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Inelastic sca t te r ing processes, which result from the decay of photon excited

atoms at t racted over the past decade a strong, steadily increasing interest

caused by the availabil i ty of high intensive, pulsed Synchrotron radiation

from storage rings Ü] ,which has a continuous spectral distribution from

the infrared to the hard x-ray region. Photoemit ted electrons, scattered

photons and desorbed ions are s tudied with high energy and momentum resolution

äs well äs time resolved.

Althougb the photon cross section drops of f rapidly with photon energy,

the f ron t ie r s of these measureraents of etnission processes are continuously

advancing into the short wavelength part of the spectrum, revealing new

scat ter ing and new spectroscopic appl ica t ions .

In this context scattering caused by spatially modulated electromagnetic

wavef ie lds , which have the local periodicity of a c rys ta l l ine la t t ice , has

becorae specially exciting. Such x-ray standing uave measurements were intro-

duced by Batterman [ 2 j who studied the y i e l d of f luorescence radia t ion from

atoms interacting wi th a periodic interference pattern which was generated

under the condit ion of dynamical Brägg d i f f r a c t i o n . The interference of

the coherently coupled incident and ref lec ted waves produces a standing

wave pat tern with nodal and anti-nodal planes parallel to the ( h , k , l ) d i f f r a c -

tion planes. When passing the strong Bragg reflection condition by changing

the ref lect ion angle 6, the nodes of this interference f i e l d move by half

a plane distance from being in phase wi th the (h,k,l)-Fou.rier component

of the electron charge density to being out of phase by TT radians at the

high angle side.

Fol lowing this work several groups started to investigate other inelastic

channels such äs thermal d i f fuse scattering [3 ,4 ] , Compton scattering [ 3 , 5 , 6 ] ,

olectron e m i s s i o n [7 ,8] , luminescence excitation [9] and internal photoeffect ^ Iß]
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An important app l i ca t i on of this moveinent of the interference pattern on

a crystal latt ice constant scale was real ized by Golovchenko, Batterman

and Brown [ I I ] uho measured the characteristic fluorescence radiation from

As impurity atoms, implanted in a Si host la t t ice to determine atomic posi-

t ions relat ive to the bulk d i f f rac t ion planes. Later on [ 12l it was shown

that the position of adsorbates on crysta l l ine surfaces can be measured

wi th a high spatial resolution even for sub-monolayer coverages.

In this paper we report the f i r s t measurements wi th Synchrotron x-radiation

(SXR) in this f ie ld . By studying two d i f f e r e n t appl icat ions , we demonstrate

the advantages which were realized by applying the propert ies of SXR in

an adapted way.

Our Instrument is instal led at the ROF.MO S ta t ion of the Hamburger Synchrotron

Radiation Laboratory HASYLAB in Hamburg and uses radia t ion from

the DORIS storage ring. The ioset in Fig. l shows a schematic lay-out in

a side vieu. Synchrotron radiation is f i r s t monochromat ized by a double

crystal d i f f rac torae ter for which a vatiety of p e r f e c t Si and Ge c.rystals

was prepared w i t h d i f f e r e n t orientations which can be used in various combi-

nations. Since the monochromatic beam has to have an angular emittance which

is sraall in comparison to the sample ref lect ion wid th , asymmetr ica l ly cut

crysta l s [ 1 3 ] w i t h d i f f e r en t asymmetry parameters are used äs second crysta ls

w i t h a smal l angular emittance which goes in hand with a large angular accep-

tance. To gain maximum intensity, this acceptance ränge has to be i l luminated

by a proper f i r s t crystal . This combination also has to reduce the spectral

contamination arising from harmonics. A Ge/Si combination [ 14] f u l f i l l s these

requirements over a wide ränge of applications. The angular collimation

of the monochromatic beam can be changed contimitmsly via the Bragg angle,

thus s l ight ly tuning the photon energy. Dur ing a measurement an analog feed-
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back System can be used to keep the monochroaiator crystals aligned [15].

The monochromatic plane wave like beam is reflected from a sample crystal

which is mounted on a goniometer. The angle is changed across the narrow

ränge of Bragg reflection by a piezoelectric crystal which is imder control

of an electronic feedback System L 16J to assure a linear angle drive over

a well defined angular ränge. A NaI (Tl) detector measures the reflectivity

and a Si(Li) solid state detector records the fluorescence radiation in

an energy dispersive manner. The data are stored äs a function of angle

into a multi-channel analyzer operating in a tnulti-spectrum scaling mode.

