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ABSTHACT

Silicon is the heart of modern semlconducter devicee. The
dominance of 85i in saemiconducstor techhology depends con the superior
guallty and propertles of thermally grown EiDE campared with the oxlde
that can be placed on eny other semlconductor. For this reasaon, Si-SiﬂE
interfrce has been an interesting send importent research sublect for
many years.

The well establlshed quadlstetic snd conductance methods used
in the study of the 5i=-85i0s interface are lmproved by uzing {1} an ef-
fectively thin composite inaulator, (ii) low carrier concentration
pubstrates, and most Importantly (i1i} low-level illumination at a
wavelength that creates electron-hole palra, Accurate measurements of
both the total denslty of interface astetes snd 1ts major components as
a function of ener in the fnrbigden gap have been made over four
decades (1010 _ 101* ptates/eV-em®) due to items (1) and (1{). Ttem {1ii)
decreszes the response time of the s#low states (these 1ln the lower helf
of the band gap for n-type samples), so the guasistatle condition is
well patiafied and the conductance method can be used to study the
interface states throughout the bend gap on a slngle sample. Without
J1lumipetion, the queazistatle condition 18 not satlisefied even for ramp
rates on the lower slde of those used previously and complementary n-
and p-type samples are needed for the conductance method.

The samples investigated have a thermelly grown oxlde prepared
in dry oxygen. They were never expozed to Hs or Hp0 at an elevated
temperature. We =speculate that this processlipng provides an abrupt
Si—BiDE interface. The composite gate insulator was completed by having
an o-gun deposited 2504 layer of LaF.,. The resulting interface, sub-
Jected to the improved experimental method, ylelds a wealth of dlstinc-
tive atructure rather than the often-reported featurelesg U-shaped
Interface-atete denszlty.
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IMPROVED CHARACTERIZATION OF Si-SiDE INTERFACES



I. INTRODUCTION

It 18 well known that dimpurlties and defects can introdurce
staetes in the forblidden energr gap of pemiconductors. The energy levels
at the interfaces of a sewmiconductor with vacuum, an insgulator, or a
metal, are strongly perturbed from thoee in bulk crystels, and they are
called "interface statea". The ones in the forbidden band gap are the
west Interesting becauze they csp capture and emit electrens aeg their
energy levels pess the Ferml level due to the applled blas wvoltage.
These statea affect the performance of devicaa.l In general, they are
almost eslways deleterioua. 3Structures involvipg silicon and sllicon-
dioxide are the foundetion of modern semlconductor technology.

Even for the interface between slliecan and thermally grown
pilicon-dioxide, which 1a the most predictable and generally the beat
guality of 1ihose Inwveastigsted te date, 18 not completely understood.
Thie peper describes a refined experimental method to study the prop-
ertiep of zllicon end sllicon-dioxlde interfaces. Thile experimental
method and the accompanying theory can alse be applied to the propertles
of ather Interfaces.

In the past twenty years, a hoat of m.e_-'i;Im:nc:lag_]+ hes been devized
te investigate the Iinterface-pitate properties of semiconductors with

3,5,0 J.4,7 2,3

TACUUMm, fnaulmtars, and metals. T™he most productive of theze

3,5,6

methods are photoemission spectroscopy and various electrical



2-h,7 FPhotoemiasion apectroscopy offers compara=-

impedance meagurementa.
tively low-resolutlon atate-denality information, but it eaxtends owver the
entire energy range for which there sre filled statea, This method

¥ieldr stete denszities for cleaved pemlconductor to vacuum spurfaces, and
for surfaces with fractional monalayers of oxygen and cther impuritiea,
The impedance messurenents fall Into several broad classea. They all

tend to yield noderately high-resolution interface information but only
sbout states with energles lying in the band gap of the bulk aemijconductor.

Mzena of experimental methoda have been devised to deduce
Interface-state densities and time gonstants from impedance mgasurements?‘j’T-
Becaupe of their simple structure and sdvanced planar technology, MIS-C
{metal-insulator-semiconductor-capacitors] are most widely used to investi-
gate interfaces. The two techniques whieh have yielded the moat informetion
on such interface stater are the guaslatatlic and the conductence methods.

In the gquasiatatic method the variatiosn of the ultra-low frequency capa-
eltance s measured as a function of the gete voltege. The conductance

method coneiats of measuring the frequency dependence of the conductance
for different gate wvoltages.

Better date is needed in order to verlfy thecretlcel predictlcons,
diseriminete among different theories, and modify the theories. Three
modificstions are incorporated here into the quaslstetic and conductence
methods to Improve these techniquea. The fipat 18 the use of & composite
n 9" The La.F3 hasg
such a large ca];:nﬂ.uz:i‘t‘.e.u‘u:e"'cII {»1 ,.ilf,r'::mE} thet the composlite insulstor

L]
insglator consisting of thin Si0,, followed by 250A of LaF



capacltance Dﬂ ia almost entirely due to the 5102, yet the compoelite

o
Ingulator haa far lower ls=akmage currsnt thean 250A of 310 Secopd, &

o
low-bulk carrier concentration subatrate is used to reduce the depletion-
layer capacitance. Third, low-lntensity light st wavelength A = 0.820um
ia aheone at pormel incidepce on the transparent front Au gurfage of a
depleted MIS-C ztructura. Otherﬂll have Incorporated 1llumination in

the study of MIF structures, but usually for different pwwrposes and at
myuch higher intensitiez. We uge the light to create electron-hole paira
in the space-charge reglon. The electrons in thias n-type meterial are
driven to the back of the depletlon layer by the space-charge flelds,
while the holea are driven to the interface, The light-generated glec-
trons and holes reduce the respanae time of any Inverelon layer present,
end of the interface statesz adlacent to the yvalence band edge.3 The
reduction of these time constants makes it easler to zatisfy the low-
frequency ccnditiﬂng in the gqussistatic measurement, and it raises the
characteristic freguency of their conductance {prm ] pesks into a

range [ > 20 Hz} where they can be easily observed. The net result of
theae three modifications iy to lnerease the dynamic rangs of Interface-

3 to over four decadea. The

atate mzasurementes from the uaual two decades
more accurate conductance method can be used over the whole band gap, and
sinee the low frequency cnnditiong iz easily satisgfied with the 11]lumine-
tion, the vwoltage dependence of the surfece potentlal 1s properly deter-
mined.

Several of the mopst important methods uesed to investigate lnter-

face ptates are reviewed in Section II. The quality and propertiea of



interfacee depend sensitively on the sample preparation proceas. For
deviges & low interface-sptats density ie orédlnarily soughi. Thia is
usually schisved by adding hydrogen to the interface elther by growing
the oxlde in gteam or by annesling the aample 1in H2 ap a poet deposition
treatment. Qur samples were prepared wlthout hydrogen so the nature of
the uncontaminated EifEiDE interface could be studied., In addition the
SiﬂE layer ia thin, and it i3 likely that the traneltion between the 81
and the EiDE ia also more abrupt than thoae for thicker oxidea, The
details of the sample preparation procedurs are diacuseed in Seetion III.
Section IV ip devoted to the quamistatiec measurement, with and
without light, We found it {s almost impoeeible to satlefy the quasi-
Btatic condition without shinlng light on the semple. The kiode of erroras
that are introduced into the denslty of atates and the surface potentisls
by not satlsfying the quasistatic condition are presented. In additloen,
the properties of two sharp lines due to flucrine at the interface will
be gxaplned in Bection IV,C.
The conductence method ls trested in Section V. Different phyalcal
models are rriticelly revlewed and special attention iz paid to the shape
of the experimentel Gpﬁu and cp versus freguency curves., It is demon-—
atrated that the curves do not exsctly it either the discrete-level or
the contipuum model curves.3 A ma)or approximation in the derivatinnlE'IS
of the continuum-maodel expressaions ia that the capture cross sectlons and
the atate depglities wary little over an energy range of order kT mbout the

Fermi level.6 Nelther of these conditions mppears to be wall satiafied,

and when the complete expressions are used in place of the spproximate



ones, the theory more closely reproduces the experimental reaults. Moat
of our samples exhibdt little flat band wvoltage ahift due to posltive
fixed charge and there 12 no indiecation of stetiatical brnadening.T
However, In spampler with posltive fixed charges statistical brosdening

1s alsc preaent. C{onsequently, studize of this phencmenon are reported

in Sectiong ¥, B and D.

Under illumination the conductance method allows the fast and
glow interfece states2 to be resoclved into separate componenta. The ensrgy
and llght wverimstion of the interface state reaponae timag is trested in
Section WD, For most sumples, the fast time conatants do not behave in the
manner predlcted by the normal Shockly-Reed-Hall {SHH) mﬂdel.llL A modd -
fication of the model 1z suggested by the experimental data. The only
semple satisfying the 5HH model ia the gne exhlbiting atetisticsl brosden-
ing.

Deta on several samples is presented in Section ¥I. Although
there is s large amount of experimetnal datm, the theoretical understanding
of the interface between ipauletors and semiconducters 1a st1l]l rather poor.
A tentative Iinterpretation of the observed interface-state densitles
suggesied by our date is thet they are scattering-induced band talls of
surface valence and conductlion bands. Given thls interpretation, we can
deduce the imaginary part of the walence band ﬁv and conduction band Ac

self energles from the cbservations. Thezse quantities are presented in

Section ¥I1I. Finally, Section ¥IIT ia devoted to concluding remarks.



II. PRINCIPAL FEATURES OF THE EXPERIMENTAL METHODS

Bumercous axperimentsl methode heave been devised to investligete
.
semniconducter lnauletor interface ptate propertiea. The more important

onea are reviewed here and their principal featuresg are {dentified.

A. GQuealstatlic method [Refs. 15-17 and diecussed In detall in Bect. IV]

Using this method the totel cepacitance including the Interface
capacitance and sapace charge capacitance, and the dependence of the ayr-

7,18 relatively pimply

face potential on applled voltage can be obtalned
over & large part of the energy gap. However, no direct information is

provided on the nature of thege atgtes.

B. Conductance method [Ref. T and discussded in detail in Section V]

In this method both the interfare atate density mnd the rate
of charge exchange {[usually in the form of & time constant} with the bulk
energy bapds can be determined. It ie pesslble in prinelplie, therefore,
to separate the total denslty of states into component parte, each lden-
tified by a characteristic time congtant and, quite 1likely, a different
ph¥aleral origin. However, the normal conductance method can only detect
so-called "fast" interface statea, such that In n-type {p-type) material
the time conatants of states in the lower (upper) half of the band gap
are usually toc long te be cbeerved. Thus complementary n- and p-iype

gampies are required to examline the entire band gap, an obvlous dlsadvantage.



C. Capacltance-Yolt C=V) method

19 and slgo

This methed was firet suggeated in 1962 by Terman
expilained by EZEE and Guetzbergera. In the CaVW method, the high frequency
{ WT>>1) capacitance variation of the MIS structure iz measured ms &
function of bles voltege At A fixed temperature, The exlstance of inter-
face statms ceruses a shift & ¥ of the high freguency ideal, apece charge
{without inversion) ssscrlated MIE capacltance curve along the voltage

axia. The addltional charge & QEB etored 1n the interface stetes {a

deternined from the voltage shift asross the lnsuletor capacltence:
bg“ = Cﬂ' .ﬂV » (11-1]
Then the Interface stete density 1s given by

Mo & —1 d Qs
st s A d,w‘

{II-2)

where qPB is the semiconductor surfece potential (Fig. II-1) and A is
the ersa ol the rront metal plate. Thia method providea s gquick way to
examine the general character of & zample but does not give sccourate
quantitative lnformation.

fnoather method, which ie almilar te Terman'a method thet we heve
Juet discussed, veries the temperature to shift the Fermi level.Eﬂ The
gate voltege, which echangea A= charge is thermally excited out of the

interface states, 1a mdjusted to maintein the flat band condition {i.e., Bo

that the conductlion end valence bande approached the interface with zero



alope). The charge A QBB leaving the Interface atatea as they crosa

the Fermi level 1s glven by

= .;EJEE__

&Qss ':'( e tay {II-3)
where AEF 1s the temperature induced shift of the Fermi level and & ¥

iz the shift 1o the yoltage to maintaln the flet band condition. Therefore

the interface state denaity is

x ol Al -
Ngs A AEe (IT-h)

Thiz dats reduction method assumes that the metal work function

and the electron affinity of the aemiconductor are tempersture independent,
approxlmatione that are somewhat doubtful. Aleo, it i apaumed that the
interface state depalty varlea slowly over small energy ranges in the
forbidden gap. This condltion is not well seatlsfied espacislly near the
band edgea.g'l

Gray and Brown observed maxima near the conduction and valence
band edges which are probably an artifect grising from the use of a low
ac freguency (150 KHz}, Much higher freguency iz requlred 1f qas iz not
to contribute to the capacitance. Oura, and other recently reported

data, show there {s no mexima near the band edges.

0. Deepr level tranelent spectroscopy {DLTS)

Leng firet proposed the DLTS method and appllied 1t te the atudy

of bulk trape in semiconduetnrs.22 A ccllection of other tranelent methods
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is reviewed Ty Sah.23 DLTE war firet applied to interface states 1in MIS-

capacitorse by Yamesskl , et nl.Eh In thia methnd a sequence of electrical
voltage pulses 1s applisd to an MIS-capaclitor. Suppose for definitenecs
that it ls n-type. In the qulescent state the substrate surface is kept
in depletion by a d.c. gate voltage ?E. At L = _tD’ en addltional yeeltive
yoltage pulse of emplitude ?b is mpplied to the MIS-capacitor that tem-
porarily drives the aurface of the subatrate Into accumulation or weak
depletion, then 1t drops back to the gqulesecent wvalue. This eauses some
Interfacre states and bulk traps to crops the Fermi level and become fliled
by electrene. When the energy bands return to the qulescent stete, those
electrons above the Fermi level are emitted from the lnterface states and
bullk traps lntce the conduction band with characterdstic emissicon rates.

