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Abstract

Total pkotoelectric yield rneasurements were performed on - 800
A tliick AI ßltns evaponted in ultrahigh vacuum on glaxs sub-
strates. Fitting of the photoelectric yitid äs a function of angle
of incidence using I'epper's equationx yietded optical constants
in excetlent agreernent u'ith those oblained from reßectance mea-
fiurements on the same ßlms. Th>* utaMü&ej a eonvcnient
method for determining optical constants and yields in addition
values for film thickness and electwn escape deptks.
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Aecurate delermination of oplical constants in the XL'V (vacuum ultra
violet- soft x-ray-) region is diff icul t and the available data in the literature
are fül l of unresolved contradiclions. We demonstrate here thal the determi-
nation of the total photoelectric yield äs a funct ion of the angle of incidence
on a mirror madeof a conducting material or of a t h in film of such a material
on a well defined Substrate, is sufficiently specific lo obtain accurate optical
constants. I'epper l h äs given the relevant formalism to calculate the an-
gular dependent photoelectric yield for a ih in film on a substrale already

in 1970. We have used these equations in a h'tling procedure to obtain the
real- and imaginary parts ( t i . ( j ) of the dielectric function, film thickness.
and average escape depth of the photoelectrons.

The central assumption in this formalism is that the number of escaping

photoelectrons is determined by the energy absorbed in the topmost layers
of the sample. The escape probability is given by a weight factor exponen-
tially decaying with distanre from the surface. As we shall discuss below
this special choice of ihe escape function is ihe weakest point in Pepper's
theory but forlunately the optical conslants are quite insensilive to the de-
taüs of th is probability factor. Only the relative inlensity of photoemission
äs a funct ion of angle of i n < i<!<>nre 6 for a given photonenergy h~' needs to

lie measured. This contains M i h e necessary Information. The Information
\* vcry specific ( l ) due lo inlerference structures in regions where the f i lm is
transparent enough to altow for a Mrong reflected wave from ihe back side
of ih r f i lm to inlerfer, (2) due lo the onsel of total reflection resulting in a
decrease of photoelectric yield at well defined grazing angles (this contains
mainly Information on (|) and (3) due to the shape of this decrease (which
contains Information on ( j ) . This method was appüed before by Arakawa
and co-workers '2,3 with the primary goal to obtain eleclron escape deplhs
of \ at 21.2eV and for C between 20 eV and 61 eV photon energy. In
addit ion ihe real pari of the index of refraction was obtained. By greatly
improving ihr experimental accuracy and by covering a large speclral ränge

we demonstrate here that this method has ihe potential of becoming äs im-
portanl äs the other techniques now in use 4 to determine optical constanls
in ihe X l ' V rangr. On the same samples on which the total phQtoelectric
yield was measured under u l t ra high vacuum (l'HV) conditions, reflectivity
versus angle of incidence was measured giving independenl resulls for the
dielectric constants with Standard evaluatlon procedures 4 . Thus the two
mrlhods could be compared directly. In addition, values for ihe escape depth
of pholoelectrons were extracted.

Peppcr 1] gave a rigorous Ireatment of the photooptical behavior of th'm
lilms in ihe local l imit . He calculated expressions for the refleclance, the
transmitlance and the divergence of the Poynt ing vector in the film. These
expressions are valid for arbi t rary values of angles of incidence of the pho-
tons and arbitrary values of the local dielectric funct ion of the film and of ihe
substrale. They are given for s- and p-polarized radiation. Since our mea-
surements are performed wi lh s-polarized radiation no complications due to
the surface photoeffecl are expected. In calcutat ing the pholoeleclric yield



diffusion of the primary excited photoelectroti to the surface, inultiplication
due to electron-electron scattering along its path and escape through the sur-
face potential barrier are all Condensed in the simple function C • f. */1lMi

