks in the PDC are well separated from adjacent ones, then the

area beneath the first peak , for instan ce, yields the number of atoms

in the f i r s t  coordination sphere; i . e . ,  the first nearest neighbors in

a crystal lie on the periphery of a sphere.

- ‘ - 1 F or  both the
- . l00 0n, S , F I L M  -

— — - - — A S DEPOSITED amorphous and crystalline

—~~~~c n v S T A L L I Z E O  sta t es o f Si , the f i r s t  peak
2O~—

- - is at an in te ra tomic  spacing
- I -  of 0 .235 nj r and has a

- - 
coordinat ion number of 4.

-‘ 15- - -~ Each atom is separated from

- I I four nearest nei ghbors  by the

- 
I 

-- lattice constant  of 0. 235 nm.

- 
- The second peak is the same

1o~
-- L I
- 

for both crystalline and

— amorphous Si with a spacing

of 0.386 run and coord ination

— number of 12. However , the
- I third peak present in the

- 
crys ta l l ine  state is

1 I
-- I dramaticall’.’ absent in the

o 1 2 3 4 5 6 amorphous curve . This

- - absence means that given a
Figure 5. Radial distribution
curves for amorphous and particular site, we no longer
crystalline Si as determined can predict with certainty
from analysis of electron
diffraction data. the position of the third

nearest neighbor atom 0 There

is loss of long—range order . This loss implies also that charge

carriers can no longer be specified by a good quantum number of

crystalline momentum. In ac tua l i ty ,  the carr ier ’s mobi l i ty  is now a

function of its energy.

15
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Because of the loss of ‘ u n c — r a n y e  order and associated

f l u c t u a t i o n s  in matr ix  elements , the oxide gap cannot be described by

the wide gap of an insu la to r .  Elect rons  that  make t rans i t ions  out of

the valence states into the conduction states do not necessari ly leave

behind holes with de f in i t e  momentum or enter extended states. The loss

of long-range order and presence of associated potential fluctuations

lead to the possibil i ty of extended and localized states as shown in

f igure  6. Now the density of states does not go to zero sharply at the

valence or conduction band edge , but tai ls  o f f .  These band tails

consist of localized states , i . e . ,  states that conduct by

phonon-assisted tunneling . Above a certain energy in the conduction

band and below that in the valence band , the states are extended ;
- - transport can be considered as crystalline . This particular energy is

known as the mobility edge and is designated as E and E ir0 figure 7.

However , we have been discussing the loss of long—range order

and potential fluctuations in homogeneous systems. In heterogeneous

systems , the radial distribution function must now be origin dependent .

For instance , if one examines the radial distribution function (RDF) in

the bulk of the Si in our MOS-structure, one would obtain the

crystalline RDC’ s. In contrast, if the RDF were examined in the oxide

bulk , one would obtain RDC ’ s similar to those of amorphous , glassy

Si02.

The oxide-semiconductor junction is not sharp . Also , there is

a loss of long-range order and an associated increase in potential

fluctuations as the origin is moved from the bulk Si to the

oxide-semiconductor interface.  Therefore, the interface should be

characterized, in part , by a region of localized states that lie in the

semiconductor gap . These states , indicated by the hatched areas in

figures 4 and 6, would then be a manifestation of the loss of long-range

order and an increase in potential fluctuations. These states would

I I
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I 1 2 e V

‘ A L L O Y ”  MODEL

Figure 6. Metamorphosis of density of states from that in
bulk Sb 2 (a) to that in bulk Si (di

then be intrinsic interface states . Their sole claim to existence

would be due to the glassy amorphous SiO~ to cr ystalline Si transition ,

and they should occur in all such systems.

17 - 
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Figure 7. Heterogeneous model:  r ight -hand side shows
edges of valence and conduction bands modified
by long-wavelength e l ec t ros t a t i c  potent ia l
f luc tua t ions ;  optical t r ans i t ions  take place
with energy E0 ; localized states lie between
Ec and E0 .

Hence , one can formulate the following argument : As the origin

is moved from the bulk semiconductor in the direction of the

oxide—semiconductor in terface  ( fi g .  6 ) ,  the densi ty of states undergoes

a metamorphosis. For the origin deep in the semiconductor bulk, the

density of states is just  equal to that of the c rys ta l l ine  mater ia l .

The RDF is that of the ordered material. The effects of the interface

are screened out by any free carriers .  As the origin is moved closer

and closer to the interface , the eff ects of disorde r become more

important.

