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nbstract
The energy distribution curves of the 2p core levels of
pure and heavily doped Si have been investigated using
highly monochreomatized {.0.1 eV}synchrotron radiation

(105 eV - 140 ev). Shifts and broadenings of the spectra
with doping and with the cnergy of the exciting photons
have becn observed and interpreted in terms ol the electro-
static band bending at the semiconductor surface and,

for pure Si, of surface core shifts. The “absorption”
spectrum of the 2p-conduction band transitions has been
studicd for the same nmaterials with the partial yield
technique, By combining the absorption spectra and the

core lovel EDC's a valuce ol L;H = Q.13+ 0.2 eV [for Lhe

physica status solidi to be published

* Work at the Max-Planck-Institut fiir Festkirperforschung supported
in part by the Alexander von Humboldt Foundation

core exciton binding enecrgy i3 determined. Small differences
in the 2p~+conduction edge both with doping and with the

energy of the exciting photons are observed and discussed.

Introduction

Optical transitions from core levels of solids, in particular
semiconductors, tc their conduction bands have brcen cxtensively
investigated since the advent of synchrotron radiation. *

They yield information about the structure and density of

states of the conduction bands and, when combined with photo-
electron spectroscovy measurements, about possible excitonic
shrinkage of the excitation gap? Thesc transitions can be
investivated by means of cptical reflectance and transmittance
measuraments4 and also electron enerqgy losscs.5 The transmittance
and encrgy loss measurements require the prcparations of thin
samples which is often difficult in highly crystalline form
(i.e., for silicon, the cbject of the present investigation).
This difficulty can ke avoided by using the yield spectroscopy
techniques, i.e., the mcasurement of the photoelectric yield

over a wide electron energy range. This yield is, because of

the small average escape depth of the electrons, roughly

properticnal to the absorprien ceelficient.

The photcelectron spectroscepy measurenents, based on the
dotermination of (he encrgy distribution curves (IDC) of
pholoclectrons vmitted by menochromatic radiation, yield Lhe
position of the core levels with respect to the Ferni encrgy.

Thus, in order to compare this work




with the optical absorption discussed abeove the position

of the rermi level with respect to the cenduction band edge

must be known. The determination of this position peses sone
rather basic difficnlties if, as in the case of silicon and

a number of other semiconductors, a large density of surface
states is prescnt which pins the Fermi enerqgy at the surface

7,8 The

and makes it nearly independent of that at the bulk.
escape depth of photoclectrons is small (4 to 40 g) and

hence the core levels are usually obtained with respect to
the surface Fermi level pinned by surface states. If the
semiconductor is heavily doped, however, strong electrostatic
band bending accurs near the surface in order to make the
trangition from the pinned Fermi level to the Fermi level

of the bulk {(the Fermi level remains flat; the bands bend).
The core levels should follow the electrustatic potential
which produces the band bending. Under thesc conditicns the
binding energy cof Lhe photoelectrons will depend on the
exciting photon cnergy: If this encrgy is only a few eV above

threshold the cscape depth of the photoelectrons is relatively
large ( = 40 R 8'9) comparcd with the barrier depth and the
pinding enerygy will approach that ef the bulk. At higher photon
energics Lhe escape depth can be as small as 5 R and the
pinding eneray of the core levels, as detormined in the ERS's

becomes that at the surface {(see Fig. 1).
Several inconclusive atlempts have been made to observe changes

s : . . . 10
in the binding energies of scmiconductors with doping. More

recently11 a change of the order of the gap (1.1 eV) was

. . 1 .
observed between n- and p-type silicon with = 3x10 ? carriers/cmd,

with Al F” e:citation (1486. ), althouyh the samples

were coarsely ground in air and the vacuum rather pocr

(].O_6 torr). More recently, Wagner and Spicer have observed
shifts in the valence bands EDC's of silicon (cleaved in UHV)
with heavy n- and p-doping for . = 11.8 eV.12 In this paper

we present measurcments of the photoclectron spectrum of the

2p core ifevels (LDC) of a scries of Si sarples including a
nearly intrinsic and several heavily doped n and p-type ones
cleaved in situ under ultrahigh vacuum. The mcasurements were
periorned with monochromatized synchrolron radiation, in order
Lo ke aile tc vary, by changing the exciting photon energy, the
escape depth of the photoclectrons. The exciting photon energics
hw wore chosen between 115 eV (escape depth Lov 25 R) and

135 ev (» - 4 R). For tw = 115 ¢V Lhe escape depth is of the
order of the perctration depth § of the surfacc parrier in the
heavily doped sarplces and therefore the binding energy of the
bulk should, at leas%t in part, be sampled. For fie = 135 eV Ais
expected to e ™4 R. Hence Lhe measurements should reflect
mostly the binding cnergy of the core levels near the surface.
The observed variation of the average binding enecrygy with tae
(i.e., with escapc depth) can be interpreted in terms of the
model of a nearly filled and a nearly empty surface states band
which has beccme will cstablished13 fer the reconstructed {(111)

R
surfaces ol & .

