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In a systematic investigation gold coated silicon substrates were irra-
diated with filtered and unfiltered synchrotron radiation under varying
conditions. The thickness of the contaminant was measured with a VOV
reflectometer through the observation of interference structures. In addi-
tion the overall photocurrent which varies with the thickness of the
contaminant could be measured. All results show that the cracking process
is caused predominantly by the photoelectrons emitted and not by the
primary photons. This is specifically supported by the observation of

two different growth rates: an initial fast rate up to about 50 { thick-
ness due to the high photoyield of gold and an asymptotic growth rate

of about 10 I the initial rate due to the much smaller yield of carbon.

A rate equation deduced from a simple model describes the dependence

of the growth rate on residual gas pressure and temperature in good

qualitative agreement with the experimental results.

to be published in: Proceedings of the International Conference on
X-Ray and VUV Synchrotron Radiation Instrumentation, Hamburg, August 1982,
Nucl. Instr. & Methods in Physics Research.

1. Introduction

The monochromatization of synchrotron radiation in vacuum ultraviolet
spectrometers and in advanced x-ray beam lines involves one or several
reflections from mirrors and gratings. Carbon contamination of the sur-
faces is the main reason for severe losses in the efficiency of these
elements, While sometimes great efforts are made to increase the angular
acceptance of such instruments by factors in the order of two to three,
losses of efficiency due to the build-up of carbon layers by one to two
orders of magnitude have been reported. The losses are especially severe

at and above the carbon K-edge at 280 eV photon energy.

Almost no systematic investigations on this topic have been carried out
so far. Nobody appears yet to have studied the build-up of carbon layers
under controlled conditions. Inspecting the optical elements shows the
areas exposed to synchrotron radiation to be brown from the conta-
mination with a carbonaceous material. In serious cases the carbon film
separates from the substrate due to internal stress and comes off in
flakes. SHIRLEYl) showed that the absorption behaviour (using reflection
EXAFS) of the contamination-overlayer would satisfactorily be explained
with an overlayer graphitic in nature. This result was derived from the
change of transmission of the grasshopper monochronatorz'J) that operates
with optical elements coated with platinum. This metal is known to be a
good catalyst and it was proposedl) therefore that gold as an inert ma-
terial should show reduced contamination. This assumption appears to be
hard to follow however, since only the first atomic layer is in direct

contact with the substrate, while typically between five and several

hundred layers are needed to abstruct the reflectivity,
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Another important guestion was raised, however, in this paper ) namely
whether

a) cracking is caused directly by the photons or

b) indirectly through the photvelectons emitted from the substrate,

Suggestions how to reduce or eliminate the contamination are based on
common sense. The main ones are to keep the optical elements in a
better vacuum, especially the first mirrors in a beam line since it
is expected that the contamination rate is both, proportienal to the
partial pressure ol hydrocarbons and to the flux of incoming photons.
Further Lhe heating of optical elements should reduce the adsorption
rate vf hydrocarbons. The most expensive and Lime consuming remedy is
practiced in all laboratories: frequent renewal of the optical elements.
A nonmechanical cleaning procedure ot pratings (glow discharge In an

0

4) -
oxypen atmosphere) was rccently repurted ', Its effect on the roughness

of the surface is not yet clarified.

In order to obtain a better understanding of the contamination process

it was our aim to determine the thickness of the contaminant as a function
of exposure time, residual gas pressure and subslLrate temperature, Si-
multaneously we wanted to correlate the photoelectron current {rom the
exposed arca with the growth of the films. We also tried to vary the

kind of hydrocarbon in the system. Although not all experiments were
successful and although the phenomena proved Lo be more complicated

than anticipated we could obtain a good first insight into the growth

mechanism.