For instance , in f igure  8, the te t rahedra l ly  coordinated

lattice becomes disordered as the origin approaches the interface. At

sites labeled 2 and 3 , the number of semiconductor atoms in the f i r s t

coordination sphere begins to d i f f e r  from that in the bulk

semiconductor. Close to the i n t e r f ace, th i s  loss of l c -n q—range  order

15
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introduces localized states in the Si energy gap as indicated in

figure 6. These localized states are in “communication with the bulk

semiconductor; i.e., there can be transport in and out of these states

to the bulk semiconductor valence and conduction bands.

-

Figure 8. Transition from glassy amorphous SlO-, t u  crystalline Si stat.

There is an approximately equal number of these states above

and below the intrinsic Fermi level as can be seen from figure 7. This

V—shape for the localized states , more popularly known as interface

states , has been seen experirmentally by a whole host of independent

experimenters. “~‘ ~
‘

Previous theories of these states have accounted for the shape

of the interface-state density curves as being due to a particular defect

at the interface. However , it is exceedingly difficult to justify that

1
~ R. Castagne and A. Vapaille, El ectronic Letters , 6 (1970) , 691.
2
~R. ~astaqne an ! ~~. V,~~~ i11e, Surface Sc,lence , 2R (19~ 1), 157 ;

Electron . Let~~. 6 (19~ 0), 691 ; Z~. J. 5iivers::~ith , J. Ele. tr chern.
Soc. , 119 (1972) , 1539.
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this level spreads across the gap (for Si , ertergies exceed 1 eV) because

a level splits as a result of interactions with the immediate

environment. Also , it is d “ - -ilt to make isolated defect trap holes

and then electrons depen~ i ,  on the position of the Fermi level.

Therefore, the result of ~loyi’.q the semiconductor with its oxide

introduces the loss of long-range order and potential fluctuations.

These result in a distribution of localized gap states referred to as

band tails or interface states. In tetrahedrally bonded semiconductors ,

because of alloying , remnants of the s-p bonding and antibonding bands

persist into the oxide as impurity bands (fig. 4, 6(b)). These states

may or may not communicate with the bulk oxide ; i.e., the phonon-assisted

tunneling probabilities may be very small. Some of these states,

especially those near the valence band edges , may be resonsible for

trapping holes and thus leading to a trapped positive charge density in

the oxide. On the other hand , it is expected that transport in the oxide

can be modeled by the continuous-time—random-walk model of Sober and

Moritroll modified by an imperfectly absorbing boundary at the

oxide—semiconductor interface.24’ 25

2.2 Extrinsic Interface States

Experimentally, it is well known that oxide charge is trapped

close to the interface and ordinarily cannot tunnel into the bulk

semiconductor . This trapping may result from a persistent impurity

band extending into the oxide due to the incomplete alloying at the

interface (a preponclc-ranco of Si atoms , for irstance) . The trapping

should give rise to an electrostatic potential. However , because of

the inherent disorder in the interfncc, t h in  charge and its resultant

2411. Scher and S. W. Mon t rc~~~, Ih,-c. Ret’., B12 (l9~ !5), 2455;
H. E. Boesch , F. B. McLean , .3. M . ,‘-fc ;arrit,- , and G. ~~~. Au sman , Jr.,
IEEE Trans. Nuci . Sci., NS-22 (1925) , 2 163.

25F. B. McLean , 6. 1.. Auscin , 11. F. Boesch , J . ,~~~. ‘~cdarri ty, .3.

Appi . Phys., 47 (1976), 1529.
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potential are not un ifor m , but fluc tuate about some mean. These

fluctuations , in turn, produce further fluctuations that cause the

bands to vary as schematically indicated in figure 7. Hence, these

potential fluctuations (as compared to potential fluctuations due to

matrix elements fluctuating about some mean value) also lead to

trapping states and band tails. Therefore , the interface-state density

also is a function of the amount of charge trapped in the oxide; i.e.,

the more charge trapped in the oxide, the greater the potential

fluctuations and the more the interface-state density .

One can then define those states due to potential fluctuations

from a trapped oxide charge distri bution as being “extrinsic.”

Therefore , the overall microscopic picture is that the intrinsic

interface states are inherently due to the loss of long-range order due

to the nature of the oxide—semiconductor heterojunction. Also , charges

trapped in localized oxide states, which may be due to remanant s—p

bonding and antibonding states of the semiconductor , can cause an

increase in the densi ty of interface states , and these new states are

extrinsic. Extrinsic states are due also to impurities and defects at

the interface not accounted for in the heterojunction model.

3. FORMULATION

3.1 Admittance for Distribution of Interface States

The admittance of a d is t r ibut ion of localized states in the

semiconductor forbidden gap and fluctuations in the interface potential

can be derived by (1) calculating the admittance of a single localized

level via Shockley—Read stat ist ics , ’~ ( 2 )  averaging over a densi ty  of

localized states, and (3)  averaging over f luc tua t ions  in in terface

potential. ~

8E. H. Nicollian and A . Goetzberger, Bell Syst. Tech. J., 45
(1967), 1055.