1n agreemenl with these ideas, the LbC's ol the heavily dopued
samples show o broadening wilt decreasing e wirich corresponds
to the sampling of a wider range of binding energies. Fror

the intrinsic samples, however, the broadening is observed

with increasing &= , thus suggesting it is due to a rangc of
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binding encrgies in the first few surface layers. This
phenomenon is attributed to the electronic redistribution
associated with the surface states, thus giving rise to a

range of core level binding energies.

As alrcady mentioned, by combining EDC's determination of
binding energics of core levels with measurcments of the
corresponding absorption edge an exciton binding energy is
usually obtained. The value 0.6 + 0.2 eV can be inferred for
2p levels of 5i from the data of Ref. 14. Blectron energy
binding 16
loss measurements indicate an exciton,encrgy of about 0.9 cv™ ",
We have performed measurements of the 2p absorption edge in
cur intrinsic and heavily doped samples, in order to determine
the exciton binding energy and to investigale possible
changes of the edge with dopinQYGWhen combined with the EDC's
of the same surfaces, our measurements, performed by the
partial yield technique, give 0.18+(.,28Vfor the excitonic
binding enerqgy. The skzpe of the abscorption cdye is found to
be nearly the same for the intrinsic as for the heavily doped
n-type samples, in agreement with Ref. 17. For the most heavily
doped p-type samples, however, a slight sharpening of the edge
is observed. This sharpening is lentatively explained as due
to an exclusien of conduction band final states from the
surface depletion layer in a way analogous to the surface

. ; . 18
quantization in depletion and inversion layers.

Experimental details

The measuremenls were performed with synchroéyn radiation from
the DORIS storage ring, which was monochromatized by the
FLIPPER—monochromator19. The photon resolution was 70 meV

at ko = 100 eV and 220 meV at hu = 140 ©V. The photoelectrons

were analysed and detected with a commercial deuble pass
cylindrical mirror analyzer operating at a fixed energy
resolution. Most of the yictl spectra were measured with a
bandpass aof 4 ¢V whercas in e EDRC work Lhe resolution of the
analyzer was sol ak 180 mev. The geomelry of the analyzer

is such that it accepts electrons in a conical shell with
all possible polar angles hetween 09 and  90°.

The samples were cleaved in situ  in UHV at a typical pressurc
of 2 x lO_lU terr. Since steps in the cleavage plane or
oxidation may influence the surlace states, thoe samples werc
checked against Lhese prob:lens Ly taking EDC's of the valence

pands befeore and afler ecach series of mcasureinents.,

Resulis

The EDC's obtained at several photon energies for the "intrinsic”
(n = 1014 cqu) and the most heavily doped n and p-tvpe samples
. o 13 -3 _ 20 -3 :
measurcd (n = § % 10 cm and p = 1.6x10°7cm ~) are shown

in Fig. 2. The intrinsic sample exhibits a well resolved
LIII— Loy doublet, cswpecially at the lower photon energies
(longer escape depth). For the n-type sample this spin-orbit
doublet is noi resolved for small he (106.8 cV) while it
appears resolved at 113.7 eV scemingly broadening again at
130.6 ev. The p-type sample also shows some broadening for
fw = 121.6 eV with respect to the smaller exciting photon
energics. The btinding energies of Fig.2 are with respect
to vacuum, With respocl to Le Ferml enerpy we found

Tor the bindingm ercrpy of the intlvinsic sample(ap%/g)
et 0L) 0¥ and fer the corvesponding spin-orbil splitting
0.2 .03 eV,