Throughout thlas process the changes of the capacitence are mopnitored. The

characteriatic emiasgion rate e depends exponentiaslly on temperature

e, MTn¥ arp(eW At) (11-5)

where I is the bulk carrier concentration in the ronduction band, ¥ is
the rmz thermal veloclty of electrons In the 21 bulk, U'n Is the electron-
capture croas aection, and 'qPE is the aurface potential.

Thir experimental procedure la repeated whlle the sample is
Bubjected to a thermal scan. Thile resulte in the capacltance trensients
ghown aschematlcally In Fig. {II-2). The cepacltence difference messured
with a dusl channel boxcer integrator c{tl} - c{tE} et aempling times £y

and tE goen through a maximum at temperature Tmax‘ The maXimam cocoura
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wheh the emdgpion time constent approximetely squala the eampling window
t, - t,;. The emiszsion rete 1ls releted to the sampling times through the

egquation,

8,: L(t:fﬁ)/['ﬂ"tl} ) [II-6)

Appuming the interface state capacitance ia much smeller then the insulator

capacitance €. and varles slowly with energy, the interface state density

a

at maxlmum capacitence chenge ina

- C-[I:{'h)' ﬁ[t:)] & Nn{W}
L 3
Nes ('f’ ) B -k Wit/ . (IT-T)

where ‘gr ia the efiergy corresponding to the maxlmum caepacitence changs
and HD{H] ia the shallow donor density at depletlon layer depth W. One
of the major sdvantages of the DLTS methocd 1s that it measures dynamic
interface properties direectly in a way not affected by surface potential

fluctustlone, so time conetants can be sccurately determined.

E. Eleveted temperature method

Cooper and BchwartzEE trled to shorten the time conatanta of the
slow interface gtates by elevating the temperature of samples so they could
study the lower half of the bend gap for n-type zamples. The measurable
energy range includes week ioversion and depletion (0,302 eV £ E € 0.70L e¥).
Howewver, their sensitivity ie low. The range of interfece state densgities

coverad by thelr menburement extends over only about one decade.
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III. SAMFLE PREPARATTON

Eemples are prepared on low carrisr concentration n-type sub-
strates which are 300 Mm thick. The ineulatore are composites coneisting

Q
ef thin Eiﬂ2 layers followed by 250A of LaF The thin Siﬂe layers wvere

3‘
thermally grown in dry ﬂE at 1150°C with no exposure $¢ hydrogen or water

1]
vapor at elevated temperatures. The Biﬂe layers were followed by 2504

3 Mlma. The LH.F3 film poasesses very thlpn dipole leyere

&t its surfaces which produce lerge capacitmances coupled by the lonic

e-gun deposited LaF

conductlvity of the material. In these MIS structures, the compozlte
inpulator slsc acts s & blocking contect to electronic condustion as
long as the breakdown veltege of the deviee iz not exreeded. The effective

capacltance of the LaF_ film ig independent of the actuel thicknesa as

3
long as the messurement frequency lies below a characteristic value scor-
responding to the BC time conatent of the LaFS. For a typical ESDE film
at room temperature, we have established that the characterlstic freguency
ia well above 100 KHz. At high enocugh Trequencies, or at low enough
temperetures where the icnic conductlion ceases, the capacitance of LaF3
film is expected L0 decrease to its geowetricsl value.la For sample 5i-58
at room temperature, the measured net insulstor capacltance ED = 139 ancmE-
Assuming that the dielectric constant for EiﬂE is 3.9, the theareticsal
capacitence of a Eﬁﬂ; layer of SiDE 1z 138 ancmE. Hence the net Iinsulator

capacltence arises totally from the EiDE leyer. Since the dielectrie

1h
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constant of SiDE ia a weak funciicn of the impurity HEﬂ and OH content,
the oxide fabrication method, and the frequency, the real ﬂiﬂz dielectric
conetant of this sample may dlffer slightly from 3.9. At the beginning

of growth, the oxide thirckness lncresser linesrly with time. Then the
growth process slows and the thicknees lperesses as the sguare root of
time. Thus the ocxide mey change character depending cn whether it is
grawn direectly to the thickness needed, or grown too thick and then etched
to the final thickness, Both types of axides are treated in thie study.
These cbservations mey account for some of the differences found smong

the oxides.

Table III-1. Insulstor capscitance (. messured on 51-58 using the

0

quasistatic method st three temperatures.

T [°K] T 195 295

¢, [nF/es’] 120 132 139

Table ITI-1 showa that LﬂF3 is still an jlonic conducter at 779K

but the capacitance 1s reduced when the tempersture 13 lowered. The ef-

fective cepacitance of the LaF, lmyer at TT°K, assuming that the oxide

3
capacitance ip temperature independent, ie 880 ancmE. Thia 18 8till
very large.

The back contact of the MIB atructure conslsets of an e-gun
deposited Al film whieh ig then slntered onto the surface at the Si~Al

eutectic temperature 550°C, in flowlng N. gas for 10 minutes. When this

2
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back contact Ie made properly it acta ms Bn chmie contact. If there 1a
a finite gseries resistance introduced by the back contact 1t will cause
an extra high frequency peak in the Op/s¢ versus f curve. HNo such peak
is obzerved in well prepared samples. The metal plate on the front sur=
fare is a 1253 thick e—gun depoelited Au film. The 1llight tranamiesion
coefficlent of Au film ia greater than 50%. Finally, we anneal the sample
in flowing N, at hoo"e for 20 minutes.
We cbserved zeveral lmprovements of the semple after annealing:

1. In the guaslstatlc measurement, because the interface state denslity

decresses, Lhe ratloc of cmax to ﬂmin (maximum and minlmum capacitance

of the capacitance curve] ineresses after annealing. For exampie,

o [}
3i-06 (TOA 5102,-’250,4 LeF.) has cmfc 0 epproximately 2.5 and 5

mi

3
before and after annealing, respectively. Thir sample 1a an extrems

cane,

2. Positive rixed charges are redured becruse we chserve the capacitance
curve ahlft slong the voltage axls. For B1-TT {EEDE 5152!2503 LEFS}
before anneeling, the flet bend volteage 1s ¥ = 1.3¥. After annealing,
the flat-bend voltage moves to 0.0V. The decrease in the interface
state denpity noted in item one may mlac be a conaeguence of the
reduction of the flxed charge.

3, In general, the leaksge current decreases after annealing.

After the pamples were prepared, they were kept in s dry boax
to avold drifte thet others have reported to be connected with humidity.

The atability of most of our samples wag qulte good.
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A detelled step-by-step sample preparetion procodure 1s liated

in Table (III-2}. Thia was the standard preparation procedure except

Btep 3 was applied only 1f the oxlde was too thick, The oxide thickness

-

and ite index of refraction were messured with an Ellipeometer, The

uncertainty iz ~ 1%.
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Table ITI-Z2

The wafers were n-type phosphorous doped € 1009 or {110 oriented

samples, Wwith resistivity P = 100 £ +-em, and thickness 300 Mm.

1. Wafer cleaning proceduresn:
a. HEO ripse, 5 minutes
br. HEEDh;HEDE f2:1}eteh, 5 minutes
T, HEU rinee, 10 mlnutes
d. Blow dry with HE £88
2. 3102 growth pracedurea;
a. HE’ 5 minuten
b. Dry UE at 1150° for t minutea {4 minutes to grow hﬁﬂi}
£, HE, 10 minutes
3. 810, etching procedure: {when required}
a. HF:HEG (1:10) for t' minutes {etching rate 2 1DEIH&G}
L, Methanal rinse, 5 minutes
¢. Hunning HEO ringe, % minutes
d. Blow dry with I-I2
L. Beck ohmic contact:
a. Mask the front surface of the wafer with black Wax
h, Eteh sway the 5102 on the back with J-[F:HED {1:1) for =~ UL} nec
¢. Remove black wax with trichloroethylene
d. Acetone rinpe, 3 minutes

e. Methanal rince, 3 minutes

f. Blow dry with HE
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h.

i.
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=}
Immediately depoait 3000A Al {e-gun) on the back surface

Sinter at 5509C in flowing HE' 10 miputas

Dlce the wafer intec equares of 125 mil each side { =0.101 em?

e=gun depoait LaFj, the thin Ay metal plate, and the Cr-Au front

contact dot

.

b'

[+

d.

Trichlorcethylene, 3 minutes
Acetone rinae, 3 miputes
Methansel rinse, 3 minutes

Blow dry with N

2
= ]
Deposlt 2504 LnF3 on the frent surface
=]
Deposlt O.0L2 cm2 1254 Aun on top of the LeF_ film

3
o a
Deposit 300A Cr then 20004 Au on a corner of the thin Au film

ag the front contact dot

Anmeal the sample at LOO°C in flowing N, for 20 minutes.



IV. QUASISTATIC METHOD

A. Guaasistatic capacitance metheod

1. The measurement method

In the gusessiatetic mathud,3 a linearly varying voltege with

ay
dt

charging the sample 1s then measured. The total capacitence EQS per unit

conBtant ramp rate ip mpplied to the sample. The current I(t)

araea A is

1(4)
Coas = h VAt (1v-1)

provided that the ramp rate is slow encugh toc maintain the sample In
thermal equilibrium.

In thermal equllibrium the eguivalent circult simplifies to
that shown in Figure [(IV=-1). If the total {depletion/faccumulaticn plus

inverasion) epace charge capscltance per unlt area 1s dencted by C and

Dr
the total interface state capacltance per unit area in EBE, and the in-

puletor capecitance per unit area 1s CG’ then

I = | + | {IV=2a)

Cas  Co % ¥ Cyp ,
84q
CE - Cos Ce ~ Cy (Iv-20}
Cl - (;ns
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The space charge capacitance can be calcuiated thecretically

by the following equations if we know the surface potentlal ’4!5 and

the bulk carrier concentration nb For p=-type subatrates, one TindBE

1C1-e*¥ s "ﬁ'(*“‘ ~1)] I

€
Cu= (IV-3a)
P L‘F Fp
¥
where
Fea[( LA By, 1) +—¥:—-(e”‘-p1;_|)] :
L..P ] _.I';:.Te‘.)yl . & il permittivity of sliicon
£
E ¥ TT_ . k is Boltzmann's constznt
and
LR Pl

For n-type substrates the exprezajion changes form sllghtly =so

e [1-ett +_%___(,e-m_,)]|
Lpn Fa

[IVv-3b}

Cp-ﬂ
where

i
Fr [ L (e bt -0+ (P% - 931
] ’
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Hence by meaauring ED‘ n and the gate voltage V¥ dependence of Eqﬁiv},
ana U ;{V) cne can determine the voltage variation of the total inter-
face state capacitance.

The epplicsbility of this method is limlted to structures for
whieh the lesaksge current remains emall with respect to the charging
current. In the presence of small leakage currents the charging current

le measured relstive to the atatic gurrent-voltage (I-¥) curve.

2. The qggsiﬂtatic conditlion

In the quasistatlc messurement, although the ramp rate is a
constant, the variation rate of the surface potential dﬁ1psfdt is not
always a conztant. It 1s larger 1n depletion and weak lnversion than in
strong inversion and accumulation (see Figure IV-4). It is the epilze of
d‘qkﬂfdt that determines whether or not the system 1s in thermal egquillbrium
(see Eq. IV-3). The formation of the inversion layer, snd the capture
end emission of charges by interface states all depend directly on the
purface potentiel. The ceriterion that the sample remalns 1t thermal
egquilibrdum while ¥ chenges (the guasiptatle condition) isa

L "'HL"" <« | (1v-4)
where rtmux 1z the largest response time of moy interface state or apeace-
charge capacitance encountered in the measurement and P = gfkT. At wvery
small applied volteges (-0.1 to 0.1V), d qyﬁfﬂt is nesrly the same as the

ramp rate, while T is limlted by the time conztant for the "slow"



23

valence-band-aide interface states. TFrow the conductance measurements
Tor the sample 5i-58 diacusaed later, we have determined that T > 3 eer
for these stotes in the derk, ac that p't - d qP#fdt 1 for the slowest
ramp rates we could uge. In the presence of light, however, T is reduced
to the millisecond range and the electronle ayatem whleh 1s 1n a right
driven ateady state follows the ramped gate voltage. We shall denote
thig arrangement with the phrase "the gquasi=ztetic condition is well
satiafi=d".

The wvarlation of the low-frequency capacltence vs. bias voltage
is shown in Flgure IV-2 for semple 3i-58. The different low-fregquency
curvea were gll tsken at the game ramp rate, 9.04 mV¥/seec, but with dif-

ferent light intensitiea P, at wavelength [.820 Jm, shone on the front

o]

surface. The maxlimum Pﬂ ia 2.12 jﬁﬂfcm? and the other two were obtained

by ueing neutral density filters of 10-1 and 10-2 attenustlon. For light

intensitiea up to »~ 10 }‘H!emz. there 15 little additlonal change in

the szhape of the quasistatic curves from the po-filter {2.12 jJchmE} Curve.