26
~q~ Shocklcy and ~~~. T. Read , Phys . Rev., 87 (12 52) , 835.
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States that occur in the ‘3a~ are bound states. The capture

rate of electrons taken as the majority carrier at sorr e energy is then

R (t) N C tl — f(t) ]r. (t) , (1)n s n s

while the emission rate is

c (t) ~: e f(t) , (2a)
r. s n

where N is the dens i ty  of bound interfac:e st~~t~~:— per -n , c is the

electron capture probability in cm~/s, e
r 

is the electron crissior,

constant in s~~~, f(t) is the Fermi distribution at time t, and r. (t) ~sS

the electron density at the localized trap site at tine t in cn 
-
.

This is a special case in which the density of interface states (in

cm 2 eV ’ is given by

N (r1 ) = ~ — )
ss S t

where is the energy of the bound state . Since electrons are being

trapped , the bound states at the interface are either negatively

charged (the state is filled) or neutral (the state is unoccupied)

Such an interface state is sometimes called an accepter surface state.

Then the trap occt~~ation probability

f (t) = [1 + exp — 

~F
(t
~~

’kT] 
1 

= [1 + exp 
~~~~~~ 

- + L (t) )/kT] (2b)

where ‘
~ ( t )  is the Fermi level , is the bulk Fermi level , and is
F B s

the surface potential. In equation (1), the capture rate depends or.

the occupancy of the bound state, i.e., N ( l  - f(t)), and the number

of electrons , n(t), that are available to make a transition to this

bound state. On the other hand , the transition from a bound state to

the conduction-band continuum is independent  of the final-state Fermi 

_ _
_  J
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function only in depletion . llenee , equation (2a) is a good

approximation , except in heavy inversion or accumulation. The net

current flowing equals the electrnr.iv charge , q, multiplyirn the

difference of the capture and emission rates , namely ,

i (t) = qN c [1 — f (t)In (t) — n €~ N f(t) . (3)
5 s n  S r~~s

For no external a l t e r na tj n c r  stimulus , i (do) = 0. This is sometimes
S

referred to as detailed balancirn~. Equation (3) can be solved in a

linear approximation by expanding all time-ienendent variables , x(t) ,

in a Taylor series expansicai about their static values ,

x(t) = x + ~x/2t~ ~t + . .
o 0 (4)

= x + ~x0

These are substituted into the current eauati-2n , i.e.,

i (t) = qN c [(l — f)n + (i — i )in — n~~ f1
(5)

— qe N (f + ~fn s\ 0

where second-order terms have been, neglected . Equation (5) can be

manipulated so that

qN c (l — f)n — q e N f  = i (t) — q r c  (i — f )~~n 
— n Sf]

(6 )
+ ne  N F

The lef t—hand side is independent ~~ thc t in e arid , thus , is a constant.

From detail balancing, this constant is set eeua l  to zero . S t a t i c a l ly ,

no net current flows——a particle emitted frcm the bound state is then

captured . This places a constraint on the emission rate , namely,

e c m  (i — f )‘f . ( 7 )n n s o . o
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This can be substituted ir.tc t h e right—hand side of equatinfi (6) , and

an expression for the current is obtained :

i (t) = qN c [(l — f )5n — n
~~

-
~
-] (8)

df
= q N  — .

ss dt

Hence , for an applied field with frequency w ,

df
= iwäf

(9 )

= c  (i_ f )in — c n
n o s nso f

This can be subsequently solved for  ‘ F .

= 

f 0 (1 - f)’n

c m  + iwf
nso 0

(10)

— 

f (l - f )  ~n

1 + i w f /c n n
o n s a  so

The substitution of equations (9 )  and (10) into equation (8) yields

iuqN f (l  - f) 5n
1 (t) = . 

—
~~

--— . (11)
s 1 + i0f /c n no n s o  so

From

n n exp (u - u , ( 1 2 )
5 1 \ s  BI

it can be shown that

n = n . exp (u - u
S i \ s  BI 5

(13)

= n .u ,
5 S

- _ - ._

~

-
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where us and uB are the interface and bulk potentials in units of

kT/q and n~, is the intrinsic carrier density .8 Therefore ,

—~~- = ~u ( 14)
n Sso

= qJkT x , (15)

where P is the interface potential in electron volts. Therefore , the

substitution of equation (14) into equation (11) f i na l ly  yields an

4. expression for the admittance of a single bound state N .  i.e.,

i (t) Y (w)&~ , (16)
S 5 S

where

q2N f 1 ’l — f ~~s o~ 0/ (17)
= 10 

kT (1 + iwf /cn )
Now if one calls

C0 5 q~N f (1 — f \/kT 
(18)

SS S O \  0/

and defines a majority carrier time constant

t t f / c n , (19)
0 n s o

then one can write

Y (w )  G (w )  + iwC (w ) (20)
S p

where the equivalent capacitance and parallel conductance are given as

C O
ssC = (21)

1 + 52 T 2

8E. H. Nicollian and A. Goetzberger , Bell Syst. Tech . J .,  45
(1967) , 1055.

25
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and

c 0 
~
2.2

G = _________ 
. 

(22)
1 +

The dc or static limit of the equivalent capacitance is just C0 . Also ,

= f~ (1 — f 0 ) is sharply peaked with spread kT about the bound state

energy , 
~~~ 