The positions of the IAHJ peaks observed for the vavious

samples measured are displayed in Fig. 3 as a function of
lower . ‘

photor energy. On the  abgeissz of this figure the photon

energy has been converted to escape depths using the value

=)
of 25 A mcasured 5.5 eV above threshold by Allen and Gobeli8



. . 9 . ) ) .
and the universal curve given by Spicer”. The differences are aussumed to contribute o the infrared absorption between

in binding energics between n- and p-type samples increasc filled ani empty surface states. Our model density of surface

with increasing cscape depth, as expected from Fig. 1 and states is represented by the shaded rectangles in FPig. 3.

s]
reach at 25 A 0.8 oV, slightly less than the energy gap
The sample paramcters used in our calculations are listed in

(1.1 eV).
Table I. ““he Fermi levels of Lhe p-type samples at room

Figure 4 shows the absorption edge for transitions from the . . R
temperature wore read off from the numerical calculations

2p core levels to the conduction band obtained by measuring ‘
of Ref. 21. These ol the n-type samples were calculated from

the partial yield of photoelectrons with encrgies between Q
Eg. (1) of Ref. 17,

and 4 ¢V on the 3 samples of Fig. 2. The data, which are

very similar to the results reporled earlier by other authors’ %3, The Fermi levels at the surface E g werc calculated by
display the two absorption edges LIll and LII' The insert (x5) solving the equation:

shows clearly how the bIII ~b11 doublet broadens with doping (’“

especially for the sample with n = 8 x 101gcm_3. The onsct st{E} £ ‘E-EFS) dE = ns - nvé ()
of the edge, however, is nearly identical for the intrinsic C o

: 2
where ng is the number of atoms per em” in a{111) plane

the p-type one. (ns =8 . 1014), n, the voluue concentration of dopant atoms

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

(taken positive for accepte:rs, negative for donors) f(E-EYS)
Discussion :
the Fermi furnction and ¢ the penelration depth of the space

The data of Fig. 3 require for their interpretation the ;
charge layer given by

assumption of surface states. The density of surfacc stales

,
3
~a| b

calculated by Schliiter ct al.13 can be approximated by a hard E - < (2)
S ,
. 2ng N /

of filled states and a band of cmpty states both with a width

of 0.2 oV; for the purpese of the present calculation boch where 5 = 12 is the dielectric constant of 1 and VO the

bands can be assumed to be recLangular (see Fiyg. 12 of Re[.‘jl. barricr heiaht s EIWV

the possibilily of a cha,.ge transfer between the surface
states and thoe bulk in the intrinsic case. Lguations (1) and (21

caual to gy n' takes into account

In order to fit cur data best we found it necessary to increasc
the gap between filled and empty states from ©.17 eV, as yiven
must be solved self consistently in order to determinesand V

in Ref. 12, to 0.27 eV. This agrees with the gap observed in
self consistency, however, is easy to achicve.

. L2 . . .
infrared absorption O, a fact which, however, is also compatible

with a lowest indircct yap of 0.17 eV if only direct transitions




In order to obtain the aver..:. binding energy observed with
monochromatic photons we must average the position dependent
binding energy EB(z) over the depth of the space charge

layer & :

2n

2
Eny . eN(z-¢) (3)

Assuming a Scheottky type space charge layer and integrating
Eg. (3) we obtain:

4 ~8/%, .3 5
Ep = Egy + Vg 1+2 L (x-5) - 2e {x/82} (4)

where EBV is the binding cnergy of the core levels well inside

the material. Using the parameters of Table I we obtain with

Eq. (4) the solid lines of Fig. 3. It must be mentioned, however,
that Eq. (4) assumes that only those elecctrons escaping normally

to the surface are collected. In our oxperimental set up we

have collected with the cylindrical mirror analyzer clectrons
emitted at anyles with respect to the normal ranging from Q to wn/2
In order to correct for this fact we introduce into Eq. (4)

instead of ) the sampling depth:

2

™

A' = Ac<cose> = (5)
where ) is determincd by the photon electron cnergy according

8
to Lhe universal uurvc.) I'n this manner we obtain the dashed
curves of rig. 3. With the exception of the most heavily doped
p-type sample thesoe curves represent rather well the experimental

data, the diffcrence between dashed and solid curve not being

of much significance.

