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Multilayer coatings consisting of very smooth ReW and carbon füms used äs near normal

incidence reflectors show theoretical perfonnance in the 150-200Ä wavelength region and

should allow the fabrication of useful normal incidence mirrors for wavelengths äs short äs

50Ä.
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M u l t i l a y e r coatings are widely useil in the opiical rcgion to fabiicatc mirrors wilh

t'iihanced rcflcctivity. In a similar way, natural crystals are good reflectors for x rays in (he

1Ä wtivelength region if all lattice planes add in phase to the reflected wave (Bragg ref lec t ion) .

For this case. transmission i? also drastically cnhanecd when the aloms of the crystal arc

located in the nodes of the standing wavcs produced by the superposition of thc incidcnt and

the reflected wave (Borrmann effecl).1 Periodic multi layers of organic films produced by ihe

Langmuir-Blodgctt mcthod can have larger lattice spacings than nalural crystals and have becn

used for sofi x rays.2 Fvaporation techniques give more f l e x i b i l i t y in thc choice of f i lm

thickncss and periodicities. Mult i layers made of Au and C have been used for the first

experimental realization of such coatings for ultrasoft x rays and a reflectivity of 3% has been

obtained with a 9-layer coating at A = t 9 0 A for near normal incidence.3 We believe th;it the

previously reported performancc was lirnited by the roughness of ihe gold films. Therefore, wc

searched for other suitable materials which give smoother f i lms and bcttcr performance in a

multilayer coating.

Thin films of Ihe highest absorption index are allernaled wi th very weak absorbcrs for an

oplimi/ed mull i layer reflector.4-(l The strongly absorbing fi lms have thicknesses between 30

and 50Ä for a mirror with \=200A and normal incidence. tvig. la is an electron micro-

graph of a 50A thick gold f i l m , evaporated by an electron gun on a carbon foil. The well

known network of voids7 (width of voids around 5ÜA) between islands uf gold is clearly

visible. We cannot expect the reflect ivi ty values calculated for smooth films from disconlinu-

ous island films like (hat in Fig. i a. Attcmpts to produce smoother films led us to an ReW

alloy us a best choice,N Bo(h Re and W have a high Debye (umperalure, and Iherefore, little

mohili ty of thc atoms at room lemperaiure is expected, The alloy grows äs an amorphous f i lm,

thercfore, crystallization of the f i lm which might produce microcrystals does not occur. Wc

found fi lms of ReW to be smoother than pure Re or pure W films wilh the exact composition

being uncritical w i t h i n the 30-70% Re ränge, Fig. Ib shows a network structure on a much

srna l l e r scalc than Fig. la; thc width of thc voids is in thc 5-IOA ränge. The columnar growth
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of ihe f i l m s which can be dcduccd from Fig. I b is in qua l i ta l ivc agreement w i t h a Computer

s imula l ion öl the growlh of (h in amorphous fi lms of hard sphercs.'' Our f i lms were evaporated

in an electron gun cvaporator at prcssurcs around I0"(l Torr w i l h ihe Substrate cooled to 77°K.

Figure 2 shows ref lec t iv i ty curves for our best ReW-C mull i layer coating (ogether with

thc calculated ref lec t iv i ty of an optimizcd reflcclor using the previously measured optical

consliinls of Re. l ( l The fuc l l h a i our exps;rim(;n(yl ref ' lect ivi ly for the multilayer is above the

thcorctical values indicatcs somc diffcrencc between the optical consianis of our films and

those given in Ref. 10. The agreemenl between Iheory and experimcnt for the single f i l m

around A=200A indicates a bcttcr interface quality wi th in the mul t i layer than at the surface of

the single melal film (hat has been exposed to air.

Not all of our coatings have a performance equal to that shown in Fig. 2. The reasons are

thickness errors which accumulated during the deposition process. For theoretical performance

all periods of a multilayer have to contributc with cqual phase to the reflecied wave and Ihe