There , C0 has its maximum value when = 2 .~~. For the MOS

capacitor , this 
- 
equivalent capacitance appears in parallel with the

space—charge capacitance, shown as follows .

The total charge density for a given interface potential is

= + Q + , (23)

where Q is the charge in the Si—space-charge region , is the charge

in the interface (bound ) states, and Q
f 
is the charge in the fixed

states. The charge in the fixed states, as the name implies , cannot

communicate with either the metal or the semiconductor electrodes.

- “Communicate” means to make a quantum mechanical transition via some

process such as tunneling or phonon-assisted hopping from the

bound-state site (in the oxide) to either the metal or ther
semiconductor . The total current is then the time rate of change of

the total charge ,

dQ dQ
i (t) = —

~j~~~
- + —

~j~
- (24a)

dQ dr(
= 

SC 
+ i (t) , (24b)

i (t) = (iwc + Y . (24c)
S \ p S/ S

26
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Equation (24c)  is derived partly from the substitution of equation (16)

for the bound-state current and the real izat ion that

C = dQ dw and ~ = +
sc sc S S 50 so

where 6~j a exp(iot )
so

Hence , equation (24c) shows that the bound-state admittance appears in

parallel with the capacitance of the semiconductor space-charge layer.

Figure 9 shows the equivalent circu it for the NOS capacitor with

discrete noninteracting bound states that are physically in the

oxide-semiconductor region .

I
- ,,

- 

I

Figure 9. Circuit for metal-oxide-semiconductor capacitor
with discrete noninteracting bound states in
insulator-semiconductor interface .

The admittance due to a number of noninteracting bound states is

given by equation (17). This can be easily extended to a distribution

of localized—interface states by integrating over the potential , since

N is now a function of potential , i . e . ,

~ss~~~ 
= ~~ (

~~~~)fN
ss (

o~~~~~

_

:)~~~~ i (25)

17
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where t. ~- ~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ - - i S  ‘~~~.r ’ . - ’j . ~~~~ i-’.~in
Si,

il1 St L )Uti. ifl ~~~ t~~ ’w -: .. ‘ - f . - .. - - ~ — -~~~~‘ - 1  ., - , ~i,

a continuum ot v~i 1~~.. i - ,  , ) .

For a dCflS],t~~— t  - - r . i - ~ r ar . _ ’ ~~~~~~~~~~~ t i S  f-o - ~~~~~~ i~~~n, ‘ I i

do not Ha.r ~ -~e- ~ - j , i.i ~~ I’ .~i, t r : i  , —~~
‘ i i - t ; . ,

can be t a k en  lot t th i n , -  ~i - t n , :  ‘ C t u i ~~~ - - i  .t  - -~~

the capture nri -ss s t et I ~~~n C I I  I . ’  ~~~~~~~~ ~s n, t n ~~. her -

make the substitut i s  th ~..t

df /d~ = -di ’ k ’ . ‘ t (i - -

and t ransform equation ( 2 5 )  i i . t o  on ~n’ . lral -~‘et t o .- :  ts  l -uv~ r ~ nI

upper boundaries of 0 and 1, r e s p e c t i v e l y .  The ix:te -~r51 -.i is i•e~~inste:i

into real and imaginary parts ,

t r - df f F d I

I = I ° — i C T  ° 
. (26a)

J J 1 f’-
~~~

’-T 2 .1 1 4 ~~~

This can be readi ly integra ted  to y~ e1d

qN N
Y = ‘

~~
—

~~
-
~
- fn (1 + W 2 T )  + iq —~~~~

- tan (uT ) . (~~ L)

The corresponding conductance and admittance are given by

I ~o ( ~ )
G ( r ~ ) = ~~~ _.b_ ‘r .  ~i 

,4~ ~~~~~~~~~~~ (27a)
ss s 2 r

and

C P4 ) = -
~~~~ 

(~ ) —
~ ~: ~~- . (27b)

SS S SS S SiT

2 -  
~~~ ~~~ - - .n , man, F!. -~: , ~ ~ 

k -ai r i L y ,
T h u . ,  1

’ (2 1 7c )  , i ’ : - ~.