The calculations for the s
the data at low photon ene
fer small 5 . A similar an

Gobeli (see igs. 3 and 4

‘The work functicon faor p 1
increasing doping conlkrary
cf surface stales models s
explanation of this anomal
the density of surface sta
doping. This could be¢ the
of surface recaonstruction

closing of the gap between

10 -

ample with p = 1.6 x 1()2Ocm_3 fit

rgies (large x ) but deviate considerably
omaly was observed by Allen and

of Ref. 8):

Ozocm_3 was seen to decrease with

to the predictions based on density
imilar to that of Fig. 3. A possible
¥ may lie in a strong depcndence of
tes, in particular the surface gep on

result of a decrease in the amount

with doping which may result in a

filled and empty surface states. We

should point out that the dashed lines of Fig. 3 suggest that

a similar effect nay be occurring also for the heavily doped

n-type samples (sce also Fig. 4 of Ref. 8). The broadening of

the LII—J[I doublet in Fig

-2 for p = 1.6 - 10°%m %and bw = 121.6ev

could be related to fluctuations aleng the surface of the amount

of surface reconstruction,

associated with doping fluctuations.

Fig. 5 shows a tit of the doublets of Fig. 2 (a} for f. = 105.6

and 130.1 ¢V with two lorentzians, one for cach spin-orbit split

cempenenl o rthe conrenponding widihs A (TWHM) so obtained are

. . » L
displayoed in Fig, o as a
threshold, Phe experimenta

line width of the oxciting

tunction ol clectron uneray above
1 curves of 1'ig. 5 contain also the

radiation and the resolution of the

electron analyzer, bolh shown also in Fig. Ga. The resolution

functions of moncchremater

and analyzer can be assumed to be



Caussian, as proven by measu:ing the core lines of gaseous
argon. We, therefore, also titted the experimental data of
Fig. 5 with alm sntzian convoluted with a gaussian of the
appropriate width. The fit so obtained was, wilhin thc accuracy
of the drawing, the same as that of Fig. 5. In this manner

the correcled line widths (FWHI, )of the two doublet components
shown in Fig. 6 b were obtained. The width ol the 2p]/2
component scems <+ 0.1 eV larger than that of the 2 p3/2

one, a fact which cannot be attributed to additional Coster-
Kronig decay of Lhe 2;3/2 line {the 293/2—2P1/2 splitting

is much smaller than the ionization threshold}. We cannot
offer any microsccpic explanation for this difference which

may, thus, be an artifact of the fitting procedure.

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

as the surface is approached. The reconstructed (111) surface

is supposed to be polar with some atoms positively charged

and other ncgatively. Hence fluctuations in the chemical

shifts of the atoms must occur for the [irst few surface

layers. These fluctuations could easily account for the

observed broadening. We proceed now to cstimate the fluctuations
in the first surface layer in a manner similar to the calculation
of chemical shitts of ionic materials given in Ref. 22. We

write for the neqgatively charged swcface atons:
Al = (—1— R (6)
' r R '

where a is Lhe Madelung constant of Lhe surface (assuming it
is formed by rows of neighbouring atoms with opposite charges )
R the distance between surface nearest neighbours, r an average

distance between the negative surface ion and the excess necgative

charge produced by the recou.'ruction, and we have evaluated
the Madelung constant of the surface to be a= 1.4 . The
evaluation of r is more difficult since it requires a volume
integration of the excess charge. From Fig. 13 of Ref. 13

we obtain r:% R -1.17 R and hence for a charge of one electron

transferred by reconstruction we find 4E ~3.7 ev,

Hence for the tirst surface layer chemical shifts ol the
order of =4 cv are expected and, in view of the resoclution

of Fig. 2, there is the possibility of okserving the resolved
levels of the firsl layer of atoms, especially if angular
resolved measurcments with large angles were performed.
according to Fiag. 13 of Ref. 13 the surface states charge
extends weakly te the sccond, third and fourth layer. The
charge density between these layers is approximately one fourth
of that around the first layer: Hence chemical shifts

1/4 x 4 eV =1 eV arc expected for these layers. These shifts
can account for the increase in width with decreasing escape

depth displayed in Fig. 5.

The same behaviour can be observed taking partial yield
spectra with different final state cnergies. The corresponding
gnectra are shown in Fig. 7. In these measurements, the enerqy
window of the analyser had a widbh of aboul 4 oV and the

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

r F
Since clectrons with a kinetic energy of 20 ¢V have a shorter
escape depth than those with a kinetic encrgy around 1 ¢V, the