2. Experimental Set-Up

The expasures ol the mirrors were performed at two beamlines of the
electron storage ring DORIS with different spectral compositions of

the radiation. In the first beam line (called "ITT") the mirrors were
directly irradiated with the "white" synchrotron radiation spectrum at
a distance of 27 m from the source point. (At beam line TFT an irradia-

tion threugh a Kapton filter (7.5 um} which shows an absarption be-

haviour almest identical to that of varhonJ) was also possible,) The

second slLation was at the Gl-beamline of HASYLAB 15.5 m from the source
point, which is a beam deflected by a Kanigen-coated mittor at a grazing
angle ol 2V, This reflection cuts of { all radiation with photou energics
above © 1000 eV, Relow this energy the reflectivity is near to one so
that the spectra of the two beamlines are almost ideotical up to this
energy. The dilferences are in the contribution of photons with energles
above 1000 eV to the contamination process. Due te the large number of
photons with encrgies above 1000 eV in beanline IFT considerable power
is deposited on the sanple causing a temperature increase during cx-
posurc. Because we found it very ditficult to centrol this heating,
which has a remarkable eitect on the contamination rate, most of the

measurements presented in this paper were carried out at beam line Gf.

The samples were polished silicen wafers of thickness 0.5 rm vovered
with an cvaporated layer of 700 R Au. They were clamped onte a temperalure
controlled copper block and were illuminated at an approximately I cm

wide sput. The conditions of illumination are given in lable 1.



The thickness of the contaminant was obtained trom the interierence

structures in the reflectivity spectra. The reflectivities of couta—
minated and clean gold mirrors were measured with a VUV reflectometer
(mounted also at the beam line Gl)for an angle of incidence » = 60" as

a function of the wavelength of the incident light (50 & < » < 500 &),

t

The ratio of both spectra shows a modulation caused by the carhonaceous
overlayer (see Fig. 1). These measured curves were fitted with theo-

6)

retical calculations based on the formula derived by PEPPER ' and using

the optical constants for C and Au given by HAGEMANN et 31.7).

Fitting parameter was the film thickness d. Thus it was possible to
determine contamination thicknesses in the range 50 % to 300 R, 1t

would have been desirable to be able to determine the thickness of even
thinner films but the interference structures of such films occur at
wavelengths where C and Au have too low a reflectivity for angles of inci-

dence less than 60”. For more grazing angles, however, the structures

occur outside the range of our monochromator,

In addition we could measure in some cascs the photoyield during the ex-
posure with a ting anode facing the exposed area of the mirrors. The
following parameters could be varied during the cxperiment: sample tem-
perature, residual gas pressure, kind of gas. Tn one cxperiment Au was

replaced hy CsI.

3. Results and Discussion

3.1 Pressure dependence

The first experiments werc concerned wilh irradiating the samples under
different vacuum conditions by varying the pump down time of the system
betfore irradiation. About I(}_7 Torr was the lowest pressurce obtainable
in beam line ¢l and l0_5 Torr in beam Iine 1FT (see table 1). The in-
tention was to reduce the contamination rate due to the residual hydro-
carbens to such an extent that & well delined addition of speciiic gases
would give the dominant contaminating effects. Fig. 2 shows the asto-
nishing result that the thickness obtained with the same dose is almost
independent ot pressure, The points denoted Ly syuares and triangles are
obtained under the couditions of the TFT-beamline which give a higher
effective dose since the spectrum of synchrotron radiation is not fil-
tered by a mirror there (the "dose™ is ubLained by electron current
multiplied by exposure time). Tnerefore for those points only the trend
for the two squares or the two triangles (each gronp belenging to a series

with other paramcters kept iixed) is meaningful .

Under these civcumstances it is not surprising that the addition of
methane gave practically ne eftect {in one case starting from a base
-5 -5 , -4 .
pressure of "~ 210  Torr 9+10 ~ and 4410 lurr wis admitted). The
. L. . R -4
addition of a more complicated orpanic compound (L3H8au) up to 610
Torr appeared to give a small eflect, bul re systewatic variation of
the pressure of this pas was performed. Altugether, the effects are
much less pronounced than expected Irem o simple proportionality to
the pressure and it appears clear frow these experiments that a much
better base vacuum isnoeeded 11 pressure offvcts and effects of specific

gases should be studied,




We can understand our results from the following simplified meodel. The
processes shown in Fig., 3 allow us to set up a rate equation it we assume
that one monolayer of hydrocarbons can be adsorbed and that at the lo-
cation where one molecule on the surface is cracked hy either a photon

or an electron a new [ree place for adsorption is created. The rate

equation is given by
dN/fdt = § - R - V - K, o

Here N is the density of crackable molecules on the surface, S is the
rate of gas flow to the surface, R the rate of reflected molecules,