0
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Equations (27 a)  and (27b )  yield the proper static equation i~~- = 0; in

particular , the static capacitance due to a distribution of surface

states is

c ( ~~) = qN . (rjj ) . (28)

This equation could have been derived in a more stra ightforward

manner by integrating the expression for the dc or static capacitance

for the case of (noninteracting) isolated bound states ,

c ( ~~) = fc
0
~~~~d~ (29a)

= fq
2N (~i)f (l - f )/kTd~p 

(29b)

in which N (
~ ) does not vary much over energy ..,s

3.2 Fluctuations in Potential

To treat the problem of fluctuating interface potentials , we

shall employ the phenomenological approach of Nicollian and

Goetzberger 8 as extended by Brews. ~~~ ‘ According to Brews , 16 the

interface charge due to any trapped oxide charge and charge trapped in

the Si—band-tail states near the interface can be treated by a

distribution of uncorrelated character istic areas , a, each with a

charge density as shown in figure 10. Each characteristic area varies

in properties from other areas according to some probability

distribution . For each of the characteristic areas , one can write

(~g 
— 

~s) 
C
,~ 

= + 
‘ 

(30)

8E. H. Njcolljan and A . Goetzberoer , Bell Syst. Tech. J., 45
(1967) , 1055.

R. Brews, J. Appi . Phys ., 43 (1972) , 2306 ; 3451. 

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~
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where t~ and 
~ 

are the gate and surface  potentials, respectively, of
- 

the -tth area . Also , C t , Q~
, and Q 1 are the ox ide capaci tance ,

ox sc
charge, and space charge associated with area a . According to

Brews, 16 a similar expression is assumed to be valid fo r the en tire

macroscopic structure ,

(
ll)

g 
— + 

~sc(~s) 
(31)

Si O
~

~~~~~~~~~~~~~~~~ /
C H A R A C T E R I S T I C

/~

Figure  10. Metal-oxide-semiconductor structure divided into two
arbitrarily small areas of un i fo rm charge d e n si f y.

R. Brews, J. Appi . Phys., 43 (1972) , 2306; 3451.
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The bars indicate that the quantities that are statistically varying

over the macroscopic Structure have been suitably averaged . What we

really seek is the average of not the macroscopic structure, but the

-tth area . It can be found by dividing equation (31) by 0 =

where N is the number of macroscopic areas, while A is the total area

of the macroscopic structure . Then equation (31) becomes

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(32)

In the Brews B ,i~’ approach , C is statistically a constant.  The bars

with superscript j ’ 5 indicate averages of the parameters describing

the cith area.

The derivations of the true values must be found about their

average values. Hence , equation (32) is subtracted from equation (31)

to yield

( - = - + - ~~ )]. (33)

unfortunately, the space charge is a nonlinear function of the surface

potential. However , for small surface potential fluctuations , the

average space charge can be linearized as follows :

~~~ C(~~S) 
. (34)

8E. H. Nico11iar~ and A. Goetzberger, Bell Syst. Tech . J., 
45

(1967), 1055.
R. Brews , J. Appi . Phys ., 43 (1972 ), 2306 ; 3451 .
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The total charge on each area Consists of fixed charges that are not in

communication with either the metal or the semiconductor electrode or

charges in states that are n~ bi1e, i.e., interface states
,

A crucial assumption of Brews~~ is that since the interface charge ,

is mobile, these charges , on one hand , tend to screen out
ss
potential fluctuations and , on the other hand , tend to increase the

potential fluctuations by trapping additional charges. Hence , this

assumption can be modeled in a quasi—self—consistent manner by

decomposing the interface charge into two components ,

Q
cl 

— c~t (ip — + 

~~~SS ‘ 
(36)

where the first term accounts for the screening and the last accounts

for inhomogeneities. Then , following Brews ,’ we define the variation

in fixed charge by
(37)

and find that the variation in total interface charge can be written as

CS (1
+ cSQ . (38)

By the substitution of equations (33) to (37) into equation (38), one

f ina l ly  obtains the variat ions ( f luc tua t ions)  in the interface charge

in terms of the variations (fluctuations) in the surface potential as

6QU = CCS 
+ cci (

~ \ + C° (
~ “]~ Op . (39)