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

the absorption edge at the surface”is broader than in the bulk,



which is in agrecment with @ increase ¢l the photoomission
linewidth. The widlh of the LIII absorption edge changes

from 280 meV to 490 neV by gcing Lrem 1 oV to 20 eV kinelic
crergy of the clectrons, whereas the linewidth of the directly
measured photcelectrons coming cub of the 2 12372 levels changes,
frem 22C neV to 450 meV (after correction for pholon width

and analyzer resoluticn). lTwe consistent and independent
chservations ¢l an increase in core level line width near the
surtace have thus been obtained. %We sheuld also remark that
according te FPig. 3 a shift of EB:fO.1 eV o I tiwe core level

binding enercy alsc takes place for the intrinsic sample as the
surface is approached,

We now try to analvse the "blue® shift obscerwved for the low
enery tail of the abscrplicrn edge of the p = 1.6 x l()zocmq3
sample cf Fig. 4, in particular whether it can be attributed

to quanlization of the final conduction states in the surface
depletior layer. From Eq.(l0 b) of Ref. 18 we calculate for

this sample an cnargy for the first beund conduction state

of 0.4 eV above the bottom cf the conduction band. This is

more than the height of the barrier itself and hence the [irst
conduction states near the surface arc expected to lie at

about the same height as the bulk ones. A "blue" shift of the
order of 0.3 ¢V can thus be expected. While this interpretation
appears to Le in aureemnent with the spectia in Uig. 4 we should
mention that the bluc shift showed up only with low kinetic
cnergics ki Lor which the spectra conlain partly o large
volume contribution. The fact that this shift was not as
pronounced in surtace sensitive spectra (high Ky} can be atltri-
buted Lo the broadening of the core levels as shown in Figs. 6 b

and 7.

I order Lo detormine the cx :tonic binding energy associated

with the absorption spectruam of Fig. 4 we deposiled gold on

tha eanples of Fig. 2 so as to find the binding erergies EB

with respocl te the Ferni energy of gold (7 Fermi encrgy of

our sampldg. We then take the FPermi cnergy with respect te the

Lop of the wvalence band (1, - yfor each sample from Fig. 2.

Y
Using the xnown valuc of the indirect gap at room temperature
[ 1.1 2%, wo find for the binding concerygy of che 2p ;/alcvols

5 the bottom of the cenductien band:

with resp L

- B, = 99.91 1 0.15 eV.

-

in Tig, 2 (at 99.75 4 0.05 eV)

the point labolled ITeS,
o be the nost reascnable assignment of the odee in view of
that the widlh ofthe correspending slreteh of the absorpticn
adga appreximately eqguals the monechronator reSOlEion. We
thus [imd Tor the excitonic binding energy 29.9 - 99,76
0.1% - 0.2 eV, basically neyligible and much swaller than

15,16 _ . N
Cne could increase our vaiuc ol the

previously reported.
inding creryy if cne laxes for the position of the excitonic

the onset ¢l the absorpltion tail at  99.0 eV in Fig. 3.

sver, such assignnent would noz be reasonable since this

e
tail can be accounted for in torms of core lovel width (0. 2ceV)
and menochrer 2er 1esolntion (0. oV wWe o should point out
that the “oct that she binding enecrgy of the vore excitengs is

crinental crror does neb omean that

nechigible wythin Che o
. . - : 2
excitonic cffects are aksent in the 2pj/ edge. The stecpness

of this cdge, an compared with that of the density of conduction




References

states can still be taken as cvidence for cexcitonic effect

P 1. M. Cardona , W. Gudat, E.E. Koch, M. Skibowski,
at the edge.

B. sonntay, and P.Y. Yu

Phys. Rev. Letters 25, 659 (1970)
Acknowledgements

We would like to thank Wacker Chemitronic for kindly 9 E.E. Koch. C. Kunz 4 B. Sonnt
. 1.E. Koch, C. , an . ag,

supplying the samples used in these experiments and
ppying amp P Physics Reports 29¢, 153 (1977)
Dr.Lothar Ley for a critical reading of the manuscript.
3. . Brown and O.P. Rustgi, Phys. Rev. Lett. 28,

497 (1972)

4. Ww. Gudat, 1. k. Koch, P.Y. Yu, M. Cardona, and C.M.

pencliina, Phys. Stat. Sol. b52, 5085 (1972)

5. J. Daniels, C. v. Festenberg, H. Racther, and K. Zep-
penleld, Springer Tracts in Modern Physics, Vol. 54

(1970) p. 77

6. w. Gudat and €. Kunz, Phys. Rev. Lett, 29, 169 {1972)
7. J. Bardecn Phys. Rev. 71, 717 {1947)
! 8. F.G. Allen and G.W. Gobeli, Phys. Rev. 127, 1530 (1962)
9. W.E. Spicer in "Optical Properties ol Solids", ed. by

E.0. Scraphin {North Helland Pub. Co., amsterdam, 19706),

. G310



10.

