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Abstract

The energy dis t r ibut ion curves of the 2p core levels of

pure and heavily doped Si have been investigated us tng

highly monochromatized ',0 . 1 eV] Synchrotron radiation

(105 eV - 140 eV) . Shif ts and broarlenings of Lhe spectra

with doping and 'with thc cncrgy of the exciting photons

have been observed and interpreted in terms of thc electro-

static band bending at the semiconductor sur facc and,

for pure Si, of surface core sh i f t s . The "absorption"

spectrum of the 2p-"conduction band transit ions has bcon

s tud icd for t l i e sai-ic n-it-crials w i t h the par t ia l yicld

t e c h n i q u o . By combinir .g the abso rp t i on spccl.ra and the
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core exe i ton bintiiiuj eneryy : •; deterir.ined . S:nall dif f er e nee s

in the 2p-*condüction edge both with doping and with the

energy of the excitinq photons arc observed and discussed.

Introduktion

Optieal transitions from core levels of solids, in particular

serniconductors, tc their conduction bands have bcen cxtcnsivcly

1 2investiqated KIIICÜ tl:e advcnt of Synchrotron radiation. '

Thuy yield informatior. about the strueture and density of

states of thn conduction bands and, when combined with photo-

electron spcctroscopy ir.easurements, about possible excitonic

Khrinkage of the e>;citation gap. These transitions can be

invebti:jcited by nieans of cptical reflectance and transnittance

4 b
mGssurnmeuts and ulso electron enerqy losses. Thc transmittance

and energy le-ss rieasurements require the prcparations of thin

samples which is often difficult in hiyhly crystdlline form

(i.e., for silicon, the cbject of the present investigation).

This difficclt.y c.an ce avoided by using the yield spectroscopy

techn.ique , i.e., tlie measürement of the photoelectric yield

cver a wide electron energy ränge. This yield is, because of

the sniail avernge escape dppt.h cf Lhc clcctrons, roughly

proportional t.o the abcorpt Ion ceel f ieie:it.

Tl'.e photcelßct.ron spectroscopy ir.casurenents, based on the

tie t fi':;i i n,i l i on ;> l" l l - . i - i - m 1 1 qy i: i ;; t r i bu t ton cu i v t':- (i! PC ) of

phoLaelectrons cii'.itted by monochroniatic radiatiou, yiüld the

poüi t Ion o i" 11 K: coi e levels wi t h rcspec t t o thc Fern! energy .

Thus, in order to compnre this vjork



with the optical absorption discussed above thc position

of the I'ermi level with respect to the ccnduction band edge

rnust bc known. The determination of (.bis position poses some

rather basic üifficulties if, äs in thc case of silicon and

a number of othcr semiconductors, a iarge density of surface

states is präsent, which pins the Fernii cnergy at thc surfnce

7 8
and makes it nearly independent of that at the bulk. ' The

o
escape depth of photoclectrons is small (4 to 40 A) and

hence the core levols are usually obtained with respect to

the surface Fernii Icvel pinned by surface states. Jf the

senicor.ducl.or is heavily doped, however, strong electrostatic

band bending occurs ne;ir thc surface in ordnr to iiuikc t he

transition from the pinned Fernii level to thc Ferni level

of the bulk (the Fermi level rcmains flat; the bands bend).

The core Icvcls should follow the electrostatic potential

which produccs the band bending. linder thesc conditions the

binding eneryy of Lhe photoelcctroris will depond on the

exciting photon cnerqy: If this encrgy is only a few eV above

threshold thu CEC^pe depth of thc photoelectrons is relatively

large ( r 40 A ' ) cumpared with the barrier dcpth and the

binding eneryy will approach that of thc bulk. At higher photon

energics Lhe cscapc dppth can bc äs smali äs 5 A and the

bindinq ciK'iiiy of Lho couo Icvcls, äs Llutin'niiiH'd in thc EDH's

becomcs that at. thc surface (see Fig. 1) .