V the rate of reevaporated molecules and K the rate of cracking of
molecules on the surface, A once cracked molecule is assumed to be
pinned to the surface. 1f n = N/Nmax is the traction of filled places,
and if we assume that only those molecules are reflected which hit a
filled place then R = n § = const *nP, since § is proportional to

the pressure P. Furthee K = const «n+T where is the

current density of either photons or photoelectrons. The recvaporation
rate is V o nTP-AE/kT (the temperature dependence could also be more

complicated). The steady state solution of (1) is obtained by setting

dN/dt = 0 vielding [or the contamination rate

Pl

R e s S
C,P v CqTe BEFKT,

(€3]

where the Ci's are constants,

Figure 4 shows the conLamination rate K as a function of the intensity

1 (which is the phetoelectron current as we shall prove later). The con-
stants are choser apprupriately in order to give a dependence on pressure
in qualitative agreement with our results. The parameter temperature was
kept fixed here. 1t is interesting to note from Fig. 4 that at high
pressures (here above IU_7 Torr) the contaminalion rate is practically
independent of pressure as observed in Fig. 2. In the rate equation (2)
this is borne out as a dominance of the tirst term in the denominator.

In the microscopic picture of Fig. 3 an empty place on the surface is
filled much faster than the rate at which photoelectrons arrive, thus
practically all pusitions available for contaminants are filled all

the time.

A complementary process would be intensitv saturation that is at very
high intensities and sulficiently low pressure the contamination rate
becomes independent of intensity, namely the surface is almost empty
and each hydrocarbon molecule is cracked immediately (see Fig. 4 and

equation (2)),

Finally, it in equation (2} the second term in the denominator dominates
(i.c. at low pressure, low intensity and high temperature) only then
the naively expected propartionality to both P and 1 emerges. This

can he also seen in Fig. 4.



3.2 Dose dependence

In another series of experiments we measured the thickness of the con-

taminant as a funetion ol the dose applied. If the cracking of hydrocar—

bons was induced by the photons directly the thickness should 2row pro-
portional to the dose. The result of such measurements is shown in Fig. 5.
Although films with thicknesses under * 50 R could not be measured the
zero point by definition is another valid point in the diagramme. The
interpolated curve supgests Lhat two difterent growth rates are involved,
one initial fast rate which dominates up to a thickness of 50 to 100 R}
and amuch slower asymptotic rate. The fast rate is at least a factor ot

5 (in some cases a factor ol 10) larger than the asymptotic rate. This

is, however, only a lower limit since no data points are available below

50 .

Such a thickness dependent growth rate is in contradiction to a direct
photoinduced cracking process while it fits well to photoelectron induced
cracking, Initially the photoyield of pure gold determines the electron
current penetrating the surface. While the carbon film prows,less and
less phutoelectrons excited in the Au substrate are able Lo reach the
surface and ultimately only clectrons excited in rhvlcarbon layer are
emitted. Since the photvelectric vield of € is much less than chat of

Au (see below) it is reasomable thal Lhe contamination rate is decreasing
continucusly and saturates at a value determined by the vield of ¢ (in

whichever modification it may grow).