Here L(few) denotes the photon energy dependent electron escape depth.
The energy dependence of L(fi^) is clearly due to several reasons. It is the
mean over a wide energy distribution evolving around ihe original location
of absorption after a series of srattering events. C is a constant. Following
Peppcr's notation the total relative yield for a f i lm of thickness d may be
written äs

where rj(y) is the volume absorptance which is proportional to the negative
divergente of the Poynting vector. The function F(L) is completely deter-
mined by the optical constants f . the photon energy hu, the photon polariza-
tion and the angle of incidence 6. Definingthe quantity G(Ö) - Y{6)/Y(0) äs
the relative total photoelectric yield the unknown factor C cancels out, since
it does not depend on Ö. The angular dependence of G(8) is determined by
the optical properties of the material and by the value of the electron esc ape
deplh Lf f tu , - ) . The expressions for ?i(y). F(L), f ' ( 6 ) and Ihe refiVrlanrp are
rather complex and the reader is referred to Pepper's paper for dctails.

]n th is work the reflertivity and ihe relat ive yield äs a funct ion of angle
were measured for the same sample w i lh a l . 'HV-reflpflomelc-r eqnipmoni.
5:. The spectrally pure radiation was supplied by thr "BL'MBLF HEIT-

monochromator, which is especially defigned for good suppression of higher
harmonier in the Xl'V [6|. This monochromator is installed at the syn-
chrotron radiation laboratory HASYLAB and obtains radiation frorn the
storage ring DORIS. OUT reflectometer is equipped with a rotatable sam-
ple holder with an electron collertor, a diode detecl.or, -an e-gim evaporalor
and a quartz-crystal thickness irjunitor to estimatc the film Uiickness du ring
and after cvaporation. The sample and the deledor arc rotatablc w i l h an
angular resolution of about 0.005". Measurement is assisterl by compuler
control. Thin films of aluminium were e-gun evapnrated from high pur i ly
At in l'HV oril.o an optically fiat glass niirror. The evaporator was plared
at a distance of 17cm to the Substrate ensuring a good compromise belwccn
uniform film thickness and short duralion of the evaporalion. Refore evap-
oration the pressnre in the reflectoinetcr cJianiber was about 4 • 10~ l f rnbar,
while during evaporation the pressure rose up to 1Ü~7 mbar. Immediately
aller evaporation ihe pressure decreaserl to 10 n mbar and measuremenls
were started.

Before evaporatitig onto the borosilicate glass Substrate its optical con-
stants were determined by the multiangle method 3 . The AI films wc-re
found to he stable with respect lo their optical properties. Measuring the
reflectivity and the lolal yield of the AI films 20 h after evaporation the same
spectra were reproduced within the experitnental crror limit. Especially near
the O-K-edge and the Al-I^^-edgc, an oxide layer grown on the sample sur-
face during measurements would have lead to a measnreable change in re-

flectivity. For photon energies below the Al-L; 3-erige Pepper's reflectivity
expressions for a film supported by a bulk were fitted to the experimental
data by the method of le-ast squares, to derive the optica! constants of thin
AI films. Therefore a \'2-function was minimized :

- E «

The weights are given by g, — ot whereby o, denotes a measuring error
due to statistica! sources for each experimental poiut . Fig.l shows a plot
of a measured reflectivity curvc of an AI sample for a photon energy of
hu - 6,r).3eV7 with a logarithmic R scale. The solid line is a rcsull of a
least-squares-fit. Each point of the dotled line in the middle of the figure
shows the difference of the theoretica! value minus the experimental value of
the reflectivity in nnits of the slandard deviation (T, of the supporting point
i. The strong interference pattern of the reflectivity curve, which allows to
deterrnine the value of film thickness d from the fit with high ac.curacy, is
typir.al for photon energies below t.he Al-L^^-edge. The theoretica! expres-
sion for the reflectivity ff;h,„(^} dcpends on 5 adjustable parameters, the
optical constants of thr (ilm (.4;. the opl ica l constants of the Substrate £.„j.
and film thickness d. e,u and d were used äs fitling parameters, whi le the
optical coi iGlanls of t hü H übst rate, äs di'lLTinuied also by jnul t iangk' nifasurc-
iiKjnls served äs fixed parameiters. Abovc the AI-L^y-edge ihe interference
slnictures in 1he refienivity rurves disappear and thus the simpler Fresnel
ecjuatioiis for the rel lect ivi ty of a bulk material could bc used.