Several iiiconclvisivo aLtempts liave bccn made to obsorvG chancjcs

in the binding cnerqies of scmiconductors wiLh doping. More

recently a changc of the ordcr of the gap (1.1 eV) was

observed between n- and p-type silicon with - 3x10 carriers/cm5

wi th AI K e-:ci tcition (I486 . -VJ , althouyh the sanples

were coarsely ground in air and thc vacuum rather poor

(10 torr). More rocently, Wagner and Spicer have observed

shifts in thc valencc bands EDC' s of silicon (cleayc-d in UHV)
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with hcavy n- and p-<!opinq for ti1-1 = 11-8 eV. In Lhis papcr

we presünt ncastircments of Lhe photoelectrori spectrum of the

2p core ievelü (i:nc) of a series of Si samples including a

nearly intirinsic and sevcral heavily dopccl n and p-typc oncs

cleavcd in situ undcr ultrahigh vacuum. The mcasurements were

perioincü with rnonochromati zed synchroLron radiation, in order

Lo be able to varyi by changing the exciting photon energy, thc

escape depth of thc photoeiectrons. Thu exciting photon energics
o

hu, were chosen bel.vjeen '15 eV (escape depth * "" 25 A) and

o
1J5 eV ("• ' 4 AI . For (;•.• - 115 cV Lhe escape depth is of Lhe

ordcr of the penctration depth ä of the surface barrier in the

heavily doped sairplcs and thereforc Lhe binding energy of Lhe

bulk should, at least in part, be sampled. For tun - 135 cV Xis

expccted to be '"-A A. Hence the measureracnts should reflect

mostly the binding energy of the core levels near the surface.

Thc observed Variation of the average binding energy with t,u;

(i.e., with escape nepth) can be Interpreter! in tcrms o£ the

müdul of a ncarly filled and a nearly empty surface states band

which has beccnic will csLablished for the reconstructed (111)

r-ur f.iccs !il ! > i

l n ayrccnicnL wi th Lhcsc idens, the CDU' s o£ thc lio.ivily dopod

sanipl es show .1 b: uadcni nq w L l. t i ÜCCI\:LLS i :HJ ),• •. wh ich corrcüpontls

to the sampHng of a wider ränge of bJnding energies. For

thc intrinsic samplcs, however, thy broadening is observed

with increasirnj l ,•<: , thus suggesting it is due- to a ränge of



binding eneryies in the fin;t few surface layers . This

phenomcnun is attributed to thc electronic rcdistribution

associated with thc surf ace states , thus cjiving rise to a

ränge of core level binding energies.

As alrcady mentioned, by combining EDC ' s determination of

binding energies of core levels with nieasurcments of the

correspcnding absoiption odqo an cxci ton binding cncrqy i.s

usually obtained. The value 0.6 + 0.2 eV can be inferred for

2p levels of Si from the data of Ref. 14. Electron energy
binding ^

loss measurements indicate an exciton^encrgy uf about 0.9 eV

We have perforrned measurements of the 2p absorption edgc in

our intrinsic and heavily doped samples , in order to determine

the exciton binding enerqy and tu investdqate poasible
16

chanyes of the edqe with dopiny. When cornbincä with the EDC ' s

of the sarne surfaces, our measurements , pcrformed by the

partial yield technique, give 0.1ötß.2eVf or thc excitonic

binding energy. The sK&pe of the absorption cdye is found to

be nearly thc same for the in tr ins i c äs for t hu heavily doped

n-type samples, in agreement with Ref. 17. For the most heavily

doped p-type sarnples, howcver, a sliyht shurpening of the edqe

is observed. This sharpening is tentatively explained äs due

to an exclusion of conduction band final states from the

surfacc dcplction layer in a way analogous to the surfacc

1 ft

The measur einen l.s wcrc performcd with synnhrot'on r ad ia t ion f rom*• ^

the DORIS storagc ring, which was monochromatized by the

FLIPPER-rnonochromator . The photon resolution was 7O meV

at hoi = 100 eV and 220 mcV at hu = 140 üV. The photoelectrons
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wcre ana lysud and Jetcctcd with a conur.crcial double pass