Another lmportant test for checking the assumption of a direct phaton-

rracking was made the folluwing way: two films were contaminated in the
IFT beam with equal dose (WA x sev,). In one of the illuminations, how-
ever, a 7.5 pan Lhick Kapton tilm was inserted into (he path of the beam.

o)

Since such a fila’ is filtering out completely that band of radiation

which is preferentially absorbed by all hydrocarbons Lhe contamination
process should be reduced by orders of magnitude. The observation gave,

however, pracrtically Lhe same thickness in bolh cases what we consider

to be a strong argument againast primary phetocracking,

The third type nf experiments on this question was a direct correlation
of the contamination with the measured photocurrent. This will he des-

cribed in section 3,3,

We shall now work out a model tor the number of photvelectrons with an
eneryy high enough te crack hydrocarbons on the surface as a function of
the carbou Ihickness d (sce Fig, 6). In this calenlation we follow
closely the model of yield snortrnscupyx) and extund it to a two layer
system. While all those electrons conlribute to the prhotoeleciric yield
which have a kinclic cnergy high cnough to penetrate the surface barrier
only those can crack an adsorbed bydrocarbon molecule which have a kinetjc
caeryy “kin in vacuum above 2 certain threshold. We estimuLe this thres-
hold enerpy te be roughly 5 ¢V (about 10 eV relalive to the Fermi energy),
More spuecifically an enerpy dependent cross section for this process
saonld be considered, which is unkoown since we oveu do not know exactly
which species ot hydrocarbon is involved. Further, this cross section {s

dependent en the substrate on whivh the process takes place,
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In a certain simplification we assume that we can define an average
quantity, the mean escape depth EC and £Au of chemically active elec-
trons. Figure 6visualizes that this length is to be taken from the
cross where the primary photoexcitation takes place to the point where
the electron finally stops projected on the normal to the surface.

On its path several multiplication processeswill occur in coenjunction
with a loss in energy. I{ we follow now the peneral assumption of a

9)

material independent "universal curve"”’ for the mean free path of
monoenergetic electrons (the distance beLween the scattering processes
in Fig. 6 if phonon scattering is neglected) then we can assume

iC = RAu = {.0f course 2(hv) is a weak function of the energy hv

deposited in the process.

Since Wau and He» the photon absorption coeflicients are typically much
smaller than '/& we obtain the probability for a primary excitation in

a layer of thickness Ax as Ax-ui (i = Au,C). Since practically all the
deposited energy hv is transformed into electron excitation (direct
emission, scattering, Auger ete,) it is reasonable to assume that a
multiplication factor M(hv} « hv/E comes into play, where E is the energy
at which the cross section for cracking has its venter ol gravity or its
highest value if it happens to be peaked . E is measured relative Lo
the Fermi energy. The multiplication probability of a primary fast
electron is obviously reduced if it originates in the topmost layers.
Neglecting this,is another approximationwe make, Under these simplilying
assumptions the flux of chemically active photoelectrons ATe penetrating
the top surface due to all primary processes originating in a layer of

thickness Ax aL depth x is (with 1 the photon intensity given by

.
' 1
A @ 4 IR ' s i
LIC In(hJ)(hv/E) Lo Axdv
Integrating over x and v gives
© e fav T (/e 1o 8 e ()
e Jev 0(‘ ARDE ;Ll:’\u(' 1C € N

We make now a rough estimate for the paraneters involved and try to

fit experimental curves with the following equation

n - -
M) -0/l ] )

K=¢'l =c¢"' { 3
€ e

where c' and ¢'' are constants, Setting K = u'Ie is justified from (2)
since we are in the limit of pressure saturation.

A rough estimate was made for X{hv) with E = 10 eV using a random walk
model and assuming that each electron scallering process in Fig. 6 leads
to an equal distribulion of energy to both electrons. With the help

of the "universal curve"g) we obtain: € = 23 & for v = 100 e¥, 2 = 35 X
for v = 1000 eV and & = 65 £ for hv = 5000 eV. This is in good general
agreement with the value of ™~ 50 % for the thickness at which the transi-

tion from a fast Lo a slow contamination occurs in Fig. 5. Further

hv hy
'max max
(11].), =4 dv i Io(hv)(h\;lr{) f _d\: 10(1.-\.:)(11-\;/E) (6)
10eV 10eV
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is calculated with the tables for uin and the spectrum of synchro-

tron radiation lo{h\)). In sctting up this integral the weak dependence

ol £ un hv was suppressed, With hvmﬂx = 1000 eV for the Gl beam line

we obtain (uku}/ﬂln) " 10 from {6). This is in astonishing good agreement
with the order of magnitude diiference between the two growth rates in
Fig. 5. An actual fit according to (5) of measurements on beam line GJ

is shown in Fig. 7. Within the limitations of all the approximations
made no better agreement could be expected. Of course the missing
measurements for thicknesses below v 50 X makes it difficult to draw

more than gualitative conclusions from such a fit.