However, for intensities beyond that, the spacew-charge distribution begins

to be moed]fled by the 1light intenslty, and the shape changesa once mnre.ll
It 1a very easy to miatakenly concluds that the gquesistetlc

condition 18 sati=fled when in faet it is not. One 1= temphted to choose

g ramp rete by starting from & typicrl value reported bEfDrElT and then

decreage it until the shape of the capacitance curve becomes independent

of the ramp rate.EE We found thet the shape of the EQE curve in the dark

wae independent of ramp rates between & mV/sec and 35 m¥/sec. Using this
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eriterion, we were content with 2 ramp rate of ¢ mV/aec. It was only
after we {1luminated the gemple and cbserved the narrowing of the gquasi-
static curve on the long-time-constant {in n-type materiaml), valence=
band alde of the curve that the Llnaccuracy of this procedurs became ap-
parent. There are evidently large rangea in ramp rate cver which the
shepe of the capacitance voltage ouwrve iz constant, but nevertheless for
some states the quasaliastetic rondition is not amtizfled =o they do not
reapond. Thls happens because the different major classes of etstes have
time-constant distributiong that are separated by many orders of magnitude,

The uze of light appearz to be an excellent way to test whether
or not the quasistatic conditlon ls Indeed satisfled. However, slow

atrtes whose respunee Ltimes are light-Insensitive may st111 be missed.

2. Determlnation of Eg

Features of the guasisteiic C-V curve cen be understood esaily
by examining the egquiwvalent cireuit in Figure {IV-1). For large negative
gate voltages vwhen the sample is 1o inversion or for large positive
voltages when the sample is in sccumutation then CD > Eo’ and Eq. {I¥-Z2a)

becomen

| R ' y — (1v-5)
Ces Co £+ Cp Ce

The value of CD measured at the high and low voltage extremes will be

used. In order to cbtein an accurate wvalue for C_ the bies voltage must

o

be extended well into the inverslon and accumulation ranges. Hence, good,

low—leakege insuletiors mre needed for aconrste mepeuremente.
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In Figure (IV-2), the apparant Cﬂ 1a inecreasing for the curves

peasurad in progressively higher light intenaitiea because eaxcept for the
no filter case, none satiefy the guesiatatie condition. Even for the

largest end amallest woltages the effective magnitudes of EEE + CD in

Eq. {I¥-5) do not become much larger than C. until an intense enough

Q
light is shown on the sample tc gatisfy the quasletatliec condition.

For comparisacn to other more typleal experiments Figure [(IV-2)
nlea shows a theoretical guaslstatic curve (dashed) for a sample with =
thicker oxide {TEDE} and higher carrier concentration L fo.h x lﬂlﬁ cm*3]
but with our measured interface state denality. Thise oxide thleknesa and

carrler concentration are commonly used by other experimenters. With

thla smocther curve it is difficult to pick the correct ED end there is

shviously less resclution,

L., Determination of the surface potential

What has now become the atandaerd way of deduclng the surface
potential from the low-frequency capacltance wae first suggested by
Berglund.ET The applied waltage ¥V I8 divided between the opxide apnd the

space charge layer. Thus s small chenge 4V is
AV = AV + &ﬂh {ITV-6)

where dva = deED is the wvoltapge drop across the oxide and d‘T}E 13 the
change 1n the surface potential. The guentity d& iz the differential
charge trangferred to the aample front Einsulatnr side) surfece mesocimted

with the wvoltege change 4V, 8o dg = Eqﬁ-dv. Combining theae equationns,
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we get the Berglund expreselon for the relation betwsen the differentisl

surfece potential and applied voltage:
dk, = (1- c“ ) dv (IV~Ta)

Integrating along the guasistatic curve we get

’ll',(‘-’)' '4';(""'-)=Su [ | - Cu('ﬂ') ]ﬂ’ﬁ' 19oTo)
v,

The constant '1LE{Vh], which {3 the meximum exeursion of the surface

potentlal for ¥V, sufficiently small, can be determined by either of two

]
methaods .

The first method is to compare the measured gqueslsatatic curve
with the 1deal low-frequency C-¥ rurve. PBecause the gquasistatis meanure-
ment ylelde a thermsl equllibrfum C-¥ curve and in atrong inversion and

accumilaticn C the measured quesistetic curve should colncids

as % Coo
wlth the ldeal low~freguency C-¥ curve both in the sirong inversion snd
accumulation regienz. Then cne plota CQBE?} as a function of ﬂbaiv} - 1&3{?01
abteined from the integration in Egq. {IV-Th] and compares the repult with

the iderl capecitance versua 'ﬂ;s aurve. The dieplacement of the ends of

the curve along the surface potentisl axis ia the addltive conatant

'IPB(VD]. In order to get the idesnl C-¥ curve, It is necessary to know

the thickness of the oxide {or the insulstor capacitance) and the bulk

carrler cconcentration. The uncertainty in the messurement of these

parameters mekea this method inaceurate.
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The more accurate way ta determine the constent '“’H{?D} is by
fitting the obhserved high-reguency depletion leyer capacitance Cd to ite
theoretical dependence on Y in the large - p-"'l-as limit. €, can be

experimentally determined by removing C. from the high Treguency capaci-

0
tance meaaured with the capecitance bridge. The theoreticel expression
for the hlgh frequency depletion leyer capacitance ls found by simply
getting the minority carrier concentration to zero in the formuala for
ED {Eq. IV-3). The minority carriers in the inversion leyer do not
reppond to a high freguency ac aignal.g The experiment date polnts snd

theoretically calculated curve were shown in Figure {(IV-3). Considering

an n-type sample, the appropriete expression :iE-.:rr
-1 _ 2kT -1 -1 ) {(TV-8)
CJ “b E: € ( p .

where € 1% the semdconductor's permlttlvity, and P ¥ e/kT. Figure [IV-4)

d

UERAOERACO LR (1v-9)

¥
18 a plot of €, ° as s function of 'Ws

The guantity ’1}5* 1p determined from Ege. {IV-Tb} and {(IV-9)} by numerical
integration of the curves in Flgure (IV-2). The zero Intercept and the
slope of the Ed_E curve determine the maximam excurslion of the surfece
patential ﬁPE{¥0] and the bulk earrier concentretion T » respectively.
Notice that the slopes of the curves for the different light intenaities
are a1l the sam=, byt the apperent value of ﬂ¢s{vﬂl cehanges with light

Intensity.
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The bulk carrier conceitration can slec be determined from the

measured realativity ?':

! w |
=
f e(j.l.'l'l., -l-)hrph) = e jn My Tor n-type (IV=10)

where jln and jdp are the electron and hole mobllities respectlvely and
o, and B, Bre the bulk denaities of electrona and holes respectively. For
n-type meterlsals nh > Pb and the equation reduces to the second form in
Eq. (IV-10). The reaistivity f vas measured using the four-point probe
method. The value of n, determined thls way sgrees with the results from
the Cd_E plote. Evidently the fact that the correet ™, is messured cannoct
be used to conclude that the gquasistetic condition 1s satleflied In a
Eiven experiment.

The apparent veriatlon of 1LBI?G} is another artifect of violatiog
the quasistatic condition. Flgure (IV-=3}) i3 a plot of the apparent sur-
face potentfal dependence on applied wvoltage for the different 1li{ight in-
tensities., Only the curve for the highest 1ight intenglty, the no-filter
case labeled 10°, corresponds to an instance In which the guasistatic
condltion ig satigfied. The other curves all correepond Lo an anomaloualy
large range tor ‘ﬂ#ﬁ. DthersT heve ocbserved '1#5 values that extend over
a larger range than ia physically possible correaponding to & surface
Fermi energy that changes by more then the band gap. These authors aaceribe
the mnomalously large range to "a gross nonuniformity™, but the underlying
physicrl phenomencn 1ls never made clear. As we ahall demongtrate in

SBection ¥, the ﬂpfu: va. fregquency curves dlsplay no atstistical ar



other uneaxpected brosdening, so thera ia no posalbility of s groas non-
unlformity baing present in cur asamples. Hence we conclude that the fea-—
turee formerly ascribed to gross nonuniformity were instead the reault of
long=interface-state time constants, mro the gquasiatatis condition was not
aatisfied in the measurement.

Lowering the temperature incrennes all the time constanta. At
TTYK 1t would be impossible to satiasfy the quasistatic rondltion without
the help of 1llumlnetion. The reporta on lower tempersture C-¥ curves
all exhibit a tendency ta resemble the high frequency r:u:r-ve.EEI Not
gatiafying the gquaslistatic condltion, these curves do not y¥ield correct
surface potential ranges. Our measurement in varlous light intensjities
clearly showe that at lower temperature the curve moves to a8 higher total
capacitance If the quasietatlc conditicn ie setlsfled. The ﬂLE ratige |

j&'ﬁ#ﬁmﬂx,at three different tempersturea is listed in "fable (IV-1}.

Ubyioualy the range of '1P3 never =xceeds the band gap ensergy.

Table IVel
Tf 2K ] pDIuWHcmEI hwam&x[eV]
208 2.12 0.667
195 20, h 0.RES
T 22.0 0. 488

We shmll lntroduce experimentel evidence in Secticon ¥V thaet

the largest shift of the surfaere potentisl caused by the brightest light
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used at room temparature is 0.068Y, which 1a amgll compared te the
apparent shift in 1?5 due to the light, Fligure [(I¥-4). Thus If the
ramp rate ls so large that the guesistatic condition 18 violated, one

would arvronecusly conclude that the surface Ferml energy
o Iv-11
EF$= EF eq‘p; ( )

comea closer to the velence-band edge than 1t actually does. This will
diptort the energy dependence of the interfece state density and give 1t
a amoother U-sheped character than 1s proper.

The flet banil voltage and 3¢ the "fixed pasitive charges"gﬁ at
the interface are almoit uneffected by the light. HNatlee In Figure {IV-L})
that while the spparent surface potential excursion decresmses as the light
intenalty lz decreaszed, the flat band valtage changes by only W 20 mV.
The measured flet band voltage is 0.81¥. The work function {to vecuom)
difference between the Au front contact end the Al back contect is 0.55V,
This wark function difference deduced from photorespeonse Ia 0.9Y. Hence,
the econtribution to the flet bend voltage from the flxed posltlve charges
lies between 3.26V snd -0.00V depending on vwhich work function difference
is seppropriete in this case. If one mscribes the difference between the
cbaerved .81V and the vacuyum wark Tunetion dirfsrenece 0.55V to flxed
pasitive chargzes Q+, then with the cxlde capaclitance CD = 130 nffcmg.
one Tinde Q= 3.6 x llll-B cnulfcmg, or 3.3 % lﬂ_h pharges/surface atom.
However, becauze of the uncertainty in the appropriate work funetlon 4dir-
ference 1t is posalble that there is much less positive Tixed charge. To

settle this guestipn unambilguoualy aamples should be prepared using the

game metal on the front and back contacts.



B, Apparatus

The apparatus for a quaalstetle capacitance measurement 1a
deplcted schematically in Figure (IV-6}. The voltage ramp generator
myst bhe capable of producing lipear ramps at rates d¥/dt from 1 %o
100 m¥/eec. Except when the voltege nears the preset limita, dv/at 1s
conetent to better than 1% Iin our appsratus. A Kelthley model 602 elec-
trometer was yped as the operational amplifier. The "normal" mode waa
used to minimize the padse. In order to maintein the semple in thermal
equilibrium, s slow ramp rate is preferred. The minimum ramp rate is
l1imited by the gignal to nolse ratin. We uyae ramp rates between 5 and

50 mV/sec, wlth most of the date taken around 10 mV/sec.

C. Extra festures in quaslstatic C-¥ curve

There are two subsidiery peeks in Figure {IV-2)} that appesr
near -2.5% and +3.2V. A hump cen be present on the C-¥ curve if the ramp
rate ia A high that the sample is driven well away from thermsl equilibrluam,
When the ramp rate is positive for n-type materials the hump ia ceused by
inverslon charge effecte. A hump ceused by this mechenism usually will
not appear when a negative ramp rate 18 applied because the electron
mobility i1z much lmerger than the hole mobility.3 We observed these two
peaks Tor both positive and negative rempe. Also, they are revesnled by
the application of light, a ¢Ircumstance in which the time constant of the
inversion layer is reduced. Thus the peaks we ohserve do not originate

from s fallure to setisfy the guealsteatic condition.
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These two peaks correspond to energies in the 8i-310, system
whare lon-implanted flucrine is kneown to produce diacrete donor 1E?E13.29_31
We thersfore ascrihbe theae festurea to fluorine lone that heve diffused
from the LaF3 to the interface during the post deposltion snneml. For
Eﬂﬂi 5102 aamples these two peaks become so small thet we can just barely
discern thelr presence and cennot make an accurate measurement of their
denalty. Apparently the thick oxide prevents meost of the fluorine lons

from diffusing to the Interface.

When the wavelength A of light was Incressed until the photon
energy la smaller than the band gap energy then the tweo subsidiary peaks
disappeared. From this we conelude that the effect of the light is re-
lated to the redurtion of Interface state time constante, rather than e
gdireet photo-excltation of the diescrete states.

These twoe peaks can hardly be noticed in the dark at room
temperature. But they ere wvery pronounced at 1iquid nitrogen tempersture
{7TT°K) even without the 1llumination. Under low 1llumination {PD = 1.60 #W/cn
shone on the sample at T7°K both peaks grow. But in more intense 1ight
{Eb = 16.5 }lwfnmel, the first peak broadene mnd is reduced in amplitude,

The second pesk exhibits the same trend but to a lesser extent. There are
two possible causes for this behavior:
l. The 11ght increases the number of holes in the inversion layer and

1ts capacitence can fully respond becesuse its time constent is short-

ened. The enrhaneced response of the Invearsicon layer may mask the

fluorine line.
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2. The fluorine responee rate lp in eome fashion being reduced by the
light. The observed light dependent brosdening msy simply be lifew
time brosdening. The second pesk 1ls broader than the firat and so
ig not affected e much by the light.