cyl indrical m i r r o r una lyzer nporating at a f ixed energy

rcaulu t ior . . Most of f.hc y i r ! l spectra wcre nie£5sured witl i a

banüpass of 4 cV whorcaa in : i i G HDC work Die resolution of the

a n a l y z c r was r^ l . at l tiO meV. Tlic geomot ry of the analyzer

i s sucli t h. a L i t aocepts elcctruns in a conical Shell wi th

all possiblc polar anqles between O° and 9O°.

Thc sa.niplcs WLTC cleavod in situ in UHV at a Lyp ioa l pressure

u t 2 x 10 torr. S i ncc steps in tlic üleavaqe plane or

o x i d a t i u n r-.ay i n f l u c n c e tlie sur face states, tlic samples werc

chockcd aqa.i tir, l L l i e s c problcir.ü by tak inq CDU ' s of thc valenco

bands I . ' o f c i c and n f t c r each serica of mcasürc iucn t s .

The E D C ' s obta inod at several plioton energies for the " intr insic '

14 - 3
(n = IG cm J and the mcst heavily doped n and p-type samples

measurcd I n ^ 8 x lo ' cm~ ar:d p = 1.6x10 cm~ ) are shown

in "ig. 2. Thc intri nsic sample exhibits a w e l l rcsolved

^ T T T " L r i du'jblet, cspecially at the lower photon energies

(lonqer cacape d e p t h ) . For the n- type sample t t i is spin-orbit

doublet i s 110 i.- rcsolved for üinal l tim (106.8 G V) w h i le i t

appcars resolvcd at 113.7 eV seemingly broadening again at

130.6 GV . Thc p-type sample also shows surr.e broadening for

fc,.,: = 121.6 c V with respect to the smaller exciting photon

-_nerq icü . The bindinp; energies of Fig.2. are with respcct

to vacuuin . v;i t;h r o c p o c L to Le Fernii cnerpy we found

:'or liie b i i td i i i f 1 ; or.orfVY of the inlrin^ic: samplet^p7 ; ..,-,-,

^•'•, ̂  ( i . l oV a i i i t r o r L h o t :orref 'poiui j n*; ^pin-oi 'biL [;pliltiii£

Ü . b ^ ü . O ^ oV.

energy has bccn converted to escape dcfJths using the value

0 !
of 2b A mcüsured b.b eV abovc thrcshold by Allen and Gubeli
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3ni3 the universal curve given by Spicer . Tlie differenccs

in binding cnergics between n- and p-type samples increasc

with increasiny escape depth, äs expectcd fro:n Fig. 1 and
o

reach at 25 A 0.8 eV, slightly loss tlian th.e energy gap

(1,1 eV).

Figure <5 shows the absorption edqe for transitions frum the

2p core levels to tim conduction band obtained by measuriinj

the partial yield of photoclectrons with eneryies between O

and 4 eV on tlie 3 sarnples of Fig. 2. The data, which are

very similar to the results reported earlier by other author.

display the two absorption edges L and L . The insert (x̂ )

shows clearly how tlie bTTT ~ k. doublet broadens with doping

19 -3
especially for the sample with n = 8 x ]O cm . The onset

of the edge, however, is nearly identical for the intrinsic

and the heavily doped n-type sample and sornewhat sharper for

the p-type one.

Discus^sion

The data of Fig. 3 require for their Interpretation the

assumption of surCace states- The density of surlacc stal.es

1 3
calculated by SchUiter et öl. can be approximated by a band

of filled states and a band of empty stat.es bot]; with a width

of 0-2 cV; for tho purposo of tho prcseut eaJ c1,] l a t.ion boch

bands can bfi a^sviiued to bc rectanqiilar (seu- Fig. 12 of Ref. ] .