3.3 Measurements of the photocurrent

Measurements of the photoelectric yield as a function of dose are shown
In Fig. 8. We have te be awate that the overall yield as measured here
is not identical to the yield of chemically active electrons causing the
build up of the carbon layer. Especially the escape depth of the slower
electrons which could dominate the yietd and are included here is larger.
The obvious iaster contamination on a Csl substrate of 200 -~ 300 R thick-
ness (Fig. 8) should therefore be considered qualitatively rather than

quantiratively as a conscequence of the higher photoelectric yield of Csl

compared to that of Imlo).

In an expanded time scale we have observed also the behaviowr of the
photoyield at the beginming of the exposore of a fresh pold substrate.
Fig. 9 gives a typical result. Initially at poimt 2 & pesk occurs

which disappears in a very short time. This could he temtatively Jdemti-
fied with a work function change when the first adsorbed Jayer is
cracked {such peaks occur whenever the illumination of the sample is
interrupted for some time, it was proven thai it is mo artefact of

the electronics). Then between points 3 and 4 there is a slight rise

in the intensity by a few percent of the sveral intensity. Ater poimt

4 the intensity falls off ultimately with an exponent izl decay as

shown in Fig. &.

This initial rise is not izcluded im cur model leading to eguation (5).
As mentioned already above our model does mot include the fact that the
electrons origirating from = privary ebserpiion in rhe topmest lavers
can escape with high probability without unde rgeing the wultipl icat iom
cascade. Due to this they contribute less to the vield. The carhon layer
building up on the Au surface can therefore have tuo compet img ef fects,
one is the absorption of slow e¢lectrons, the other is the mullt iplicat i on.
Assuming the existence of small differences in the scattering processes jm
Au and € (whick we had neglected in deriving (5)) we could imagime than
the halance of these twe ¢ffects je more in §aver of nltiplication fg C.
In other words we wse the first lavers of € here as a secondary emission

multiplier,



4, Conclusion

It is interesting now to attempt a correlation between this etfect

i 3 carbor . ig. : J : i ;
and the thickness of che m layer. In Fig. 10 we have plotted the We could show that the carbon contamination on mirrors cxposed to

decrease of the vield at the end of an exposure against the measure P ; . .
‘ P R measured synchrotron radiation can consistently be explained as a cracking of

C thickness. A extrapolation to 100 % yield suggests that we should hydrocarbon molecules by photoelectrons from the substrate and from

correlate a € thickness of 50 R with the maximom at point 4 in Fig. 9. the contamination laver itself. A fast initial growth determined by the
photoyield of Au is followed by an approximately ten times slower growth
rate determined by the vield of carbon {or a carbornaccous malerial)
above 50 R. 1t is not clear how to exploit this insight technically in

order Lo reduce contaminatien without teducing the reflected band width

. . same time.
3.4 Temperature dependence ol contawmination at the same me

: - - - he erowth process as a function of pressure, Lemperature and electron
Making use of the results from section 3.3 we have measured the photo- The grow P ‘ F , it

. . . A current density can be described by a rate egualion. This e uat ion ex-—
electric yicld as a function of temperature as shown in Fig. 1t, There ¥ rd © ? qus a

: I z : soLx lains e.x. thal under certain photon rlux conditions, as encountered at
is a striking dependence of the yicld variation on temperature. By pid & P ¢ DR

Co -7 -l
; : : 5 arig i the pressure betwe ) and 10 torr has :
plotting the dose at the phatocurrent maximum (Fig, 9) as a function of DORLS, & variation of the pressure between It ‘ ‘