These two peaks taken at room temperature are phown on extended
scalez and plotted agelnst the interface Farml energy relatlve to the
valence-band edge (see Figurea IV-T and 8). Both peaks have been fit to
Lorentzlan and Gausslen curves. The paremeters of these {lts sre presented
in Teble I¥-2. GSilnce there is no systematic way to pick the base line for
thease curvee, the shape functlon cannot be determined with certainty.
However, the Gaussien seems to offer a slightly superior it In both
casans., Beveral festures of theae curves are hoteworthy.

1. The widthe of both peaks {especielly the one at 0.246 &V) are quite
Aerrow compared to the energy gap.

2. Since the density of surface atoms on the {(100) surfece is 6.8 x 1Dlhcm
the mrea under the peaks {using the Gausaiapn shape] implies there are

3.3 x 10”7 and 1.8 x 10"

Flusrines per interface aite, respectively,
contributling to the flrst end second peak.

3. For both the Grusslan and Lorentzian ahapes, the ratis of the ares
of peak one Lo peak two is 1.86.

A syatematic study of these features 1s required to fully underatand them.

2
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VY. CONDUICTANCE METHOD
A. The methad

This method was devised by Nleocllian and Goetzberger.' Much
more detalled lnterface state denslty information, whieh yielda inelght
into their physical origin, ran be obtained when the full frequenecy range
of the MIZ capacltance and conductence are messured and anajyzed. The
data collection and reduction involved in thie method 1a =2 highly labor-
intenslve sctivity, but much more Information 1s revealed.

Nermally this method can only be employed convenlently to study
the Interfaces in accumulaeticn and depletion. Even using both n- and
p-t¥pe materlals in order to cover a larger energy range, very little
information 1s gained on the behavior of interface stater in the mldgap
and inversion reglons. Moreover there is no epsurance when nne uses two
gamplesz, one n-type and the other p-type, that their interface atate
denslties are identicel. The use of light in our method shortens time
conatante of the atates one encountere in wesk to strong inversion, so
the loterfare state profile ean be tracked throughout the tand gap on
the same semple.

The “"econductances mﬂthﬂd"T starts by applyling & amall ac algnal
ta the MOS structure. The real and lmaglpary parts of the impedance {(or

the totnl periles-capacitance C and diasslpstion-Tactoar D) are measured

ST
as functions of the ag algnal frequency for different Tixed-bles volinges

snd temperatures.

L3
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The asurface potentlal variesa in reaponee to the ac aignal
cauaing the interfaca states to move relative to the Ferml lavel, so
electrona ere captured and emitted by interface states. Thus, there

15 a capacltance C agsoclated wlth the charge stored in the interface

ag
atates, snd the depalty of interface gtates HSE iz related to CES by
the equation
= _Cas
Ngs =~ A (v-1)

where ¢ 1a the charge of an electron and A 1z the surface area. The
response time ‘T of electrons being captured or emitted by interface

gtatea g related to an effective resistance R by
't = Rcis fv-2)

The lnterface state capacitance and response time can be extracted from
the measurements. A bridge, depending on the magnltudes of the parameters,

reads elther the total parallel capacltance C and totel parallel con-

PT

ductance O the total series capacitance C and dieplpation factor

P+ °F 8T
D which 18 deflined az the ratlic of the real part of the impedance to
imaginery part of the impedsnce. The relatlons among these parameters
are shown in the insets to Flgure (V-1).

From the messured total serles capacitance C and disaipation

ar
Facter D we ecan determlns the fregquency dependence of Cp + Eﬂfa and prm

{gee Fig. (V-2)} from the expresaions:

- ("(‘C;T)’c‘-}]
Gt Cam ™ [ielege /e TP + D° o)
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Gy _ Cer P
W T N-{Cer/e]t + D

{v-L}

In the past, sampler were used For which Gﬂ and Cdfa were comparable.
Then the accuracy of the informatlion deduced from Gp in Eg. {3) was

limlted because C differs from Cﬂ by cnly a few percent. It is evi-

8T
dent from Eg. (4) that Gpﬁn does not suffer ap badly from this limlts-
tion. Hence most experimenta have relled on extracting informetion from
Gpﬂn. . which scecounts for the designation "conductance method'., 1In
principle, Gphﬂ and DP, which are comnected by the Kramers-Kronlg rela-
ticna, contaln the same Informetion. However, there are instances 1n
which the information can be extracted from one more emslly than from
the other. By Titting the theoretical curvea to the data points ealcu-

lated from Eqs. (V-3) and (V-i}, Interface state capacltances and time

constente can be extrected.

BE. Fhyelcal models

The analyticel expressions for the fregquency variation of EPEUJ}
and GPKMJJIUJ depend on the physical model of the interface stetes. The
formulaes deduced from different models will be compared against the ex-
perimental data. The dete is pufficiently accurete 20 1t is possible to
discriminate between the modela and even to suggest corrections to the

standard results.
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l. Dlserete model

Suppose the interface statea are made of geveral components
with different physaical origins, each designated by an 1ndex J. Consider
firat & collection of alngle-level interfece states and assume that only
gaphure and emiesion of malerity ecarriers are Important. Then for p=type
materinle with an electron density nB{t} at the surface at time t, the
capture flux of electrons is

=¥ N )] ng (4)

Rct)= ¥ NG cn [ - f Mg

2 X Ng G LT (v-5)
where Cnd ia the pnet capture coefflcient {units cmjfsec] for state },
I-ir'j iz the number of etates per unit eres of type }, and fj[t} lz the

53
Fermi function for states ) at time +. The emission Flux i

(v-6)

Gu(+) = T Ngs €5 4, ()

whare ei iz the eniszion rate [unit Eec_l} for states jJ. The zurfece

current density is

] - _ J ol
Loex fen €1 (- O] ene fi9f

[t} me the sum of A& de end an ac part

.}j{*}- ‘Ej.+ 5{] (t) (v-8)

Expresa l?'.j

Simllerly one can wrlte

ng ()= M, + SN (1) (v-9)
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Substitute Ege. (8} and {9) into Eq. {7) and make the small ac signal

approximation by keeping only terms linear in bt y and s n, {amatl

slgnal eritericn). Then Eg. [7) becomen

A= T @it ¢ [U-£) et L F) BN “hlh]

- EN;EI E,j. ("l.’j-"'s{,j)

Whern ¢niy the de blas 1ls applied, there is zero net current, 2o

. . i :
EN:‘_ cnj (1- .Fjl) MNsga & € Ny e: 'EJ-

Substltuting Eq. {11} into Eq. (10) we get

: i - $ ¢
e TN ¢l [Omfudem ne =i ]

Jl
Since the net current density ia

: i_dt;
ﬂ,i['t.)' %, EN.“_ at

we can equate Egs. {12) and {(13) to get

af 2 i - - 3 ﬁﬂ_
_'d-.i:l_ an ( | -Fj“) ¢ N Cn MNso {j‘

For small signmls the wvariation of Ferml function is

awt
54\1: -‘FJM 2 w

¥

{v-10)

{V-11)

fy-12)

fv=13}

fv-1h)

(¥-15)

where f iz the maximum value of the perturbstlion of the Ferml functlon

dm

for ] type states by the ac signal. From Eqgs. [B) snd (15} we get
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J‘Fj

= AW E-Fj (¥-16]

lext eguate Ege. (14) and {16) and solve for § f:!'

.FJLLI-‘FJ‘J f“i
My {14 AW, /cd ma)

(V¥-1T3)

£4; =

Combining Eqa. {1T7) and {16} and subatituting into Eg. {13) results in the

axprezalon

LD iwﬂ'”i: £, (-0,
s

{v-18}
J U"'i“'r'j-/d “H) “’Il

The lnstantaneousa purface elesctron denslty ns[t}, and surface potentinl

'ﬂfﬁ{t] are related by the expresslion

n = m exp [ B (w8 -Ve)] (v-15)

1 is the intrineic carrier concentration and ?B is the potential

difference between the mid gap energy and the Fermi level in the bulk.

whare n

Taking the differential of Eq. {19) glves

ﬁ'ﬂit:p(%—(ﬂfi'uu)] £, ’

L = -
&% _ T E'U"s (v-20)

Nsa N, exp [—E'.'r"'['“"a""tfg)l '

Using Eq. {20), Eg. {1B) becomes

e Nf; 'F__]i []-'i'&l) sw‘ {¥-21)
kT (e aw /e N

i) =X iw
J
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Thie can be written as=s

ig (4D =§. Ysi §%, = Yoo § Wy ’ (v-22)
whale
Y" - AW T _Nag e (1 F3)
g3 k'T f-""'*"""FJn/En n“) (v-23)

Ygs ir the edmlttance of 2 seriea RC network wlth capacitance
E

J J _ T - 1

CEB kT HSE jo {1 fJ } Bnd time constant 3 GJ

converted into a parallel capacltance and a parallel conﬁuctance glven by

. Tie can be

the expreselons:

d
Cp = Css (¥-2U)
LA T S Vil e
and J
—LG = Z Q!S :.w 'E.i
1 3 L4 W "l:j (V-25}
The parametera Egs, ’EJ in Egqs. (24}, (25} ran be determined by selecting

them to fit all the detalls of a prhilful and Cp{tﬂ} datas set, or if
the pru: cewrve 15 B slpngle well reaclved line wlith the proper shape
then lte peak cocurs et 8 fregquency such that UJTG = 1 and the penk

J
height s EEEIE,

2. Contlpoun model

it 18 evident from the shape of the measured interface state

densltles with energy in the band gap that they wvary continuously over
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12,13 followed by otheru,S'T'g extended the discrete

the band gsp. Lehovec
level 8RH (Shockly-Reed-Hall) model Into what is now called the continuum
model. The admittance for the discrete level SRH model given in Eq. [23)
is then modified by dividing the saum over discrete states inte aubclaaaea.
If within a given subclaes now labeled ] the levels actuaslly form a con-
tinuous distributlen then the mumber of atates per unit ares Hés ia con-

verted into an energy density and the sum is converted to sn Integral,

BB
valence-band edge 1n the bulk and Ngsi'; } is the number of states per

BO EHJ 4 Hgsf'g } where 'g ia an Interface atate energy relative to the

unit area per energy (in e¥}. In thia case, an expresaion for the small-

J
&8

of Interfece atate } has the form

£ s
J .. e ¢ N,_[J)-F.{}.)["'F-“)]

Yoo (W)= Auqs SE’ iHLwTJ{"g)-F,[E) 1€

¥ f vulB)

G\’; Cw) + ;.wc.;:'. {w)

slignal sdmittance per unlt area Y eesaclated with 2 particular class

wheres E5 =LF - & ﬁ} and EEI = F + EEl are the snergies of the valence-
v v =] o E v

and conduction-band edges at the surface relatlive to the valence-bend
edge in the bullk, [ =='§ - EF is a interface~-state energy relatlve Lo
the Fermi level., The relations among these energles are 1llustrated in

Figure {II-1). The Fermi function for energy € 1a

- l —
(e exp { £/kr) +! -2
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The product

4, (1- ‘F-) = =k :‘:: (y-28)

is sharply pesked about EF with width A kT. Thia leades to the i1dea that
cver the range for E for which fﬁ{l - fU} haa a finlte value, one could

approximate
4 3 . ~
Nig (Da N (Epg)® Nop o T (1)e T [EFE)! Tﬂ‘.l (¥=29)

by constants where E . 2 E_ + e'q#E. Doing this genersted the continuum-

model expreselons

i d
3 . RNy -1 _1a)
Che (w) —-E—N Tip tan w T (v-30

(1 s

j J
Gpe (W) _ e MNgr L (14w Ty )
N 2 W T.]F . {¥-31}

States whose time constants follow the SRH model vary ss

Tj" (1) = " v “F[‘ﬂ’s/h) (v-32}

where nbl 1s the bulk carrler concentration in the conduction band, v is
the rms thermal veloeity in the bulk, and G"J{"g } 18 the electron-
vapture crosa section for the states ). The continuum-model approximation
ia Invelid if the capture cross section varlies rapidly with enﬂrgy'g .

A8 long as it was thought that W varied amoothly in s U-zhaped curve,

58
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1t wae reascnable to euppose that the approximetion held for N but

85*
in view of our resultes {gee the next secticn) it Ip now avident that the
approxlmation 18 not satlafled either.

Let uB next egtablish the EIPI‘EEEiUnE neadaed to :T.mrest.:igat.e

the c¢onsequencea of not invoking the continuum-todel approximeticn.

Combining Ege. (26) and (28) lesds to the expre=salons

ool (MO i,
L'.'p (w) =@ 11F -F IE"} ( N:;; l*”l'{l; LTJXIHF)“F: (V=33)
and
£ LE;) .
. i ) . A-f
I:lJt Ty - 4 (—JLN' H'Ej'F [Tg_f TJ, F.) 'Fl .
o = & Nser b GES) Nasg / 14wty (T /ey £ (V-34)

Once the variation of I'Igs with energy ie established 1n the next sectlon,
its functional form can be inserted Ilnto Egqsz. {33) and (34). Then Cg{ W }
and Gﬁ}{m 1fW found from humericel integration of these equetlcons can

be compared ageinst experiment.

3. Statistical h;_uadenin,gT'32

Whilie thia doea not oreur in 51-%8, when certaln samples are
biased into depletiocn, they have e Lroader GP,.-"IH peak than thet pre-
dicted by Eq. [31}. This can be explained by assuming there sre ptatiatical

fluctuations of the surface petential in the plaene of the interface due
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to the randem distribution of fixed charges 1n the insulator, charged
interface atetes, snd ionized acceptore in the space cherge reaglion.