To demonstrate the possibilitles of this Instruments we have chosen examples

in the areas of bulk impurities and adsorhed surface layers which can be

compared with results from measurements with conventional x-ray tubes, namely

the cases of As implanted into Si L I7J and Br adsorbed on Si L 12,18]. However,

with a higher reflection order we demonstrate one of the new possibil ities

which can be realized routinely by using SXR. The As and Br data were recorded

with DORIS running at an energy of 5.0 and 3.7 GeV and a medium current

of 25 and 40 mA, re.spectively . Fig. l shows the measured reflection curve

15 2
and As fluorescence yield data versus angle from a sample with 10 As atoms/cm

implanted at 60 keV ion beam energy. The (220) diffraction planes are oriented

parallel to the surface and the crystal was annealed for 0.5 hours in a

dry N„ atmosphere at 775°C. The monochrnmator consisted of a Symmetrie (220)

Ge and an asymmetric Silicon (220) crystal. The result of a least square

fit to the fluorescence data can be expressed äs a coherent fraction f „,n

of As atoms which register coherently with the Silicon {220} planes and

by a position id„ measured äs an offset perpendicular to the (220) planes

[ 19] . For the case shown, this analysis gives f = (79.3 +_ 1.2) % and

d = (0.022 +_ 0.003) * needed to record this scan was
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2
30 minutes wich an i l luminated crystal area o£ 14 mm i r ra i l ia t ing an acc.ep-

tance angle of Che Si(Li) detector of roughly 0.3 srad.

The high degree of linear polar izat ion wi th an e l ee t r i c f i e ld vector l y i n g

hor izon ta l ly was used to improve the s ta t i s t ica l precision of the f luorescence

data . Looking w i t h the S i ( L i ) de tec to r into the d i rec t ion of the e lec t r ic

f i e l d vector rednced the backgrcnind due to Compton- and e las t ica l ly s ra t t e red

photons spec ia l ly far out in the tal lS of the r e f l e c t i o n curue . In th is

way the s t a t i s t i ca l ervor r e m a i n s almost constant across the r e f l e c t i o n

w i d t h -

The pe r iod ic i ty of the Standing wave pa t t e rn is changed by u s i n g h igher

reflection Orders . Applying the high photon i n t cns i t y from SXR öf te r s the

possiblli ty to compensate for the corresponding i n t e n s i t y loss. Fig. 2 shows

a (440) scan of the same sample, which was again Laken in 30 rninutes at

E = 15.2 keV wi th a result f . , „ = (66 .3 -t- 3 .3) 7, and Ad, ,„ = ( 0 . 0 4 1 +
•y c,440 — 440 —

0 - O D ^ä

The standing wave analysis determines the a m p l i t u d e f . 1 and the phase

* = 2" jd/d of the (hkl)-Fourier compcnent of Lhe i m p u r i t y d i s t r ibu t ion
h A! n K l

f unc t ion . There fo re , a foreign atom in a cent rosymmetr ic c rys ta l a lways

gives a Position answer 0.0 x d or 0.5 x d äs long äs the d is t r ibut ion
tlK i UKl

func t ion remains, äs in the ptesent case, syirnnetric wi th respect to the

d i f f r a c t i o n planes, The measured o f f s e t Ad = Ad «= 0.04 A is thus induc.ed

by an expansion of the Si lattice in l-he region of the shal low L '?] imp l r a^ t cd

Si/As layer. Since the wavefield p e r i n c l i c i t y is only d e f i n e d by the under ly ing

perfec t Si lattice this position o f f s e t de t c rmines a mean in tegra ted l a t t i ce

relaxation [20. ' . The local l a t t i ce expansion a lso depends on the impur i ty

concentrat ion which aff i ' . c ts the :iumber of atoms w i t h a ce r t a in one d i rec t ional

displacement relative to the bulk la t t ice p l anes . This in l luences the amp l i t ude
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f [21 _ • , however , this dependence is neg l ig ib lo for the As results .