In ordor to fit eur data best we tound iL necossary to incrcaso

the gap bctweL'n filled and empty states from ü.17 eV, äs yiven

in Ref. 1^, to 0.27 eV. This agrees with the yap observed in

infrared absorption , a fact which, however, is also compatiblc

with a lowest indireet yap of 0.17 eV if orily direct transitions

jro assuiürd to ciunLi ibutc to Lhe infrared absorption bctween

filled ami empty surfucc states. Our model density of siirface

states is represented by the shaded rcctangles in Fiq. 3.

Tho sample par;uiieters used in oür calculstions are listed in

Table I - "'h n l-'ornii levelü o T I.he p-typo samplos a t roorn

t orapcri.it im.1 wori1 road off Lroni t.l:o niimcrical ca l cuJ a t. j otis

of Rcf. 2l. These ul the n-type samples were calculated from

EL]. (1 J Of Ref. 17.

The Ferni levels at the surface E were calculated by

where n. is thn number of atoins per cm in a ( 1 1 1 ) plane

(n = 8 . 10 ' ) , n the volui.ie concentiration of dopant otoms
s v

(taken posit.i v t1 for acccptois , neqati Vü tor donors ] f (C-E )

the Fermi fur.ction and <5 the pcnetration depth of the space

Charge layer given by

(2}

•' = 12 i:: tlu1 dielectric constant of si and V the

L>, i r i;.i ÖL he i < H i l eqii.i l t o [•' . - !•: . n ' lakcc i n t o nccounl;

the possibility of a cha^e transfer bi3twnen the sarfacc

stntec and tho bulk in the inirinsic case. Cq-iations (1) and (2)

ruist be solvod seif consistently in order to determineiand Vf

Solf consistency, however, i s easy to achicvc.



In order to obtain. the aver.. :.- binding energy observed with

monochromatic photons we must averacje t.he Position depcndent

binding energy ER(z) ovcr the depth of the space Charge

layer 6 :

DV
(31

Assuming a Schottky type spücc Charge layer and integrating

Eq. (3) we obtain:

E = E BV
(4)

where Er,,, is the binding energy of the core levels well insideBV

the matcrial. Usiny the parameters of Tablc I we obtain with

Eq. (4} the solid lines of Fig. 3, It must be mentioned, however,

that Eq. (4) assumes that only those elcctrons escaping normally

to the surface arc collected. In our cxperimental set up we

have collected with the cylindrical mirror analyzer clectrons

ernitted st anyles with respect Lo the normal ranging from 0 to -*it

In order to correct for this fact we introduce into Eq, (4)

instead of -\e sampling depth:

A ' = A<cos6 > = —- (5)
71

where \s deterrnincd by the photon electron energy according

to l.he L I I U \ I M - : - . I l u i i fvo . ' ' I n Ll i is 111,1111101- wo o b t a i n t l i c dashcd

curves of F ig . 3. Wi th the exception of tho most hcavily doped

p-type sample Lhcsu curvcs reprc-sent r a t l m r w e i l the cxper:incntal

data, the d i f f c r y n c e bctwucn dashcd and solid curvt? not being

of much significanco-

The calculat ions for the sample wi th p = l . G x 1O cm~ fit

the data at. low photon energies (larqe A ) but deviate considerably

fcr s m a l l j . A s i m i l a r anomaly was observed by Allen and

G o b e ü i (seo ri'.js. .) and 4 of l ief . 8):

• The work funcl-.ion for p > 1 0 cm was seen to decrease with

i n c r c a s i n t j d o p i i u ] t:onl r.u'y L o Lho p i ecli et iuns bnsed o n dens i ty

cf sur f t icc EtaL.cs modcls similar t.o that of Fig. 3. A possible

cxplanat . ion of L l i i s a n o m a l y nay lie in a sLrong depündencc of

the density of surface st.ates, in par t icular the surfacc K?p on

doping. This could be the resuH. of a decrease in the arnount

of surface reconstruction wi Lh doping which ir.ay result in a

c]osing of the gap bot.ween filled and empty surfaco states. We

should point out that. the dashed 2ines of Fig. 3 suggest that

a similar effeet ruay be occurriny also for tlie heavily doped

n-type samples (see also Fig. 4 of Re f . 8 ) . The broadening of

the L doublet in Fiy. 2 for p = 1 . G - 102°cnr3and hu = 1 2 1 . 6 e V
II-1 I I

could be rulated to f l u c t u a t i o n s along the surface of the amount

of sur face recons t rucLion , associat.ed wi th duping f luc tua t ions .