T the fixed built-in charges in

According to Niecollian and Gosetzherger,
the coxlde are the maln source of the fluctuation in the surface potential.
Declerck et al {19T4) found thelr data can be explalned cnly if negsative
and positive gurfece charpges sre both preaent.33 It i more wldely
accepted that Ziegler and Klauamasnn found no evidence that negative

[lxed charges are present at the interfﬂce.ah

When the sample Is 1in
Inversion the effect of fluctuations of theae fixed poaitive charges ls
reduced by the screenling due to the conducting inversiocon layer. When
the sample 18 biased to sccumdatlion, fixed poeltlive cherges are mgaeln
screened. In either casze, the effect of the fluctuetions caused by the
bulld-in charges is reduced. TIn genersal, statistical broadening cen be
chaarved only In the depleticon region.

For slmplicity, only the derlvation for the real part of the
admittancs will be presented. The derivation of the imaginary part is
eimilar. We conceptually divide the plane of the interface into a number
of characterdstie reglione of egual area within which the aurface potential

ls ywpniform. The number of charscterigtic regicons d ¥ which contaln be-

tween N and N + AN randomly dlatributed aurface charges is

V= P{N) AN, (v-35)

where P{(N} 18 the probability of findineg a characterisatic region having
N randomly distributed surfece charges. When the mean number N of sur-

face charges is large, P(N) is glven by a Causslen spproximation to a
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Pelieaon distribution

P(N) = (27R) " exp (- (n-0) /ot ] (9-36)

Thie iz reasohable For a charge gdengity below 1012 em-E vhere the prob-

ability for a charged center to be located at a certaln place la inde-

pendent of the places where other charges are lcc&ted.33 Let § be the
density of surface charges, we get
Nz @ /e (¥-37)

where gl 1s the aree of esch characteristic region. From Eg. {36) and

{37) we get

P(a)=(ane8 /) (%) exp(-a(a-8) hes) (2

where ﬁ ig the memn of surface charge density §. The total charge

denaity i=

9..1. = Qs‘l' Q_{_ + Qe (V-33)

1

where QB iz the interface state cherge denaity, Qf ta the fixed charge
density in the oxide, and QBE is the silicon space charge denslty. The

aurface charge density 1a

Qe Qe+ @ = Qy-Qgc (v-10)

Slnce the voltage 1s diztributed across the oxlde and the space shargs
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layer, we have
Vt)=V, + ¢V, 1) = ql"; {+) + Qr/c. . fv-L1}

where the bhlas 15 decomposed Into me and de parts. The relation between

f'll}ﬂ and Q; can be found by examining the de terms In Eq. (b1}

LV- - n,p‘) C, = 0y (v-liz)

Substituting G in Eq. {42) inte Eq. (40} results in

Q= (V.- ’4’;) Ca= ¥sc (v-h3)

Differentiating Eq. (h3), 1t becomes

-dﬂ = Co J-'*l’; + C‘J"ﬂ) (Y-LL)
= { Cat == ) ad,
where W{ "4"' } is the space charge wldth st the mean surface potential,
and € 18 the permittivity of sllicon. Assuming the fluctustion Is amall,
we can replace di} end ¢ “.I-"B by {§ - ﬁ] and {"'IPE - 1}9} regpectively,

Thet is

~(o-8)=(cet W?’k} )('\lfs - ’t_f.:s) (v-45)

Combining Ege. (38), {4h), (45) and the transformatlen

{Vv-4E)

P[fq’; 'lll.'q’s

where the minus sign arlses because increaslng @ calsea "1‘-’3 te deereazse,

thus
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P(Ak) = (:uru; axp [- (4 - %) /as? ] (V=b7}

where the standard deviation a of the surfare potential 1g

(45 ( C.HT{}‘@E ) e

If we assume that both the interface state denslty and capture croas aec-
tion are nearly constant over an energy range of peveral KT, ss3 previoualy
dlscussed in the sectioncn the continuum model, Eq. {(31) can be modified
Lo the form

d 5 i _-aplg-¥,)
& . --tml“‘ L 1ved T €
_f_w = (zﬂﬂ‘,, ) Py . NTJF E:ip{*n";:}

A pimiler argument yields an eguatlion for the imaginary part of Impedance

t

c = r_’[r‘,‘)+[us‘ )eaﬂijhn‘(wt G- 1‘}}1#[ T 1;{?-50}
Et

Ll

low we can fit the experimental Gp;"lu data with the expre=zslan in

Eq. (¥=U39) to determine H;EF’ TJF and G‘B. Hext we insert the ltted

values of these three parameters 1into Egq. (V-50}, mnd fit the experimental

J -
Ep date to Eg. {V-50] to fingd EDE ’l’v’s}. Finally, the average surface
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potential 11PB ean be determined by the relation between the space-charge

capacitance and the aurface potential In Eg. {IV-36).

. Apparatus

The genaitivity of the conductance method 1s higher than that
of the capacitance method. In order to take full advantsage of this, we
must exerclae control of the experimental parameters. The aignal is ob-

minimizing 2. {or the carrier concentration],

teined by maximlzing C a

o°
end using illumlinaticn.
The block dlagram of the experimental arrangement 18 shown ln
Figure (¥-3}. The GR1ELl5A caparitance bridge operates over the frequency
range from 20 Hr to 100 KHz. The measured freguencies were checkead
against an HP3300 Functlon Generstor and with an cacilloacope. The
scope was also used to monltor the amplitude of the s¢ voltage applied
to the aample through the bridge. The amplitude was chosen iy two con-
gideratlons: it haa to be big encugh to provlde enough sensitivity for
the measurement, but small encugh so that the results were independent of
the mmpllitude. We found experimentally that at room temperature for moet
frequencles the mctual voltoge acrass the MOS structure pesr tha balanre
condition was 10 mV when the peek-to-pesk amplitude at the HP3300 Function
Generator waa 500 m¥. Since the getusl ac voltage across the sample is
only 10 mV and thiz is5 smaller than kT/e at room temperature, the small

signnl ecrilterion is satlsfied at room temperature. At liguid nltrogen

temperature we found that a 350 mV¥ peak-to-pesk voltage from the Funetion



58

Geperator resulted in ~ 5 m¥ acroes the sample, and ik this clrcumstance
the mossurement was again independent of the ac sigpal ampllitude, A
digital myttimeter was used to messure the blae voltage and waa diepcon-
nected from the measuring clrcuit before the bridge was balanced., Three
terminal capacitance measurepents were made throughout the experiment.

The bridge hes two modes: it can either messgure CPT and GPT'
or measure CBT and D. EpT and GpT are the total parellel capacitance
and conductance respectively, whille EET is the total equivelent serles
capacltance and D is the dissipation factor. When ﬂpT ia Emall, the
first mode 8 preferred because the aenslitivity ig better. HoweévYer, when
GPT becomes 50 lerge that it 18 out of the range of the firgst mode, the
gecond mode is used to continue the measurement. In the intermediate
range, both modes glve consistent results.

The relisbllity of the data fa quite good. The accuracy is
poorest at the low and hlgh freguency ends of the spectrum. However,
even there the reproducibility is within 1%.

The samples were atored in a dry box at room temperature when
they were not belng studled, Some changed interface properties slightly
after they were firat prepered, but after about a month they stabillzed.
While dats was being tsken the samples were at times housed in an evacuated
chamber, and at other times were expozsed to the ambient mtmosphere. No

eystematic differences were chserved between deta collected In these two

arrangemente .
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D. Experimental reaults

For the oxide thicknesses normally used little sceurate informa-
ticn can be extracted from measuring the imesginary part of the Iimpedance.

Since our samples have r?’cdfa for moat blaa volteges, accurate Cp

0
values can be obtained and we shall examine the frequency variastion of

both G and C .
Pfu} P
1. HResults of the dlgcrete model

Flgure {V-4) presents & three-dimensional plot of pr;u versus
rreguency and ipnterface-ptate energy relative to the valence-band edge E,
taken in the light with no filter. PFigure {V-5) is a simllar plot in the
dark. The varlation of { with [ and E i shown in Figure (¥-6} in the
light, and in Figure (V¥-7) 1in the derk. ‘The curvee in all cases are fits
to the deta using the equivalent cireuit in Flgure {(V-8). It consiate of
6 parallel network of flve capacitor-resistor palrs and the depletlon or
accumulation layer capacitance cdfa‘ all 1n sgeries with the insuwlator
caparitence Cﬂ. The parametera obtelned from the fite teo the deta are
listed in Teble {V-1). These parameters will be ilnterpreted in detsil
presently. For now It sufficea to ey that the indices I, Vv, C, f1, £2
gtand for inveralon, valence-band tail, conduction-band tail, fluorine-
line 1, and fluorine-line 2, respectively. The resistance HJ 1n seriern
with each capacitence actually arises from the finite response time of
that feature, end is related to fEJ by RJ = ’EJICJ.
The high-frequency festures of pru: and Cp are almost unaf-

Feeted by the light, but the low-frequency behsvior 1ls changed dramatically.
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The high-frequency peak that grows for E in the upper part of the gap is
jdentifiad gs Cc’ rrhe {golid diamonda). Theae states are the usual
"fast interfmece-states” observed in n-type materials. The low=freguency
peaks, which are fully formed only in the light, sre identifled as C?,
rE“.EGPEn diamnnda) and Cyo ’EI. Thase states are the "slow interface-
gtates” that cannot be cbeerved in the sbaepncs of light because thelr
time ronstants ere too long.

In mnelyzing the data it 1s supposed that the interface statesn
near the valence-band aide exchange charge with the inverslon layer
rapidly compared to the response of elther to an extermal stimulus.
Hence, in the light, T _ 1s set equal to ‘T ; and the low-frequency
pesk height of pru.: is equated to (cI + cv}fe. C; 1s csleulated from
the measured ﬁ#ﬂ, and aubtrected to arrive at the Cv values in Table (V-1).
Since CI ig always less than 10% of Cv for all blas voltages, this assumps~
tiocn has little effect on the numbers in Table {¥=1). The ’Ev,time oon-—
atants in the dark ars obtained by sssuming that Cv iz light-insenaltiwve,
and fittlng the slight curvature in the low-freguency prul and CP date
at each bhila=x to a Ft?, We do not expect these numbere to he very
relisble but note that they are qulte long, well over one second. ‘The
EfE‘ 'rfz nunbers arise from the extre features that can be aeen near the
center of the gap. We heve not observed any slgn of cfl’ 'rfl iln the
lmpedance measurementa, but this curve i g0 narrow that we may have
miaaed it.

There is suppesed to be a third fluorine peak In the upper

part of the btand gap. We have seen evidence that 1t i1as there but have
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not attempted to track it in detall. It eppears a& e omell ahculder on
the low-Treguency ride of the high-freguency pesk in prul .

The numbers in Table (V-1} were obtained by fitting the experi-
mental pru: and EP data to the discrete model Eqa., {V-2h) and (V-25).
Data points are included in Figures (V-4, 5, &, and 7} only for the
foremost curvez. UOther curves with data pointe can be found In referefice
[36]. The quality of the fite is egually geod for sll bleses. The pro=-
gedurs works bhecause sample 51-58, unlike meny studied by nthera,3
exhlbita no stetlietical broadenlpg. Also, the correctione to the shape
functlons introdueed by the continuwn model are such that they can be

applied when the rew deta 18 interpreted. This will be done in the

next sectlion.

2. Modifled continuum maodel

Once the dats hes been 1t to an equivalent circuit, interflace-
atate densitlea must be extracted from it. The liternl interpretstion
of the egquivaient clrecult and the relstions in Ege. {y-2h) and (v-25)
reault from an SRH anslysis for discrete interface EtEtEB.T In this
cage, Cv and Cc are ldentified with interface stete depsjties through

the relaetlons

< J -
Ci= eNg j=c, v (v51)
J
and eince the peek walue of {ﬂpftﬂ }peak ia EJIE
3 J
(Er_ - _&Nss (v-52)

W yenk 2
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Next we shall examine A modified version of the continuum model and
extract the corresponding relation between {Ggflﬂ }IFI cak and Hés.

From the observed varlation of [:c and cv with E, it ia avident
that the interface atete profile does not resembls a collection of Ala-
erate states., They are hetter deagribed ae a contlouum of stetes. The
details of the shapes of the C (W } and G;{ o} J/w curves support thia
aontention., However, some modlficaticne to the simple continuum medel
are required to flt the deta.

The expressions, Egs. [(V-33} and {V-34), have been integrated
humerdicaily to illustrate the nature of the deviatione from the continuum-—
model approximation in a modified contlhuum model (MCM], Hgsf'g } was

replaced by a funetion that wes it to the general]l trendes of the C? veraus

energy date for sample 3i-58 st room temperature,

- 3ol
(". E+Epe ) Ees _!q[‘i%:‘")
lLeo La V) T oo & (v-51)
ﬂ:il: ( | - | "[ V)) | - —H—EL“

The functijonal faorm for Tc{ ‘§ J ig choszen to fit the obaerved shape aof

the frequency varleticon of pru.'l a

N e
I- £,
( e+ Epy V4 |- EES . M
Te o~ M- unuv} Leo 100 B
T, T _Em = ~ (v-5k}
F ( .00 (e V) ) V- l.oo
- )
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The resulte of the numerical Integrations of Ega. {33), {34), (53}, (5k)
for Eg, = 0,318 e¥ {corresponding ta ¥V = 0.0 V), with the corresponding
diaserete-level (Ege. {24}, (25)), and continuum-model (Eqs. (30}, {31)}
curves, are ahown in Figure (V-9).