OX ss\ 5/ sc\ s/J s

l6~~ R. Brews , J . App l . Pht;s., 43 (1972) , 23 (~6 ; 3451 .
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Hence,

+ c~~(~p )  + c°(~~)] (~Q°)2 . (40)

However ,

(6QCS)2 = (—~c2~)~ 
+ (~c ) ’  + 2 ~~~~~ ~~~ . (4 1)

In the approach of Nicollian and Goetzberger ,8 the last cross term in

equation (41) is neglected , since the two charge distributions are
- , 

considered uncorrelated , and tr~e term C~ ( ) is absent in
ss S

equation (40). If one defines capacitance r-~er unit area by dividing

by CS, i.e., C = , thor
ox ox

o(~~) = 

w(~ ) [ c  4
(ç)] 

+ (
~ 

(4 2 )

where W(~
T ) is the space charge width shown in fisure 11 , c is the
S Si

dielectric constant of Si, and q is the electronic c-~uirge . As is

pointed out by Brews,16 a large C le,aas te a smaller s-
i
, which is a

result of the screening e f f e ct.

3.3 Inclusion of Interface Potential Fluctuations on Admittance

From accumulation to flat band , the majority carriers in the

semiconductors tend to screen and damp out fluctuations in the

interface potential as can be seen from equation (42) . However , from

flat band to depletion , the screening ef fect is dras tically decreased

while more image charge appears in the metal electrode and causes 
-

fluctuations. The effects of the fluctuations should increase with

increasing depletion width saturating at inversion. In contrast, 
-

8E. H. Nicollian and A. Coetzbe-rjor , £tili E~~ t. Tech . J., 45
(1967) , 1055.

R. Brews , j . .4ppl . Pn:;s., 43 ( 1 9 7 2 ) ,  ‘77€ ; 3451 .
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Figure 11. Oxide-semiconductor interface.

surface states oppose any increases in interface potential fluctuations

by filling and unfilling, to compensate for variations in the mean

trapped and interface charges. The zero frequency (quasi-static)

surface-state capacitance averaged over the fluctuations in the

interface potential is given by

_____ 
C (4i)C 

_____

C (I’ ) = 
M OX 

- 
~~ 

43
ss~~ C — C (~i) sc

ox M

where C~~(~J) is the measured value of the capacitance, C is the

geometric capacitance of the oxide layer, and C is the average

space-charging capacitance. The static or zero frequency average

surface-state capacitance can be written as 

_
~

_
~_ 1 A
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c ( ~~) J 
qN P(ç ,~~ )d4- , (4 4 )

where the kernel is given as

= (2~ o
2)~~~ exp 

~~
-(

~~ 
- 

~~~ )~~~~~~~(~~~
)] . (45)

Hence , N (~~) is the density of interface-states function being nonzero

only for~~V falling in the energy interval between the Si conduction

and valence bands. I is also a positive definite compact function

whose area yields the total number of interface states. The

variance , ~ (~i ) , is given by equation (42). For a F--tyUe
5

semiconductor , the space—charge width is given approximately by

W ( r ~~ ) = 0, “~FB 
(46a)

/2~ ~~~~I siS~= 

~ qN~ ) 
‘
~FB ~ ~s ~ ~INV (4Gb)

f2C~~~ 1~~\½ — -

= 

~ qN~ ) ~ INV < ‘ (46c)

where ISJ
FB 

is the flat—band potential , N
A 

is the acceptor riensity ,

and 1
I~~ 

is the inversion value of the inter face  potential ,

= £n (NA
/n .) , (47)

where n . is the ’ intrinsic carrier concentration at temperature T.

Therefore , the functional dependence of all quantities on the surface

potential is known . Hence, in accumulation, wher e most of the carriers

are heavily screening the interface potential fluctuations, the space

charge width is approxima tel y ze ro. In th is region , the fluctuations

are inef fective , i.e.,

= - (48)

‘
—
I

-

~ 
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where 6 ( I ~ - I~D ) is the dirac delta function . From flat band to 7:
S

inversion , the varianLe becomes a monotonically increasing function of

space-charge width . The bar is dropped from 
~ 

for notational

simplicity .

The corresponding damping effect of the fluctuating potential

by the surface states manifests itself in the dependence of the

variance on the true surface-state capacitance, i.e.,

C
55 

(rp ) qr~ (ip ) . (49)

To determine N (-ç ) , the basic equation to be solved is

c (i~ )c
c ( ~~) = 

~~~~~ 

~~~~~~~~~~~~ (50

‘PC
= 

~~v 

[qN (~p) — C (’P)] P(’PI IP )d’P (51)

where I j  and li are the interface poten tials at the conduction andc v -
valence band edges, respectively. Equation (51) must be solved

self-consistently, since P (ç, p ) ,  in turn , is a function of N (
~~~)5 ss