11.

12,

13.

14.

15.

16.

19.

_]7_

J. Sharma, R.N. Staley, J.D. Rimstidt, H.D. Fair

and T.F. Gora, Chem. Phys. Letters 9, 564 (1971)

J. Hedman, Y. Bacr, A. Berndtsson, M. Klasson,
G. Leonhardt, R. Nilsson, and C. Nordling, J. Electron

Spectr. 1, 101 (1972)

L.F. Wagner and W.E. Spicer, Phys. Rev. B9, 1512 (1974)

M. Schliiter, J.R. Chelikowsky, $.G. louie, and M.L. Cohcen,

Phys. Rev. 12, B4200 (1975)

D. Haneman, Phys. Rev. 121, 1093 (1961)

R.S. Bauer, R. 2. Bachrach, J.C. McMenamin and D.E.

Aspnes, Nuovo Cimento 39B, 409 (1977) and R.S. Bauer,

private communication.

G.Ma:garjtdndo, J.E.Rowe, Phys. Letters 53A, 464 (1977)

F.C. Brown, R.Z. Bachrach, and M. Skibowski, Phys. Rev.

16, 4781 (1977}

¥. Stern, Phys. Rev., BS, 4891 (1972)

Ww. Eberhardt, G. Kalkoffen,and €. Kunz, Nocl. Instrum.

and Methods, inh press.

20,

21.

22.

- 18 ~

G. Chiarotti, S. Nannarone, R. Pastore,

P. Chiaradia, Phys. Rev. B4, 3398 (1971)

C.K

B 1

N.

B9,

. ki,

S. Rodriguaez,

3, 5429, (1976)

and M. Cardona,

and

Phys.

Rev.

shevehik, J. Tejeda, and M. Cardona, Phys. Rev.

2627

(1974)



_19_

- 20 19
nv(cm ')) a=1,6x10 p=2,5x10 p=h,Fﬂ:\"lO18 11:]()14 n:8X1O]9
Erp -105 -6 +37 E; ~310 E; +60
Epg™ 260 300 340 430
+
E 233 259 277 130 428
FS
theor,
+ iy o [
v, 338 265 240 460 732
R +
s8R 16,7 37,8 68,4 2,47x10% 34,8
nv0 3
5 (2) -3,2 -1,2 -0,6 +3x10° +3,5
(o]
E_.%* _
F8 heor, 232 255 270 300 427
corr.
v e 337 261 233 490 733
Q *4 - - 4
s(a) 16,7 37,2 67,4 2,55 10 34,8

Table I. Values ol the parametcrs required for the calculation of

the solid curves ol Fig. 3. All encrgies are in meV,
Iy 1s the indircct pap enerpy(l.l ev).

* Measured, from Ref. #
Calculated assuming n' = O jn Fay. (1)

** calculated for n' - 0.002 n_ so as 1o obtain agreement between
5

(L. and Lhat obsevved in Fig. 3 for the sample with
l‘Jthf_‘.or.

n = 1014.

(8]
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Figure Captions
S-EUTE Laptions

Schematic diagram of Lhe  sre level shifts associated

with space charge laycrs in heavily doped silicon.

bExperimental observation of the shifts in the 2p (LIII - LII
core lines of silicon with doping the kinctic encrygies

arc referred to the vacuum level.

Shifls in the pesition of Lhe LIII line of Tig. 2 as a
function of doping anrd photon energy. The solid and dashed
lines were calculated as described in the texl. The band
and surface states (shaded) diagram assumed [or the

calculations is given on the left vertical axis.

Yield spectrum { = absorption) spectrum of pure and

heavily doped silicon for the LIII = L absorption cdge.

Llll - LII corc lines of pure silicon (solid line) and

. . . oren | . .
corresponding fits with two tzian functicns of widths

given in Fig. 6a.

{a} Widths reguired for the lm'C{?zian fits of Fig. 5 and
corrcsponding analyzer (CMA) and monochremator (Flipper)
resolutions,

(L) Width veguired for the lorwp&ian fits of Fig. 5 alter
Jaussiao deconvolution of Lhe monochromator and analywor
rosotutions,

Yield spectrum of pure silicon for two different positions

ol Lhe conter of the 4 ov analyzer window,

)
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