The different models sl1 produce Ggfw versus frequetlcy curves
for fixed "'q-fﬂ that peak for different WT protucts, wpea.kT = 11 .
A1 =1.00, 1.98, 2.35 respectively for the M, CM, end MCM. The curves

in Figure {V-9) are ad]usted so they peak in the same place by plotting

c 3

BEF
Treguency of the observed peak in G;;"M at V¥V = 0.

c:fen againat £ = 2 x 10° WT /A . The 2 x 10° factor in £ is the
Beversal roncluslons become evident immedistely on lnspecetion
of the curves in Figure (¥-3). The experimentel G;fu.'l and C; pointa
lie between the DM and CM curves, but they are closer to the CM curves.
Since the experimental prm peinta lie within the CM curve, no statis-
tlcal broadening 1s in evidence; a result consiatent with the absence of
d o
a itlve fixed ch . MNotice that the tio CT O G fw 1
pos e fixed charge o h ra. PI{ 1/ Pf lpe&k B
~ 2.4, 2,00, 2.48, and 2.38 for the exparimental deta, DM, CM, snd MCM
curves respectlvely; slightly fevering the MCM gver the CM interpretation

and mitigating againat the DM interpretation. If the capture crees sectilon

1z apaumed to be constant independent of energy, then the change 1n G;flﬂ

o
58

the lipe relative to the CM. A varistion of the capture cross section in

caused by the energy variatlon of N alone (Ega, (34), (53}} is to brosden

which it beccmes larger near the band edge causes G;,."'w to narrow, while
the oppoaite trend causes G;.-"N to broaden. The minus fourth power

energy dependgence on Eq. (54) was selected to fit the dets. The shape
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of the G:ftﬂ curves alone offer little dlserimination between the CH and
MCM interpretations. However, the shape of the high Ffrequency roll off
of G;fui , and the ratio ﬂ;{n];{G;ful Jpeak are more sensitive to the
model cholce.

The relatlon between the peak walue of prhJ and the lpterface

state density 1is model dependent, {Ggfu} ] where gc = 2,00,

h
peak ~ B1%9ggr
2.48, end 2.31 for the DM, CM and MCM respectively. The conductance-
determlned interface-state denelties listed 1n Table 3 were derived Fram

the Eg, J=¢c, v, T2 values in Table 2 by ualng the relatione

2
peakfe‘ J = c,v and H;s = cf le

The Hés valueg determipned from the guazisteatle measurement are all de-

termined from the relation Hés
1

an found from the gquasistatic mepayrements, are

tiated in Table V-3 and plotted together in Tigure (¥-13). The properties

B Js. = d =
I‘IES = 1.24 C.'Pfe = 2.h8 {GP,I"N 4 = E{GPINJPE&E
and Césfe. These interface-state denaitles,

glong with one for N

of these curves will be explored in Seetion VII,

3. A gample with statlstical broadening

Maogt of our gamples have little or no flet band voltage shift
due to positive Tixed charges and show no sign of statistlcal Broadening.
However, brosdened GPE W ]/ peaks are chserved in the depletion reglon

=]
on Semple Si-107. S81-10T7 hes a 250A S8id, layer, & moderately large flat

2

bend voltege V. = 1.20V, and a {110% orientation. These features ere

FB
consiatent with the exlstence of atatistical broadening from fluetuations
in the locatlon of the posltive fixed charge. Without including statis-

tical broadening the GP{UJ YW/ curves ecannot be fit well. Numerleal
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integration of Eq. (V-U9} was done to fit the experimental data points.
There are three parametere to be determined in Eq. {(¥-49): the time
conetant "L"j. the interface state Sensity H%B. and the standard devia-
tion U"E.

In order to examine the effect on the curve of changing the
perameters, only one branch of interface ptates was conaldered. Taklng
the deta at 0.25V bles as a triel, we found the time constant
o o J = 5.2 x l(}-3 gee corresponding to the Gpl: W ) u Peak. This value
of "'t‘j confirms the peak occuring at m#'[','j = 2.50 ar cleited in Ref. {7].
However, the cther two parameters can be changed continucusly and st1ll
it the date points eguaelly well. The valuea of the parameters are
listed in Teble [V-2). It is evident thet when astatistical brosdening
ip present, the data reduction ie much less reliasble.

There 1r another difficulty with the statistical broadening

model. In this model, the mean number of surface chergss N can be cel-

aulated from the messured flat band voltage vFB by

I:I:""'FE C“-/ﬂ- ’

where GGT is the total Insulatecr capacitance of the sample. Assuming

the Gaussinn approximaticon to a Folseon probability distribution of

-

Eg. {V-36), the ptandard devieticn can be written as Ts = eﬁlfzj’ﬂ
2
}1;’ _

oT

Combining these equetlons ylelds TE = I{e"JFB,#'CGT Substituting

the parameters for B5i-10T, VFE = 1,20V mnd CDT = [,,13 nF, we get
L g = 6.9 x lD-E‘J’. ‘fhis is much amaller than the valuee needed to

rit the data. According to others ,E'E'T'}S T , 18 found to be of the
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order of kT/e. However, none of theas papars also gquote p flat band
voltege, but values caliculated from thia medel are unbelievakle. For
example, in reference [32], the sample has diameter D = 0.55 mm, and
insulater capacltence per unit srea = 3.26 nffemE- Aspuming {F g = kT/a

ap Indicated in their Table 1, we flndg ?F = 3.0 x 105¥, which la

B
impossibly big. Thie argument also applies to the more detmiled Eg. (¥=L8)
with of taken ss the area of the device and Cﬂ lerge. The difflceulty
avidently arlpee from the aszumptlona leading to the Polaeon distribution.
The Polsgson digtribution ls correct if the possibillty for 8 charged

center to be locsted in a given posltion is Independent of the locatlon

af the other charges. Since this agsumption predlcts resylta pgrossly
diffarent from the experimenta, 1t is violated apd the locatione of the

charges are correlated. A detalled study of these correlatlons would

eongtitute an lnteresting extension to the present work.

L. Time constant

Finally, let us examine the light inteneity and energy veria-
tion eof the time constants T?, Tc. The T ;1 values found directly
from the fits to the dlacrete-level curves should be multiplled by Jl-v
to determine absolute mumbers. Whille rtwr is uncertnln to withlto a oul-
tiplicative conatant, information can nevertheleas be extracted from ite
bles voltage and light intenslty varlation. The S5RH theary that relates

the measured i{impedance to the interface state denesity and response time,

Eg. [(V-26&) is easily generalized to include the effecta of low intensity
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light. The only modificatlion 1s that the time constant Tv bercomes

Asrk -2 S FRT
T,=T, e (v-55)

¥

whera S’liv's is the shift of the surface potential caused by the light

flux § ,

(V=56)

s"&,'(ii )T, $

sssuming the gquentum efficlency is unity, and "L'.'r ia the electron-hole

recombination time mcroga the space chearge layer. The data 13 summarized
in Table [(V-4). Trble [(¥-5) gonteins parsmeters that result from fitting
the data to Egqs. (55}, [(56). HNotlce that EEATrdekT is nearly constant,

and If theps pumbers are multiplied by the measured capacitances C, they

d
are even more nearly constant, eEhTrIkT = £.32 + 0.49 (F-gec), which

implies Tr ¥4 %.1 ma, BSipnce T iﬂrk ghould very proportionally to

+e W /KT >V,

e & we heave tested this relstion by fitting Ti”k = K. .

The ”'IIE values used [see Teble V-4) are those taken from the guasi-static
measurement in the no filter cape. Thile il done because the error in

h‘l’ﬁ introdured by the fact that the guaslstatic condition ia not satia-~
ried (|ApJ1EMY _Ap 997K| o« 250 mV), ts larger than the shift €W _

caused by the light {E"'PE = (B m¥). Using this procedure one finds

I{l = Q.65 x 1071 see, and K, = L0, T l:eﬁ.F_l] with a roefficient of deter-

a

mination ‘K 2 - 0.3, The XK, = ho T fe‘-’-l} 12 rloze to 2/kT for room

temperature and tends to confirm the madel.

T
Figure {V-11] 18 a plot of Tc 2.35 'TE as a funetion of

energy E. The reascon for the ﬂc = 2.15 factor has been discusesed.
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Far comparison, the fr from the SRH medel deduced from paremetera mepgaursd
by Kigollisn and GaetzhergerT 1s ahown. Obviously the response times of
our conductlon-band tell stetes have a different functlonal dependence

and are faster than the 5RH model predicts., We shall addreas thila quandry
in Hection YII. The insepaitivity of ’Ec to light can be understood by
examining Eq. (¥-56). For the more positive surface potentials where

Tc ie mepsured Cd 18 larger, and Tr 1 expected to be smaller zince
the electrons and heles have a smaller barrier to overcome in order to
recombine., Evidently for the range of surface potentisls where most Tc

veluse are messured, fufs L€ kT, and f‘tn:g T-:ar}r..
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Table V-2
yo _ |3kates 2,91 x 1072 | 1.29 x 10% | g9.52 x 108 | 1.26 x 10*2
BgF 2
aV-cm
a_lv] 1.00 0.50 0.10 0,025
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Table V-3

. % g™ g™
6.237 | 7.85 x 10%°
0.2k z.21
.24k 1.75
0.246 1.55 B.56 x 10%° 2.77 x 10°°
0. 248 1.47
0.250 | 9.82 x 107
0.263 2.5T 3.3k
0.273 5,20
Q.297 1.b47 3.85
0,310 6.55 x 1™t b.16
o, 377 5. 36
0.369 4,03 5.13
0.397 3,15 5.18 1.58 x 10%°
0.429 2.99 5.50 b.2%
0.h3s 6.10 T.21
0.1455 1.33 8.3 g.2h
0.461 9.75 x 101° .06 1.02 x 10%!
0. k&8 8,80 9.2L 1.07
0,482 1.29 x 1077 1.02
0.496 3.96 x 10t° 1.hg 7.39 x 101°
0,532 230 2.00 W, 81
0.632 3.05 3.81
6.790 1.37 x 10%%
0.848 | 3.29 x 10%? 3.37
0.860 .96
0.875 T.hb
0. BBG B.g3
0. Boqg 1.27 = 1nl3
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Table ¥=L

-2 -1 (3

i1 derk 10 10 10

1"\ $ [om Z-mecl] 0 1,43 x 10t | 8.60 x 101t | a.76 x 10%°
0 a2k ah 16 L.O

-0G.10 250 230 T 13
-0,25 Lag 270 130 2o
-0.50 1430 810 Lao T
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Table ¥-5
2. 0T
dark 2 2
v[v] T ms ] & o lon -aec] X v vl
~13

Q B2, 5 2.01 x 10 0.98 =0. 475
=0.1 166 0.G6 0.93 =0.510
-0.25 270 2,92 0.91 ~0.54M
-0.,50 Q07 3.04 0.93 -0.561
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¥I. OTHER INTERESTING DATA

In addition to the date presented in the previou= sections,
mesgurements have been made on many other samples. The most interesting
reaults are collected in thle section. Results of sume preliminary ex-
periments on the aample 3i-58 at liquid nitrogen temperature, samplea
with 5GDE thick oxldes, snd one sample with s {110} purface orlentation
are presented. Table (¥I-1) 2ummarlzes the general character of the

samples investilgated.

f. Bi-58 at liquid nitrogen temperature (77°K)

The memsurements made on S1-58 at room temperature were all
0 -2 *
repeated at TTYK. ¥From the varistion of COd with qP o the maximum
excursion of aurface potential and the carrier concentration were deter-

1k

mined to be 0.381 ¥ and 1.90 x 10 cmfj, respectively. Then we plotted

suyrface potential versus applled biams woltage and found ¥ = 0.91 ¥,

TR
Gipee the flat band voltage for this semple i= mostly due te the work
functlon difference between the metals on the front and back swurfaces,
It should beheve ws & thermocouple and decrease when the temperature 1s
lowered. This 18 the observed trend. The decremsee of the effective
carrier concentraticn resylts from cerrier freeze gub, The donor energy

that would produce thls result 1is 51 MeV, & typlical number for deonors

in silicon.

B3



The TT°K quasistatic and conductance measuremsnts were taken
in light at the smme wavelength 0.920 M m as the room temparature data,
but with intensity about an order of magnitude higher at 16.5 M H.r"cmE.
There is 1lttle chapnge In the grovs character of the guasistatic capaci-
tance curve mg the light intensity chenges from 1.60 F’anmz to 16.5 er'::mz.
The mejor gqualitetive change iz that the Fflucrlpe lines are broadened by
the higher llght intensity and the depletion layer, a3 determined from

d!
tall are shifted to highar rfrequencies mnd are emcler to study under

C,, 18 thinned slightly. The pr"u} peaks for states in the wvalence band

higher 1{llumination lewvels., This is the prircipal resson the higher
light intensity waz used.

The datm at TT°K were taken and reduced in the same fashlon as
deseribed 1n Sectlons IV and ¥ at room temperature., The shape of the
conductance curves couwld still be Fit mccurately by the discrete level
expressicons, and then related to the continuum model loterface state
densities and time constants with the pame multiplicetive factors dls~
cugaed before.

The resulting interface state densitlies apd the conduction band talil
time constants as functicns of the energy in the band gap are illustrasted
in Figures [Vi-1} and (VI-2). The density of states exhibita the same
general structure found at room temperature, but shifted toward the
valence band edge. A new spectral featwre appears 1n the energy variation
of Tr_-' Evidently at TT°K the response times of the system csn be used

to help aprt the verlous contributions to the deneity of =states.
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B. Bi-l01

=)
This sample has & S500A thick oxide lsyer on a (100) surface,

Q
followed by 250A of LaF It waa prepared so we could examine the effect

3
af B thlcker oxide layer on the lnterfece atates =nd the Tluorine linee.
We manticipated that growing g thick oxlde might produce a less abrupt
traneition reglion from the 51 to the Eiﬂ2 which may broaden interface
gstate featurea. The area under the fluorine lines were expected to da-
crefsse since lepe flugrime zhould diffuse to the {interface.