Fig- 5 shows a fit of the doublets of Fig. 2 (a) for fiu = 103.6

and 130-1 cV w i t h two Loi^f i tz ians , one for caoh spin-orbit split

r c M i p i - i K ' t i ! . Thi 1 i n ' > i i « ' s p o i i i i i nq w i t K h i i A l - ; ( F W I I M ) r.O oht;i ineJ aro

ä i s p l n y e d in ri-j . u ' üü a L u n c L i u i i of olecLion L ' i ie r i jy abovo

t h r c s h u l d . '!'!n.' oxpiT i ü i o n t L\ ciirve.s ui l''iq . r' ix -n la in jilso tl ie

lina w i d t i i of tiio cxc iL ino rad ia t ion and t . f ie j e s ü l u L i o n of thc

clectroti a n a 1 y a e r r bol.h shown also in F iy . Ga. The resolution

func t ions of monochrcn i ' i to r and analyzer can bc assumed to be



E^aussian, äs proven by meaci;- i ng the core lines of gaseous

argon. We, tlicrcfora, also titted thfi exporimental data of

Fig. 5 with a ir" ' n tzian convolutcd with a gaussian of the

appropriatc v;idth, The fit so obtained weis, wil.hin the accuracy

of the drawing, the same äs that of Fig. 5. Tn this manner

the correcled Line widths (FWHK)of the two doublet components

shown in riy. 6 b were obtained. Tho width öl" tlio 2p1 ,,

coiuponent Gcons r • O.l eV larger than that of the 2 PT/?

one, o tiiet which cannot be attributed to additional Coster-

Kronig decay of the 2p , line (the 2p ,?-2P, ,, Splitting

is much snialler than the ionization threshold]. We cannot

offer any microsccpic explanation for this difference which

may, thus, be an arLifact of the fittiny proccdure.

The result of Fig. 6 b indicate a doubling of ttm line width

äs the surfacc is approauhcd. The reconytr'iicted ( 1 1 1 ) surfacc

is supposed to be polar with some atums pogitively charged

and other neyatively. Hence fluctuationu in the chemical

shifts of the at.oms must occur for the Tirst few scrface

layers. These fluctuations could easily account for the

observed broadoninq. We pruceod now to cstimate the fluctuations

in the first surface layer in d manner similar to tlie calculation

of chemical. sh.it t a of ionic materials given jn Ref. 22. We

write fcr Ihi"1 in^iativelv eliar^od siu:incp aLuiu:;:

(6)

whcrc o iü U u: Maüi:iumj constant of Llic surKice (aüsuminy i L

is forrncd by rows of neiglibouring atoms with oppositc charges )

R the distance between surface nearest nciqhbuurs, r an average

di stuncc betvjncn t.ho negative surface ion and tlie cxcess negatl ve

- 12 -

chcirqfi produced by the reco.i 'ruction, and we have evaluated

the Madelung concLant of the surface to be a= 1.4 . The

evaluation of r is -iiore difficult. since it requires a volume

Integration of tlie excess Charge. Frorn Fig. 13 of Ref. 13

we obtain r".̂  K -1.17 A and henco for a ctiarge of one electron

transferrcd by recons truction we find M-; -3.7 yV.

ce for t. ho iirat surface layer chcmieal sliif. ts uf the

order of -4 cV are expected and, in view of the resolution

uf Fiq . 2 , there i R the [jossibility of observiny the resolved

Icvcls of the f i r s L layer of atorns , especially if angular

resolved maasur enicnts v/ith large angles wcrc perf ormcd .