) : . . - . : . no influence oa the growth rate (“pressure saturation"),
Lemperature we obtain the curve shown in Fig. 12 which essentially is R ¢ ' )
the inverse ot the contamination rate K as a tunction of temperature.

b}
: . . Increase of the temperaturce by 100 above room temperature can reduce the
1t is clearly borme out that ar increase ol the temperature by 100 de- ‘ P ‘ * P

grees can reduce K by a factor of § prowth rate under certain conditions to 20 7,
More quantitative measurements in & well dufined bvdrocarbon environment
arc needed for a betler understanding of the processes invelved. Especially
it is desirable to follow the prowth process in the thickness range helow

60 &.
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Table 1: Conditions of irradiation at the two dilferent stations

Beamline IFT Beamline G1
{("white" radiation) (rellected beam)

DORLS

Storage ring conditions R=12.17m

ElecLron energy 3.3 GeV 3.3 Gev

Electron current < 60 mA < 80 mA

Source distance 27 m 15,5 m

Residual gas pressure > 2:{]()—S torr 3_2x10_7 torr
Mirror temperature 20° ¢ 20° ¢ <T ﬁ»IAOO C
Exposure times < 3000 s < 3000 s

Figure captions

Fig. |

Fig. 2

Fig. 3

rig., &

Fig. 3

Fig. 6

Fig. 7

Ratio of the reflectivity of a contaminated to a non contaminated
Au coated silicon wafer. The angle of incidence was $0°. The large
scale oscillations are fitted by a theoretical two layer model

yielding 63 % [or the € film. The small oscillations around 100 b

are due to interferences in the Au film.

Thickness ot the contamination film as a function of pressure,
corrected for equal dose. Circles below 10‘5 Torr at beam Cl

(1.5 GeV), squares and triangles at beam TFT (3.3 GeV). Triangles
aud squares were measured under different conditions. The

correction tu equal conditions is indicated by arrows.

Build-up of a contamination layer from cracked hydrocarbons.,
§ = flux of incoming hydrocarbons, R = (luz of reflected hydro-
carbons, K = rate of cracked hydrocarbons, K = adsorption den-—

sity.

Contamination rate as a function of photoelectron intensity L,
and pressure P according to equation (2). The constants were
chosen in such a way that the pressure saturation starts above

1o’

Thickness of the contamination layer as a function of dose. Curve
A at TFT beam (3.3 GeV) 29”¢, I—Z'IOVS Torr, curve B at Gl beam

-6
25%¢, 1-2+10 ~ Torr.

Creation (x) and multiplication of photoelectrons on their way to

the surface (schematic).

Fit of measurements as those in Fig. 6 with an integral over K

from equation (5}, The ratiof Paulwas varied.

(ved



Fig, &
Fig. 9
Fig. 10
Fig. 11
Fig. 12

Photoelectric yvield measured during contamination of a Au and

a Csl coated substrate at beamline G1 (1.5 keV) 1.201077 Torr

in both cases. Both yield currents are set 100 2 at the maxi-

mum, a background had Lo be subtracted.

The initial behaviour ui the photoelectron current as a lunction

of time.

Correlation between the final thickness and the remaining photo-
electron current at the end of an exposure at beam Gl (1.5 GeV)
compared to the cutrrent at the maximum (peint 4 in Fig. 9)

b _y.9u1077 torr, 25 - 140°C).

(1,210
Photoyield as a tunction of dose for different temperatures at

- - -7
beam 1 (1.5 GeV), 1.2°10 b 1.5+10 Torr.

Dose at which the maximum (point 4 in Fig. 9) which we identify

with 50 X thickness is reached as a function of temperature.

Measurements were taken at beam G1 (1.5 GeV). Since the pressure
. ~6 =7 . -

varied [rom 1.2¢10 =~ to 1.9+10 Torr and other conditions also

changed the interpclation curve is connecting points obtained

with almost equal conditions.
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