The gquaslstatic ceparitance messurement wes conducted st a
ramp rete of 10.3 mV/sec in the dark and at two light intensities. The
curves are shown In Figure {¥vI-3). The middle curve was taken at light

intensity P, = 1.60 jlwfcm? which {=z slightly lower thap the highest

o
1light intensity uzed in Figure (IV-2}. The highest light intepnsity was
16.5 }lﬂfcmg. All the curves are sharper than those for S5i-58. In part
thizs ia due to the near sbeence of the atrong fluorine lines, and In pert
it i=s caused by differences in the interface atates. A very smaell shoulder
appears on the curves st the energy of second flucorine line of Figure {IV=2}.
The first flucrine line 1= imperceptible. Apparently, thicker oxide,
B3 expected, prevente mest of the fluorine Iaons from diffusing through
it to the interface.

Figure (VI-AL} is s plot of the reciprocal of the mguare of the
high frequency depletion layer capacitance Cd- versus the quantlty ‘4!2
defined in Eg. {(IV-9}. Dnce again we Find that the slopes of the straight

line portionas of the curver in 4ifferent light intensities are the pame,



8a

but the apparent maximum excursion of surface potential changes. Most
of this shift with light 1a due to a fallure to satisfy the low lrequency
conditicn ln the quasistatic capaclitance measurement in the abaence of
the 1ight. The observed flat=band voltage in the high light intensity
U.26Y {5 ahlfted lower than the 5.5V work function difference between
the front Au angd the back Al cootacte. The difference 1a mostly a ahift
caused by the llght Induced thinnlng of the depletion layer. Thie in-
terpretation ls supported by the fact that in this sample too there Is
no ztatisticel broadening of the L"—P,Fw peakes that cone would aacrilbe

to Fixed chargea in the interface.

The density of states and the conduction band tail time con-
gtantz extracted from fitting the ﬂp'l,' W )/ W curve are shown in
Figures (¥I-5) and (VI-6), respectively. The interface state density
curves are narro¥ and sharp. And agaln the time constents are shorter
than suggested hy the BRH model and exhiblt sharp spectral featuren.

In order to test Eq. (V-55), we measured GPE w )/ W at
¥V = =0.2%Y for different light intensities. At this applied blas it is
pxssible to pee the fyll pesks for most light intensitises, so the time
constants can be accurately determined. The light intensitlies and the
time constants are listed in Table {VI-2). These time constents T

follow an exponential dependence on P, and are fit by the eguaticn

]

T 2T x 10-3 Exp[-D.ElTPU] . Using Eq. (¥-56) the electron-hole
combinaticn time Tr = 48 maec is determined. This time constant is
about a factor of ten larger than that for S1-58. Thus "E‘v in 51-101

13 algnificantly more sepsitive to light than it is in 81-58.



c. B2i=-102

A digcussion of this sample is included beczuse its behavior
supports the trends found in Si-101 and a new feature was found in the
copductance meapurement. First, the quasistatic C-V rurves were measured
in the dark, and with light of Intensities 1.60 }iwf:mg and 16.5 l‘HIcm?.
These cUryes are very similar to thase for 31-101: the flugrine lines
are pmall, the stiructwre of interface ptate density 1a aharp, the dark
quanlstatic capacltance curve doea not satisfy the low Freguency condi-
tlon, and no fixed poaitive charges are present at the interfesce. Then
we plotted Gp[lﬂ J/W  versus frequency. Opnce agein these curves exhibit
no statistical broadening and are consistent with the lack of fixed
pesitive charges. However, there is a new feature in GPEiM 1w in
the accumulation reglon. Following the peak, the C-p{ W 1/ curves
ugually fall monctonieslly with frequency. In 5i-102 the curves begin
te rise agaln toward the upper end of the freguency range of the capaci-
tance bridge, The new peak 1= not reached by the upper limit of our
frequenty range. Thie feature can be explelned as due to a non-chmic
bark contact. This bad contact cen slow the responze time of the acoumu-
iation layer capacitance. This effect can be modeled 1in the equivalent
circult Figure (¥-2)} by adding a small resistance in geries with Cdfa-

There are several poseibilities for the cause of a bad con-
tact:aT
{i} The purface of the substrate was not clean, or the oxide wss not

thoroughly removed prior to the deposition of the aluninum.
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{11) In the process of e=-gun deposition of Al, the prespure must be
kept below 2 x ID-E torr. A high background presgure iz disastrous,
resulting In films that are very cloudy, rough and grainy.

6 torr aimply produfe poor

Background pressures higher than 2 x 107
chmle contmots,

(111) Arfter depositicn, If the eemple is hot sintered at the correct
tempersture for the proper amount of time, the A1 film will not

edhere Well to the subtrate and, hence, is not ohmic.

D, Bi-107

Thia sample differs From the other besauze it hes a {110) sur-
face oxidized. The two curves in Figure {¥I-1) are the raw nuasiatatic
capRCcltance messurements with remp rate 10.3 m¥/sec in the dark mnd in
the light. In thia rase the maJor effect of the light is to introduce
an extra peak at E = 0.50 %, This peak lies at the same energy as
fluorine 2 found in 81<58. Since the lon impleptation studies that
allowed us to fdentify the sharp lines in 5i-58 with fluorine at the
(103} surface hsve not been performed on a (110} surface, no identifi-
ratlon of thls peak is popaible. Whatever its origin, this feature
behavep llke 8 discrete level with & time ¢onstant that ia reduced by
light 8o these atetes respond to the varying gate voltage in gqueslistatic
capaclitance measurement only in the light. Our normal data reduction
method has been followed and the resulting total lnoterface stete density
is shown in Figure (¥I-8}. 0Oply the peak centered at 0,50 e¥ is light

gengltive.
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The density of 3i{110) surface atoms, f g = 9.6 % lﬂlh

atomafcm?, Is a factor of J15 highey than that of the {100) surfacs.
Hence one expects the interface state densitiee to be higher for (110}
surface samples. While the gualitatlve behavior of 51-10T7 is mg ex-
pected, the increase in the density of states compared with 5{-58 is
far larger than a factor af ,r*; Moreover, the observed states are
confined to & narrower energy range and have a peak at 0,275 eV that
is pot present in the (100) surface sample.

There are other important differences between 5i-58 and this
sample. 51{-107 hap a flnjite pozitive fixed surface charge denalty and
the peak of the Gp(lﬂ /W)  curves are statisticalily broadened. The
statistical broadening makes 1t almost lmposeible to extract accurate
interface state denelties and time constants from the conductence method
es discuesed 1n detwil in Section ¥, Time constants roughly determined
from the peak positions are shown {n Figure {VI[-9}. For the firast time
for one of our samples, the variation aof 'ré a8 a function of surface
potential follows the prediction of the SRH model. The capture crosa

gection dedured from this date has the reszscneble value, @ = T.1 x 1D

-lﬁcm—E
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a3

Table VIu2
PD[uH}'cmE] 0.00 0.0632 1.60 b, b5 7.01
T, laec] 3.0x 10 |2t x 1073 1r x 1072 Lok x 1071 6.0 x 10
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VII. DIBCUSSION

We are now prepared to offer interpretatione of the guasi-
gtatlec and conductance measurement resuite. The interpretations are
beeed on Si-58 room temperature data unless otherwlse indlcated, but
they can be applled to other samplea. We shall speculste about al-
ternstive interpretations, and suggest reasons for relecting 2ome of
these alternatlvesn,

Detailed theorles of the interface states between Bi and SiﬂE
ere Just beginning to appear. Since these theories are structure-
dependent and only the gross [eatures of the interface ptrusture are
knuwn*3l the theories mre not easlly tested. Degpite the encrmous ef-
fort that hees been devoled to the study of the Si-SiDE interface and the
coantrol that can be exerciged to build good devices, the Tundamentalas
are in & rudimentary atate. Hence, we shall exsmine ours and other
experlmental informetion without reference to the developlog theorles,
ard later establlah posslble connections with them.

Food agreement iz found between the results obteined from the
quesietatlic and conductance methods, so long a= the contilpuum nature or
interface atate distributions {5 teken into esccecount in loterpreting the
condurtance method deta. In contrast to the often-reported feabureleas

2.3

Li-ghaped total density of statea, our well-regolved componente show

a grent deal of ptructure with a number of prominent Ceatures:

103
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1) The two light=senegltive peaks are flucrine-releted state densitles

r1 2
gg and Hg..

0.46 eV, respectively. The density Héé i exceedinegly narrow with a

N They are very scharply peaked st energies F = 0.29% ¥ and

half-wildth at half-meximum of only 2.1 x 1072 ev.

o statesfcmg

£z
qgs o4

the other hand, has a half—width of 20 x 10-3 gV and coarreaponds Lo
5

2) The total area under the curve corresponds to 2.2 x 10

or te 3.4 x 10”7 atates/atom on the {100) surface. The density N

1.8 % 1077 gtates/atom. From theae results one infers respective

fluorlne concentratione of 34 ppm end 18 ppm at the interfece, respec-
tively.

1) Near the energlies 0.23 eV ond 0.90 eV, labeled Evs and Ecﬂ’ reg-
pectively, the slapes ©f the curves become very lerge, =0 large thet

they peem to be approaching einguwlerities.

L

iy The aree under N.. and N- corregponds te 7.9 x 197 and

858 55
3

1.0 x 107~ statesfatom of the (100} purface, reapectively. Most of the

gtates with energy in the band gap evidently lie below Eva, oar shove

EEH' where their density is too large to measure.

L4y

ag curves have pome distinctive structure, they

5)  While the Ny, and N
appedr to be continuous rather thah composites mede of a flnite number

of discrete superimposed llnes.

6} There ere sharp featurea in both H;s end H: in the vicinity of the

ra
857

While the present theoretical understanding of the 51—5102

3
gecond fiuorine peal N

interface on a mlorgscopic level remaine rudimentary, it iz of interest
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to attenpt 40 correlate our resulte with current ldeas. The few quantum-
mechanlceal calculatione thet have been performed on the interfaceh sug-
g=at the followling pleture for the orlgin of interfece stetea. The
"{deal" or intrinsic surface, deflned ns one possessing st lemat ahort-
range order {l.e., without chemical or structural defects), has no

statea in the energy range of the bulk 51 bandgap. ALl bandgap inter-
fece ataies are thus by-products of imperfectiona. Four very fundemental
types of defects which can produce states In the gap are {i] chemical
impuritiea, {1f} hond mngle distorticns of 5i~-0-31 bonds in the axide

or 51-81 bonds 1in the sllicon, [i1i) 51-51 boads in the oxide, andg (iv]
dengling 51 bonde In the viecinity of the interfasce. There iz clearly

3 ror

con3iderable evidence both here, 2.2., fl and Fen and elsewhers
impurity-derived states. Defects (i1}, (i1i}, and (iv}, on the other
hand, have been only recently correlated wlth mactual depepity-of-ptate

38 Specifically, these workers find thet

features by Leaughiin, et al.
5i-0-531 bopnd-angle diatortione give rise to a conduction band teil of
Interface gtates, while distorted Si-5i bonds in 3ilicen will Eptroduce
midgap interface stmtes, but dangling Si bonds or Si-81 bonds in the
oxide will produce trap-like stetes near both band edges.

The abpve plcture strongly suggeats, in agresment with our
Megiurements, that the intertere density of statea will normally be
made up of several distingulshable components and, in particular, that

vyalence- and conduction=-band-slde steatea can indeed haye different

phyelecal prigina, Our meseured denzjities H;S and Ngq have the expected
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ahape and magnituds of band tails of major features to the left of Evs

and to the right of Eca' respectively. We have noted, in faet, that

H;E approaches Evs in the manner of m zeattering-induced btand tall af
the valence band edge.ag The mldgap structure in H;é and H;E, on the

other hand, Is reminlecent of the =effect on & continuum caused by a

strong scattering readonance, such as Hég

in any rcape, the Aactusl relationghlp between the midgap struecture and

Hég should be readily sccesslble to further lovestigation through direect

apparently represents. But

control of the fluorine sontent at the interface.

Two pther experimental repults about these systems are useful
additlone to these listed above, Firet, in photcemission experimants5
intertace astates for cleaved Si and partially cxldized surfaces to vacuum
hawve been ildentified. Some of these ztates are found to lie adjacent to
the valence-band edge snd to protrude into the band gap. The energy
resolution of puch experiments im of order 0.1 eV and the sensitivity
is limited to state densitleg gregter than 1012 atuteafe?—cmz. Second,
low-temperature swurface-conductance messurements on n-chennel MOSFET
structures and a complementary theory hawve established the exlstence of

39-41 Thepe bands exhlblt

two-dimenslonal surface energy band structures.
minigapa that mre attributed to periodic auperlattice potentials
eztabliehed at the Ei-SiDE interface.

A conslstent plcture that mccounts for all the obhasrvetions,
and alsc haye some elements in cormon with the new thearies, has the

following features;
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A. The "Ideal" 51-5102 Interfare

The "ldeal 51-810, interface,” one with no chemical impuri-
tiea, no fixed charge, a moderately abrupt transition from 51 to EiﬂE
that 1p confined to 8 few lattice Bpacinge, and with at leapt ahort-
range order, has states located below the spergy E1IrE and above Eca’

Then Evs ard Eea are the surface~valence and candyectlon-band edges,
respectively. The states below Eva are the cnes seen In photeemission
and the ones abowve EEs are the onea repponalble for the n-channel ocop-
duction preperties with the minigapa. The occvurrence of periodlie super-
lattice potentials at the lpterface could conceivably arise from imper-
fections, but {i seems much more likely that thls 1s a property that

should be ascrihed to the "ideal interface.