According to Fiy . 1 3 of Ref . 1 3 the surface states Charge

cxteudt; wnakly tu the sGconci, tliird and fourt.h layer. The

cliarge dcnsity betwecn tliese laycrs i s approximately one fourth

of that around the first layer : Hence chemical shifts '..

1/4 x 4 eV ~1 eV are expected for these layers- These shifts

can account for the increase in width with decreasing escape

deptli dispiayed in Fiy . 5.

Tlie sanie behaviour can bc observed taking yartial yield

spectra with different final state cnergies. Tlie corrcsponding

spectra dre shown in Fig. 7. In these measurements, the encrgy

wmdow öl t !u> -in a l y . - i M - had a widtli of. aboul •! eV -uul Lhc

center was sct at E = 1 eV and E = 20 cV, respectively.

Sinco olectroiif; with, a kinctic cnergy of 2O üV havc a shorter

escape depth tliüii those with a kinetic encrgy around l cV, the

spectrum for E = 20 eV is more surface sensitive. Correspondingly

the absorption edge at the surface^ic broader than in the bulk,



f r o m 280 meV to 490 meV by y c i n t j I ium 1 eV Lo 2O eV h i n e i l e

er.ergy et thc e luc t rons , whornas tho l i newid th of the dir et.-1 ly

meüsured photoe lec t rons cor;in;j cul. of t h e 7 \1 / 2 Lovo l s chmvpjs,

from 220 ncV to 450 neV ( a f t e r correctiun Tor phol..on widt.li

and ana lyzer resol n t . i cn ) . IWQ cor.sistent and i n d e p e n d u n t

cbücrva t . i nns cL jn increa:=e. in coru level l ine w i d l h naar the

surtace liavc Ihur, beer, abtaincd. We shculd alsu remark l.hat

sanple cf Fiq . '!, in par t icuiar whe lhe r it can be a t t r i b u f c d

to quan l . i za t ion of thc f ina l conduction states in the sur face

depict-ior. l ayer . From Eq. (10 b] of R e f . 18 wc ca lcu la tc for

this sample an cnsrqy for rhe t i r s t bonnd conduction statc

of 0 .4 eV above the bottom cf the coaductior , b a n d . This is

more than the he i y h t of the bar r i er i t seif and hencc thc f irsl .

conduction s täte R near thc su r face arc cxpected to lic. a t

abcut Llie samc heiglit äs the bulk ones , A "blv in" s l i i f t of the

Order of 0.3 cV L-an t h u s be cxpcctod. K h i l c t h t s i n t .c : rpre ta t ion

. ippi ' . i i ; ; t 11 be i n ,u;: ei.'1-.i,'!1.'. >A- i [ :i l I n - ; - - [ H - S - | I . I i n l 'io . -i wo i ^ h o u l L l

men t ion that tho blue siiii't showed up only wd th low k ine t i c

Gnei-(ji(- 's K ; , l'nr w l u cli L l ie spuet .ra conl .a in p a r L l y - i iars^e

volunic contribution. The fact that tbJ s s l i i f L was not äs

pronounced d n s u r f a c e sensitive speutra ( h i g h l-'.^i can bc t iLtri-

buteü L.o the broadeniny of the coue levels äs shown in Fic js . fc b

and 7.

I:i ord-rr l.o dot • -n:i i no 'JJIL- c.-. l . n n i c Inndimj onorgy aasoc i ,i'..cd

v;ith the a b ^ o r p t i o n spe.cLrum of Fii j . 4 we deposi Led qold on

Lhe q a m p l c B of ri;_:. 2 so äs to f i n d thc b i n d i n g er.p.rqies E

w: tli :csprc! t.c ; ' i e t\'rmi ü n e r y y of ^ o l d ( "• Fermi enorgy of

our sanipl t^ . 've l i i e r . t . akG t:io Ferini enercjy vn th respect to the

U s i n y thc '-uiov.-n v a l n u of tho inc i roct yap at room tenpcra turc

K. - 1.1 cV, v; o ! L: iu for t h n bindi iuj e n u r q y o r :;he 2p y . - ^ J - C V ' ?

.•ni; i rospoct f; the bt. i t tom of thc condüct icn b ^ n d :

t luis f i r i : 1 . "or \ oxr i t - .on ic b ind ing enerqy n fi . :)•') - 9 9 . 7 6 --