C (
~~ ) is the parallel capacitance value of ths surface  state andp

space-charge capacitance . The gap, ‘P~ ‘P g ’ is divided into N parts of

equal wid th , ~~‘P. Then the first ’ order in Ac , equation (51), can be

written as

N+1

c~(~~) = 
~~~~~~~~ 
[
~N (’Pi - c (~.)] P ( ’ P . ,~~~)1~ ( 52)

1 , j=l

where

~~~ 
= -

~ and ,~ ‘P . 

~~~~~~~~~~~~~~~~~~~ 
_
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Also , ~ can be divided into N ur cs .  Th~-r~S

:~~~i 

[~~~~S (~~j
) 

- c (..)] P(~ ,~~ )2~ . (53)

i , r=J

Then one car’ define the foli~a.:iriq N-fc-~~ ‘ectc)rs

C . T [ c (~~.)] ‘ (54a)

qN [~~~
(
~~)] 

‘ (54b)

C = [c (.)] ~ (54c)

and the square matrix

P = ~~~~ . (55)

Then equation (52 )  can be siri~ iy written as

C = - C 1 ~~ (56)
P L 

ss ScJ \ ssl

where the dependence of Pon N has been shown. For P norisingular ,

one can write

qN = P(N 
~~~~ 

C + C . (57)ss ~~ss p sc

If one defines the i n i t i a l  value N (N 5> 
as the average measured

value , then One can i t e r a t i v e l y  solve for  N , i . e . ,
ss

1N1 ’ =p (rçj c~ 
+ 

~~ 
. (58)

- -

~

- -  - -~~ ~~~~~
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4 - ~eASI—ST ATI~: CA~ T IT~NLh ~uL~ P~-~E t~ETii7-~. FOR L I  ~
/ .  i J J :  tLOSITY

OF INTERFACE STATES

4.1 Criteria for Reversibilt~y

Th ree coi~m~~n exoerimental tochna f ’1S .rc U~~~~O -~ . t~~e

cnsity of interface states at a heterojur.ction such as chat : found in

ifl tt)S capaci tor ih~~.-;e are the ~ray—Rn wrt , 
~ -

, 

- L 1i~~n— (,u~ ~~r - ~ r ,

m d  QSCV2~ techniques.

In tie 7ra v—}~rown technicue , ‘~~~ the variatic~ ~~~~
-

i - n s it y  bo und in the ~,-,tertace states is measured a f t e r  the b~~ik Fern i

J~~’;el is d i s ; - ] a c e d  hv a temperature change in the device.  Th e

~:ray-Brown technicue has been shown to be inval id at large

~o ter f a c e— st a te  den s i t i e s , e . g . ,  10 1 3  cm~ ( eV)~~. These

temperature-dependent techniques and variations thereof give rise to a

eak in the density of interface states near each of the Si conduction

-1nd valence band edges. These peaks are h igh ly  susp ect , s ince they

~-ave not been seen by any other experimental  technique .

In the Nicollian-Goetzberger 8 conductance technique, the

Teasurements  are limited in the accumulat ion end of the range , because

the capture cross section is difficult to measure , and the interface

en~~i ty  of the states is rapidly varying over several kT. Hence , the

-ien s ity  of in te r face  states is obtained in a l imi ted  rerrion bound by

the  value of the s u r f a c e  potent ia l  corresponding to  rr id qo i- and f l a t

and

H. Nicol l.rn and ~. Goet.~l 1 ? o r , Bell ;ot. ‘[och . J., 45
(1 ~b 7) ,  1055.

2 7~~ v~ Gray ~nd D. M. Brown , Appi . Plays. Lett., 8 (1966) , 31;
0. M . Brown and P. V. Gray, .1. E1~~ -trn ’hem. Soc., 115 (1968) , ~60.28 G. Dedherck , R. Van Overstraeten , and C . Brown , Solid-State

~1ectron ., 16 (1973) , 1451 .
A. Mar and J. Simon , Solid-Stute Eioc tron., 17 (1974) , 131 .

30 M . Kuhn , So1id- .~tate Electron., fl (1970) , 8fl.

- -- - -
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In the ~tC\ technioue , the in erfa:e potential is ‘ aried so

that the system is always at ia~u i i i t r i u m .  Small er rern in the

integration constant  have a great  in f l u e n c e  on rise density c- f s ta tes

value in accumula t ion  and s t ronu  i f -v e r a i o t .  Ne ver~ }io~~e,-~ , it is

superior to low frequency capac it an - :e-vcJ t~~;e techr ;ic , ro s ‘.-:Le n t i e

minority carrier lifetimes are large, err-c e ic these ic-~tarcec , the

generation recombination times are very smal l.