The photoelectric yield äs a function of angle of incidence, Y ( 6 ) , relative
to the yield for normal incidence. i'(0), was evaluated applying the sarne fit
tr i leria äs for the reflectivity data. For photon energies below the Al-L^a-
cdge Pepper's equations for films were applied to yield values for the optical
ronstants (Ai. of the film thickness d and of the electron escape depth I,(/tü.').
As in the case of the reflectivity the optical constants of the glass Substrate
were kept äs fixed parameters. Above the Al-T^^-edge again the films re-
vealed a pure bulk behaviour and the corresponding expressions of the total
yield for the bulk could he applied in the fit procedure. The application of
Pcpper's equations for films also gave ret-ojiable rebults in this case but caused
unnecessary complications in the fit procedure. Fig.2 shows the measured
total yield äs a funct ion of ang le corresponding to the reflectivily spectrum
shown in Fig.l. In bolh casos the value of a, was 1% of the experimental
value. Fig.(3,4) snmmarizes the fit results of the dielectric functions (] and
f 2 obtained by both mc-t.hods. The circles denote the values of the reflec-
tivity method, while the crosscs refcr to the total yield method. The value
of the film thickness delerrnined from the ref ler t iv i ty is d — 768 ± 10Ä while
that from the total yield melhod yielded d - 773 ± 9.\ For both methods
complete s-polarization was assumed, but it was tested that the fit resuhs
do not depend on the degree of polarization äs long äs it lies above 85% s-
polarization. In our experimental arrangcment this is the case. The Variation
of the electron esrape. depth with ihe pholon energy is shown in Fig.5. The



agrcement o f t he result ,? oblaincd by ihe tvodif fWoTit melhods 'K, no tevmrlh) .
\\'e consider this lo be a solid proof for ihe total ) it'ld mdhod to be at le.asl

äs rp l iab le äs the refloctivity mcthod. ]( may pvon givc bitter valurs sinn1

the probiem of an independent de.tertor is e l imina ted and s ince inoreover u
surfarp. roughneps may have less inlluence. The l a l t c r conjcclure stems fron)
the obscrvation lhal the decieasp of Y ( 6 ) at the highes! vahies of 6 \s deciMvc
in rJpt.p.rmining the optical paramcters. This docrcasc js detcrmined by t ho
reflect ivi ty of the sample. In the casr of a no! lo large surfacc roughnesb,
howpver. the surr of specularly and of scaltered l ight i s, p r a r t i ca l ly pqual t. o
llie spenilarh1 rt'flcttion of a ppr fe r t ty sninoth siirfate. Thtp thus dcti'rinitn.'cl
(2 of AI in thfi region beforc the onsct of thf AI-L;.3-eHgp ;7 is ronsiderably
smaller than any other vahies given in thc l i ieraturc. Wt- a l t r i b u t e this 1o

Lhc fact thal WP were abie to prt'part1 our samples- in situ ur idf i r much beltcr
condilions ihan anyone before. Any smal! contaminatioii of oxygen or o! her
impuritips w i l l increase Iht absorption coefficient. in a region wherc it is so

low .
Thp stränge resonance bcliavjour of L(fex') armind the AI-LZ]s-iidgc und

the increase of L for h^ > 4UüeV is suiprising. A real physical proress
vvhidi rould causc such variat ions-; of l, in fa i r ly l i r r i i l o d n-gioiis appear-- to
bf1 iniprobable & i n r p ihe photocleclron-i w h i f h uscapc liavc p r a c t i c a l l y los l
ihe pr i rnary infoniiation about thc ; i n i t i a l pholon ci i tTgv du« 1 1o i n H a M i i
mult iple sra l lor ing processrs. \Vo thereforo Iricd to find olhc-r rcasons i'ui
ihesc cxcursions of L(h^}.