B. Bcattering-induced band teils

v fl
The HSE and NSS

¢f the princlpal interface states described above. Using the very

curves in Figure (V-13} are the band tails

general scattering t.i'uai:}r:,.l'.l'l2 these talls cap be thought of e statesn
caused by scattering from defects in the “ideal interface”. The defects
may be categorized ae usual into two claazed, Imperfections and lmpurdtles.
It i3 a bit difficult to identify imperfestions in the interface without
first definlng the structure of the "ldeal interface”. However, IT,

For eaxample, an ldeal lpterface has 8 characterlstic cequence of bond-
angle distortions, s devistion from the ideal seguence would constitute

an lmperfection. If oxygen vacancies and emilleon dangling bonde are
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part of the ideal intarfase, than ocnoe located 1n the wrong plece would
again be an imperfection, =te.

In terms of this picture, one can think of 1deal densities of

e
250

and E > Ecs’ respectively. The scattering 1:.hllzhl;-:r";|.l'hE cen then be Lnvoked

interface states N, {E}, N

Naan {E} that are confined to energies E & E‘lm

to relate the ldeal density of states to the cbeerved band tails,

Ni,{EVJ“ Ay

(t-B-A;(00 ) + A0 (E) '

! ¥

where h.j and &  are the real and imaginary parts of the scatterinz-

J

induced self-energies. If one examines thls expreasion in energy-

intervals E far removed from the band edges - that is, |E - E.flﬂl »? ﬂ’j,

A, - then Eq. (VII-1} simplifies to

J
NG (E) e Al " e Ny, (€)
£5 - " [E ‘Eji)i j $50
(VII-2)
. P 2y(E) !
L {E'Ej:); .

For definiteness we have identified the remsining integral in Egq. (VII-Z2}

lhatGMEfcmE

with ¥ ,» the density of Si surface atoms, where 4 .= 6.3x%10
far the [100) surface. Both the room temperature and llguid nitrogen
temperature data, calculmted from Egq. [(VII-2}) are plotted in Flgwe {(VII-1).

If the scattering causing the band taila all arcse from states with
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anargles well away from the band edges - e.g., charged centera - then
the A J'ﬂ would decrease mongtonically from the band edges.ha The
structure in 'a"*.r and 4 . 18 8 fingerprint of the scattering mechanisms
contributing to the messured interface-state depnsity.

There iz & mespure of ambiguity in the interpretation of the
grosn features of the A4 v snd A c behavior. First, the scale of A v
and A o is set by the assumpticon that the integral in Eq. (VII-2)
eguals P < for both casss. This could be true for one but nhot the
other, or for neither. Untll this polnt iz settled, no conclusicon can
be drawn from the relative magnitudes of A o and A v Uasing the
scale lpndicated lemds to .ﬂ.e with 8 maximum of about 130 eV or a

correspending scattering lifetime of Tmin = -E-ET'-‘T-— = 2.4 x 10" %ec

at room temperature, If the scale 18 proper, thenc 1;?:, which would
ke of the same prder as o ig gulte samal] compared to E - Ecs over
the energy range considered, so dropping 1t 13 correct. However, 1if
the energy scale lm gropaly different, then hr: may not be s8¢ small
and the apparent sharp decrease in ﬂc from 0.65 to 0.90 eV {or 0.43
to 0.70 e¥ at TT°K) may be only an artifact of the approximation thet

Fa a 1s samatl, ‘Then, the malor atructure in 'ﬂe would all be a part
of the general monoteonle fall of ﬂ.c_. On the other hand, !f the secale
is properly aet, then the major peak ln g‘_’;c around 0.6 e¥ (or O0.L eV
at 77T°K) must be caused by a rescnance with defects states st thet

energy. FPresumably these states have too low a denalty toc be seen

directly, and their preasence cen be detected only by thelr effect on the
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conductlcon-band tail. Ewvldence to pupport thia later poaltion will be
presented ashortly.

Examining the curves ip Figure (VII-1), it is evident that
both peaks of the gelf ensrgles for the conduction and valience bend tails
are phifted toward the wvalence band pide at T7°K in comparison with thoae
at the room tempersature. HNotlee thet not all the iines shift by the
same energy, ao this genersal trand 1a not llkely to be Just an artifact
of the method. Mareover, the principal peaks narrow and become higher,
while their aress are nearly preaerved. Since the ma)or peaks have un-
reaglved shoulders on them, they are evidently compositesz of lines with
different origins. It will be necessary to perform controlled experi-
ments intended to modify these features cne at a time if they are 1o be
identified. The important point here is thet thiz methed of colleeting
and reducing data sllowa one to see such detail.

On semple 51-101 the higher light intensity thet was used at
TT°K was again used to see 1f it caused any artifacts in the dats. The
imaginary parts of the aelf energies were deduced from Eg. {(VIT-2) and
are plotted 1n Flgure (VII-2). Their gross structure le similar te ﬁﬂ
and 111“ of 8i-54. However, both jﬁc and A, for 81-101 are narrower.
The peak helght of jhc_is about a factor aof two gmaller and these
gpectral festures are shifted toward the conductisan band relative to
the corresponding quantities for S1-58. &ince i{n the higher light in-
tensity the trendas of ﬁ'c and bv for 81-101 shift in the opposite
direction to those ipn S1-58 from room tempersture to TTYK, we conclude

that these =hlfts and line shape changee are not caused by the light.
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C. Hybridization and resonant acatieripng

The sherp ptructure In and H;E {mnd ﬁ'\r’ ﬂ..c] in the

v
Nas
energy range 0.25% to 0.9 e¥ will be interpreted next. The rapid vari-

atlons of H;E and Hgs oeour near the coipncldence of two sffacta. The
firpt is that thig ia the energy range where the atetes H:n and l‘l;E
e

meet, And ap a consegquence might e expected to hybrildize. Second,
this ie alsoc near the energy of the Q.Lé-eV¥ flucorine peak, and it may
act a= a strong reppnant scattering center for the continuum states in
the valence- and condurtlon-band tails.

The relative importance of these two mechaniems can be de-
termined by exemining the A . curve in Figure (WII«1} and eztimating
some numbers. Notice {n Figure (¥II-1) thet there 13 a sharp peak in
‘ﬁ.: Just at 0.L4E e¥, If this peak is ascribed to the fluorine resonance
and 1te helght ‘ﬁcf‘E 13 estimated as ﬁcf‘z C 30 MeV, then the effective

aceattering range of this feature f . 1=

t{z “ hﬁ %Pt.j;l £ ;,,i I'?ﬂ lattice apacings {vII-3)
$ Y42

where \_rﬂ LI 105 emfaec is the surfesce thermsl velocity of elactrons

10 atmmf"eme im the

with & free electron mass, and fF po ™ 1.2 x 10
megsured flucrine 2 gurface density, An effestive range of 70 lattice
Bpacings ig at the uypper limlt of what might be considered ressonable

far a acgttering center, even one 8= disruptive as fluorine. Two con-

clusione can be drawn from this result: the acale of br: ad aet by Pa
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1a not too small, & poasibllity ralsed earlier: and since the peak ‘sGTE
ig small and confined to & narrow energy range compared to the atructura
in ﬂn and ﬁv, the Fluarine ie not the principal contributor to this
atruoturea.

Thie lemves us with hybridization aa the mozt likely explanatlion
of most of the sharp Teatures in H;B and H;E. There 13 an additional
piece of evidence to support this interpretation. HNotice that the main
peaks and valleys of Jiv and ihc in the energy range 0.25 to 0.5 eV
anticorrelate. Thie is exmectly what one expects in a two-band, strong-
gcattering case. The valleyg arlase in the zegttering rates because the
density of finel states Into which aeattering can ococcur decreases in

thaze energy ranges where hybridization-caused band gaps open.

While the Fluorine rpesconance and hybridization are the moat

W

likely explanations of the aharp features 1n HSE

c
and HSE' twn pther

mechanisme have been examined. We considered the poasibllity that the
L

features are van Howve singularities in the scattering-induced band tailla,
or depressions in the density of atates arising from superlattice-produced

minigaps. Both wvan Hove singuleritles and minigaps occur at speclel

v

wavye pumbers. The observed sharp features in both an ard Hgﬂ
[ [

et nearly the same energy. It is unlikely that this energy corresponds

nll appear

to the seme wave number for both band talls. The explanations thet in-
volve energy resonances are more compelling in view of the dete, ¢ we
have tentatively rejected the alternstiven.

The finml question we wiph to address in this sectlon 1z the

nature of the observed varlation of 'E;{E} with energy, shown in



113

Figure {v-14). Clesrly, the variation differs signiflecantly from the
prediction of the SRH model, which is alse shown In Figure {¥-1L) for

compariscn.

While we have no detalled explanation of the origin of this
difference, there are features of the interface-state denalty thet sug-

gest modificationa in the usual SRH treatment. The high state denslty

N in the energy rasnge between Ens and Er: can act as an electron

<]
320
reservolr for the lower-lying states. Depending on the relative rate

¢ & ¢
1 gg And HSED' the rate s betyeen HSSQ

and the electrons ln the bulk-conduction band beyond the depletion

r. of electron exchange between N

layer, snd, finally, the rate r, between HEB and the bulk-conduction

bend electrons, different energy varletions of T ;l may oCeur.
Cege A: I r3, rl L rg. then the uaual SRH time constent

SR regulte. Our 81-=107 sample fails into thils eclass. The time

ronstaot measwred on 51-10T7 follows the prediction of the SRH model.

o
Cauae B: 1T ry rr 4 Tos Tyo then the states HSEE’J act A a reaser-

volr and

Ft,r_ = TSIH t“P'{{E;'E;;)/ﬁ:T]

{VII-L}

[[T4

2%16% Ty,

The explanatlion of the obasrved behavicr of Tc may be that
Tar E vwell below Ecs‘ case B holds, and Tc {s much smaller than pre-
dicted by the ordlnery 58H model. However, ap E approaches Ecs‘ there

are two changes. The state density H:EI increases, and the Lransition
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probabilities per unit time from a state H;E to one of the states HEED

alac increase hecause the energy difference 1s smaller. Hence, the
situation tends to change from Case B to Case A, where the atates “;,gu
no longer beheve as an electron regervolr. It 13 impassible to turn thia
lnto a quantitative theory without knowing H;BG mnd the energy dependence
of capture croas sectlon. 1In additicn to the gross trends Just dia-
cugsed, the gpectral Ffeatures found {n 'T,'c muat alzg be explained. An
understanding of these features will undoubtably help esteblish the
origin of the various contributions to the lnterface stateg., The anom-
alous warlaticon of Tc with energy is ancther indication that spme
samples, such as S1-58, 31-101, djffers from those studied previocusly.
However, acme other samples, such asB 3i-13T7, do behave as predicted by

SRl mndel.
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VIII. CONCLUDING REMARKS

We have made several additions to the technigues of electrical
measurement used to study interface atates. Theae are: the uze of
effectively thin composite insulators, low carrier coneentration sub-
strates, and low-intensity 1llght that creates electron-hole palrs in
the apace-charge reglon. While these modifications are easy to put into
effect, they Introduce surprisingly profound differencez in the experl-
mental reaults.

In the sbasnce of the light, It would be almoat impossible to
reach the quasistatic condition end #tlll retain 3 wseful signel-to-
nolise ratip with our sempies. The main cansequences of not satiefying
thls conditicon mre that the surface-potentlal distribution deduced from
the mesgurement ia too broad and some state denslties are underestimated.
This ceuses Interface-state proflles to seem smoother than they are in
fact. It can elsc lesd to incorreet conclugions about the pumber of
positive fixed chargez. In light of these results, experiments cn
fixed charge should be re-exemined. For exnpple, some of the changes
introduced by anneunlling or by radiation effects mey be due bto time-
censtant modlfications rather than to actusl changes in the number of
fixed charges.

The light also allows the Iinterface-ptate depsity to be mes-

gured throughout the brnd gap, using the fui-iuctance method., The main

117
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advantage of the conductance method {5 that using it we can decompoee
the interface=-gtate density into partisl contributions from different
origins., When this is done, dietinetive structure in the lnterface-
state densitlee becomes evident.

The mein interlface-ptate density =zeems to be concentreted
a6t energiea in the range E £ Evs and Ecs € B where they are too large
to be observed. The festures at energies Evs" B "Ecs are evidently
band talls of the malor denaities. The sharp structure in the midgap
reglon is probably due to hybridization of the valence- gnd conduction-
band tallz. Laughlin et 31.35 and Herman et al.1+5 both predict that
there are no states in the band gep for en "idenl" interface. Only
defects in the iderl arrahwement produce such states., Leughlin et al.
find & condurtion band tail that arises from Si-0-21 bond-angle distor-
tions, while 531-8Bi bond distertions can produce a valence band tail.
Dapgling Si bonda in ellicon cause midgap states, while dangling 51
bonds or 51-51 bonds in the oxide produce trap-like states near both
bhand edges. It is impeeelble at present to uniguely identify eny of the
theoreticelly predicted features with the observed ones. To doa this,
we nmuat devise experiments de=slgned to modify one feature at a time.

Our eoxlde waa grown in dry 4, and was thin, so the sample

2

was malntained at the growth temperature for a relatively short time
(£ & min). It was never Intentionally exposed to Hy or H,0 at an ele-
vated temperature. Conseguently, the interfece properties reported

here may be qualitatively different from those measured on thicker
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oxides, for which the interfece 1a not abrupt,hﬁ and those expoped to
hydrogen. It Is imperative that octher samples, prepared in differsnot

ways, be sublected to our improved measurement technique,
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