The advantage in the -u-ce ct the ~SCV technicjue ”~ is that tr,e

system at all times is at ther od yr-~rcic e ::.u l i b r i um . He nce,  the

capacitance of the MO.~ system is just the oxide ca~-acitance in series

with a parallel combination of the average space—charge and

interface-state capacitances for each value s f  the i n t e r f ace  potential

(gate potential) as given by euuat.icr. (43) . In other words , parameters

dependent on the charge-carrier lifetimes and aj earing as resistive

components are zero for a static measurement. The QSCV technique

involves sweeping the interface jct~ rstial , 1 , at a certain rate. The

criteria for thermodynamic reversibility, closely following the work of

Kuhn, 30 is that

T.(d.B
/cit) kT/q , (59)

for j corresponding to either electrl - - - or holes. The lifetime I . is

given by

= (ve .n .)’exl E_~
_ z~_] (60)

where v is the average drift velocity and 0 is the capture cross
p 3

section due to- the interface states for either electrons or holes.

28G. Dedherck , R. Van (~vorst raet sr , and G. Im!- .wn , Solid-State
El ectron., .26 (1973) , 1451 .

30 M. Kuhn , Solid-~ tite Electron., 13 i1970) , ~~~~ 
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Hence , equation (59) states that the interface potential sweep rate

must be such that the carriers making transitions in and out of the

interface states can follow the changing potential at temperature T.

If so , then the system at this sweep rate is always in equilibrium . In

addition , in inversion, the sweep rate must be less than the

minori ty-carrier  generation rate. However , in the QSCV technique, the
—2

longest time constant is about 10 s at room temperature, which is

much smaller than the minority-carrier generation rate in inversion .

Hence, the sweep rate need only maintain the inversion layer in

equilibrium with the bulk semiconductor . The criterion is then given ,

for the positive bulk, as

7 /N V \½ T
t~F~ = ’  A D \  —~~c ~~~~ (6l~

~ 2qe •)  n . ox dt
\ Si 1

where AF is the difference between the surface quasi- and bulk Fermi

level , V
D 

is the effective diffusion potential , i is the bulk

minority-carrier lifetime , and V is the gate voltage.

4.2 Determination of Various Parameters in Density of States Formu-
lation

To ~alcu1ate the density of states , various needed quantities

can be systematically obtained . For instance , from values of the

measured capacitance at infinite frequencies, C ( ) ,  the maximum

deple tion width can be found ,

IC -C(= )
— I OX M
— I c C ( )  ~~ . (62)
I oxM

Then, for instance, for positive-bulk semiconductors , the doping

density, N
A I can be determined via

40 
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N 1 in (NA
/n .) = 

4C
:i
kT (63)

Given this ,  one can easily determine the bulk potential , ~~~~ , i.e.,

kT
ISJB q Z f l N

A 
. (64)

Then one can determine the one-to-one f u n c t i o n a l  dependence between the

actual external potential , V, and the interface  poten tial via

Berglund ’s formula ,

v [ c ç ]
‘P (V) — ‘PB = 

~FB 

- 

C j d~ 
( 65)

where the flat-band voltage , VFB~ 
can be obtained from the formula

CFB
(V
FB
) = C [

~ 
~~~~~~~~~~~~~~~~~ (6E~)

where the Debye length , L, is given by

/2~ .kT\½
Si (67)

\q2p /

At the same time , the mean average charge, which is needed in

equation (42) for the variance , can be obtained from the flat-band

vol tage , i.e.,

V =~~~~ — Q C 1 , (68)
FB ins ox

where ~ is the metal-semiconductor work function.
ins

- ;  1
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S. CONCLUSION

States associated with the oxide-semiconductor consist of two

types, intrinsic and extrinsic. The intrinsic states are

manifestations of the heterogeneous nature of the interface, i.e., the

loss of both topological and compositional disorder. The extrinsic

states, on the other hand , arise due to fluctuations in the interfa ce

potential and impurities. This equipotential surface cannot be treated

as a flat sheet.

The incorporation of both types of States into a phenomenological

treatment based on that of Nicollian and Goetzberger
5 and Brews 1’

~ wil l

enable one to self-consistently calculate the true density of interface

states (without the effects of fluctuations) .

8E. H. Nicollian and .4. Goetzberqer, Bell Syst. Tech. J., 45
(1967) , 1055.

16
j~ R. Brews , J. Appi . Phys., 43 (1972) , 2306 ; 3451 .
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