OUT conjerture is that thc exponent ia l ly decaying escapr fuiiclion gives
too ruuch weight to prirnary absorption o t c u r i n g in t.he topniost layer. This
appears to be unphysical since a primarily exciled photoi'lt'ctron could pscape
from there withont multiplying in a casrade of plertron-clectroii s ta l te r ing
cventE. This inuliipliLalion, howp.ver. whirh ;ül 1h*1 d t 'c t rons pxc i lpd \ \ i t h
high photon energies havc undergone. is considerably i r i r rca- i i i i« l In- tii-ca}«'
probahit i ty. \Ve therefore modified thc esrape f u n d i o n fo rma l ly äs

in order to eliminate by a proper choice of GI the too high esrape probability
for near surface excitations. Model calf ulations showcd lhat the effect of such
a modifkation is unimportant, in most parts of t.he. spectrum bul bocomc-p
effectivfi in regions where (-2 is smal] whirh is cxactly where ihr exciiTsions of
\; ottur. By proppr rhoice of QJ tlicse e^cursions rould Uc rt-iuovod. Sinre.,
however, our choice of the modified esrapo f u n c t i o n in quile arb i l rary . VVP

abstaincd to reralculate our f i ts w i t h this ncw f u n c t i o n . 'J'he a d d i t i o t i of
further fit parameters, would bear thc danger of ovcr intcrprcl ing our rt 'Mihs.

In foncluding, we havc demonFtrated t.hat the inoasureraont of thc rel-

ative photoelectrk yield of bulk rnaterial or of i h i u (il'ns on well dpfiiir-d
snhalrates providcs sufficient Information to dctermine op t i ca l constants in a
wide spcctral ränge of the XUV. Tliis could become a ronvenient techniquc
with many advantages also for othfr rnatcriais I f i a n AI. The ddprminatiori
of the eleclror! escapc dcpths, for w h i c h such nieasurements W*TC uscd b*il'ore,

i - tiKo po^ililc h u t bcforr i h i ' i rn 'Üiod ( < i n l ' i . l i v br t \ | i k i i i c d in l l i i - - t l i n - i l ' .on.
an i m p r m r d lln-orel i r ; i l i i n d r r F t a n d i r i » i1- n t c d r d .

\\ \ \ i sh t o t l i a j i k M . K r i - t l i «nd - I . l . i n h ' i i n n d f o r a s ^ i s t i n g d i i r i n g l ! i t >
i n c a ^ i u r i n c n t ^ . This work was • -uppor i cd b> i h c Buiidosiiuii i istcri inu für
Forsrljuiig und Tcrlmologk1 n i i d c r ( n n t r a i l no. 05 248 K T T .
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Figure Captions

Fig.l Reflectivity R(0) versus angle of incidcnce 9
at a photon energy of hu = 65.3 eV. The dolted
Üne in the middle of the figure shows the deviation
of theory minus experimcnl in units of O(.
For explanation of this quantity see text.

Fig.2 Total photoelectric. yield G(ö) versus angle of
incideiice 6 normalized to yield at normal incidence
at a photon energy of hu — 65.3 eV. The yield
spectrum was obtained from the same sample äs the
reflectivity shown in figure 1.

Fig.3 Real part of the dielertric function £ t versus
photon energy hu. The crosses denote the fit
rcsults of the total yidd rneasureineiits. while
the circles refer to the reflectivity method.

Fig.4 Imaginary part of the dielectric funct ion < 2
versus photon energy hu. As in figure 3 ihf
crotyrs mark the valut's obtained by the total yield rnethod
and t hc cirrles those of the reflectivity measurem^nls.

Fig.5 Electron escape depth L versus photon energy fewj.
The error bars shown in the figure were obtained by
the fit procedure. For a critical discussion of these data see text.
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