Thr wid lh of the d i s t r i bu t i on f u n c t i o n w i t h one la t t ice pl.icc bein^ r n h e r e n t l y

occupied by an impur i ty atom can be derived f rom the a m p l i t u d e s o£ the Fourier

coraponents. If the As atoms occupy coherent ly exclusively s u b s t i t u t i o n a l

places and if the remaining por t ion is incohe.rent ly d i s t r ibu ted , a w i d t h

'! 2 o2
of <u > + un = 0 .01 S is in fe r red from the da ta [ 2 l ] w i t h 16 7a of the

atoms being r a n d o m l y d i s t r i b u t e d . This wid th contains cont r ibut ions from

2
the mean square v ib ra t iona l amplitude <u > and p o s s i b l y also from a dis tor t ion

p r o f i l e whic.h cannot be excluded f rom the present d a t a and was assumed to

be Gaussian l i k e w i t h S tandard deviat ion o .

If we f u r t h c r examine the result for a d i a t r i bu t ion func t ion wi th two poss ib lc

s i tes , the measured of f -p lane position is Ad = 0.6 A w i th less than 10 %

oi al l As a t o m s occupying this site, w h i l o the subst i tut ional f r a r . t i o n remains

the Käme äs above. This result is val id äs long äs 0.004 A < <\i > + ö

< 0 . 0 ] A . In view of the Si bu!k mcan square amplitude, <u > = 0.006 A ,

i h i s requirement is safe ly sa t is i ied . Such minor i ty position can hc- caused

hy an As-vacancy coupling. The r e l axa t ion of a Si atom towards a s i eg l e

vacancy was calculated .22] to be 0.6 A, which is in fa i r agreement w i t h

the de te rmined As of f -pos i t ion .

To prove. t h i s model unarabiguously and to c h a r a c t e r i z e the bulk impur i ty d is t r i -

bution func t inn comple te ly , additional higher order measurements aa wel l äs

s tudies at te^iperatures other than room tempernture should be carr ied out .

Another System whcrc pos i t i on answers may be ob ta incd d i rec t ly is an adsorbecl

sub-monolayer on a crystal s u r f a c e . Fig. 3 shows the result for Br cheaisorbed

from a liquid s o l u t i o n of Br in tnethanol on a S i ( l l l ) su r face . The h igh

prec i s ion of the measurement is reflecte.d by the r e su l t be ing
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Ad = ( 2 . 6 ! 4 0 . 0 1 ) & and f . . . = ( 7 4 . 7 -t 1.0) %. The who le me.asurcment
1 1 l — c, l l !

on the 0 . 0 2 monolayer thick adsörbate was recorded in ! hour. This rc-sul t

agrees wel l wi th former measureiaents ['<&] and confiras the assuraption of

a single-fold on-top Br posicion on Ehe S i ( M l ) Substrate.

Concluding we l ike to sum up that SXR has proven to bring the gain in prec i s ion .

sensi t iv i ty 1.23] and measuring tlme which is needed to make routinely measure-

ments of inelastic scat ter ing out of i n t e r f e r e n c e f ie lds w i t h pe.riodiclties

of the lattice netplanes. Also new applications become rout inely possible,

such äs h ighe r order measureraents, which are necessary to draw a complete

picture of bulk i m p u r i t y and adsörbate d i s t r ibu t ion func t ions ,

The authors like to thank K. J . Bedzyk f a r b i s a ss i s t ance in measu r ing

the Br adsörbate , N. Hertel for the Implanta t ion of the As sample and H.
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the monof-hromator c rys ta l s . The f inanc ia l support by the Bundesminis ter ium

für Forschung und Technologie is g r a t e f u l l y acknowledged.
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Figure Capc ions

Figure l Measured ( + , * ) and ca l cu l a t ed ( , •—) S i ( 2 2 0 ) re.f lect ivi ty

and As K fluorescence yield da ta versus r c f l e c t i o n angle, wi th

a Bragg angle 0 . The inset shows schemal ica l ly the experimental
D

arrangement w i t h an a n g u l a r co l l ima t ing sccond Si crysta l . Asymmetry

Parameter b ^ 0.08 = sin (8 -<p)/sin (9 -Kp), where <f is the
ti D

angle between the s u r f a . c c and the d i f f r a c t i o n p l ane .

Figure 2 As Fig. l , however, the S i sample crystal was r e f l e c t i ng in

second order ( 4 4 0 ) and the second monochromator c r y K t a l has

an asymnietry parameter b = 0 .2 .

Figure 3 lleasured (t,s) and calculated ( , ) S i ( l ! I ) reflectivity

and Br K f luorescence y ie ld daLa from a cherfiisorbed 0.2 mono-u J

laycr of Br. The second monnr.hromator crystal has an asynmetry

paraTneteir b = 0 . 0 7 .
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