0.11' - 0 . 2 eV, bnsic-al ly ncy l iy ib l e and much an.al ler than

15 16previousiy rojjori.eti. ' One could increase our vaj.ue of the

bindiny e i i e r q y if ono l .akes- f.or the posit i on of the txci tonic

c-d;jc- the onsct e.1 t l , ! ' ab^orpLion tau at 99 .0 eV ir. F ig . 3.

i lowever , such aas iqnnent would nor be roasor.able since _his

t n i l can bc , K - L - n u n t es i i'or i n t.orins c! "in o levcl vj idth ( ~ 0 . 2 c V )

.nid ;r.iTi' .H'lii i1"1 : L ' r i t"ui l u l i on | o. l e V ' ! - V.V s h o u l d p 'Oin t o,il.

t h a t the :V:el l l i . n l :hc b i n d i n q tsieniy t ^ f t hc i:ore e x c n t c n G i s



slates can still hc takcn a;;

at thc edye .

for cxcitOnic effcct
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n=8xlO

"FB

FS

-105 -6

260

+ 37

300

E . -310 E. +60

340 430

"FS
theor.

233

J38

259 277

240

330

4(30

428

732

6 8 , 4 2 ,47x10 3 4 r i

-3 ,2 -0,6 +3x10

theor.
corr.

232

V *# 337

270

233

300

490

427

733

6 (S ) * * 16,7 3 7 , 2 67 ,4 2,55x104 34,8

Table I. Values o f. the Parameters required for the calculation of

ixi a^sum i im n ' =- o i n ]•:<.]. ( 1)

** Lalnulat öd for n' - O.OQ2 nt, r,o äs l .o obtain aqrcomnnl. bctween

!• i t - and Ih.iL oi-üiM.v^d in P Jg . 3 Tor lilio ;-ample with

tlioor.
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F i göre Captioris

1. Sehern a t. i c. s 3 i j :j rii in of l .hc >L"G ] f>vc j . s h i f t s associated

witl i spncc cliargc laycra in heavily dopod silicon.

2. Kxpcri i i ienta] observation of the slii£ts in the 2p (L - - f ,

core l in^c of silicon with dopiny the kinctic cncrgies

arc r e f e r u c d to the vacuuin level.

3. Shi f l .G in tiifi position of i.hc L l ine oi r .i g. 2 äs a

f u n c t i u r . of doping and plioton eneryy . The so l id und dashcd

l l n c s wero ca icuia ted ss doscribfid in t!ie t c x U . The band

and s u r f a c e stateR (shuded) d iagram assunied Tor the

ca icu la t i onü i 3 yiven o n the lel~t vcr t ica l axis.

4. Yield spoct runi ( - absurpt ion) spüctrum of pure and

h e a v i l y doped s i l i c o n for thc L T - L absorption cdge.

5. L - L corc lines of pure s i l icon (solid l i n e ) and

f>. (a) Widths requii-cd Cor the •LoJ 'C[ l7ian fits oi Fig. 5 and

corrcsponding analyzer (CMA) and monochromator (F l ipper )

rcöolu t iors .

(b ) V . ' i d l i i nv in i r . ' d for the J-°1;i;ifV i an f i t n oT I'.iq. 5 .ittc?r

ipUüsi . in d o c v > n v o l u L i o n oi L l i c moi iüuhronuiLoi ' and analyi'.or

roi'o I n t i i*iu; ,

/ . Y i c l d H | ) t > c t . r - u n of pure silicon for l wo d i T T c r c n L positions

o£ l.lu.' ccn!(T oT Iho 4 eV analyzer w induw.
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