ReW films should be centered in the node of (he standing wave fornicd by the superposit ion of

the incidem and reflected beam. Wc monitored the thickness of each f i l m during deposition

with an oscillating quarU crystal (at IBM) and tcstcd thc mirror later in a refleaomelrr' ' '

with Synchrotron radiation (at DF.SY). Frrors in L h t- dt'posilion of eaoh f i l m ;idd at rLindom

wilh our presenl moniloriny system and l i m i l us lo n i u l i l l i i y i - r irivilintzs öl Ics^ lhan 10 l.iyers

for reasnnable yield in ihe fah r i cü l ion . Thf rcl ' lccl ivi ty t . f c i i i i l inj is w u l i :L h«.fd mimK-r öl'

layers decreases for shorter dcsij^n wiivi-k-n^ih aiul untre kiyoi1- urc r c i | u i i fd .11 shoru-i \ \ . H L - -

length for ihe same rc l l e c l i v i l y äs ih; i l o b l i i i n i - i l :il l iinjii ' i w^M-k-nsiihs ""•" l ' hc re l ' k> ie . llu-

random crrors in ihe mnni lo r in j ; syslum pivst-nl :ikn a \ l u t i i « .uck- i ip lh l i n n l ,11 w h i c h

practically u s e l u l rel lculors can hc m;Kk\n improvcd n i i in i lo i i i i j ! systctn lh:K I I ILMSUIVS l l i c u - lk i -hv i lv i l m i i i ; : i h e t le i 'osj l jon toukl

e l i m i n a l e thc accumulal ion of randum unor^. l In- u H i i i K i k - l i n u i on ihe pe ihu HI.IIK-L- ;ii shoi icr

wavelcnj!lh if, de te rminL-d by ihe rou^hness öl ihe f i l m s . l ; i j ; i i i e .1 ; i l l i tws us lo vtivJk'l I h i s l i m i l
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for our presently used materials, The reflectivity of an l l - layer coating äs measured on a

Computer controlled x-ray diffractometer12 '13 is plotted for a wavclenglh X = I.54Ä versus Ihe

glancing angle 0=90 -a. For oblique angles of incidence, the reflect ivi ty curves of coatings

shift towards shorler wavelenglhs, and we observe Ihe maximum reflectivity for A = I . 5 4 Ä at

glaneing angles around 0=0.5°. In addilion, higher order interference maxima appear at [arger

glancing aoglcs. We can compare ihe relative peak heights of these higher order maxima and

find lhal for all our coatings Ihc measured peak inlcnsities for higher ordcr maxima decrcasc

fasler than calculated for the multilayer with perfect boundaries. At 8=2° the measured

reflectivity is about a faclor twii smaller lhan Ihe calculated value. Under the assumption that

the refleclivity R of a real coating is related to lhal of a perf t t t ly smoolh coalin^ R(1 by

we can determine an effective surface roughness n frorn a f i l , obtained by mul t ip lying ihc

theoretical curve wilh Eq. I. The dashed curve in Fig. 3 shows such n fit with a valuc of

n=3A. From this value and Eq. 1. we can predict the deterioration of the performance of a

coating at any wavelength and angle of incidcnce. In Fig. 3 we have plotted at the top scale

the wavelength A,i„rmai=A/sinÖ (with A=1.54A) for which we can observe the same reduction

in reflectivity for normal incidence. Using ihis scalc our mcasurcmcnts show lhat the pcrform-

ance of multilayer coalings for normal incidence will start to deviale from ihc iheorclical

predictions for wavelengths below 100A, hut that useful refleclivities can still be expected

around A=50Ä (aboui half of the value calculaled for perfettly smooth films). Our conclu-

sions remain valid even for the case that the influence of Ihe surface n>ughness has tu he

dcscribed by a more complex thewiy lhan Eq, l, äs long äs wavelength and angle of incidence

appear only äs the parameter A/sin fl in the ihcory. From curves similar to (hose in Fig. 3 for

3. 5, 7, 9 and 11 layers, we observe no increase of the roughncss for an increasing number of

iayers; however, it has lo be noted that over 100 layers will bc rcquired for a mirror with good

normal incidence reflectivity around \=50A.
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Most of nur results werc obtained on Substrates of commerdally available. chemically

polished 111-silicon which represents the best surface quality we could obtain, A comparison

of 2 coatings evaporated simullaneously on a silicon wafcr and on a super-polished quartz

plate1 4 '1 5 gavc o=9A for the quar tz plate. The reflectivily of our coatings was usually

measured between l week and l month after the evaporalion. No change in reflectivity fwr a

sample slored in a desiccator was observed wilhin 6 month s. Samplcs stored in humid air,

hnwever, showed a discoloration for layers (erminated wi th KeW, but nol for [hose with C.

We conclude that multilayer f i lms made of ReW and C aie of sufficienl qualily lo use

them for the fabrication of reflecting elemenis in ihe sofl x-ray rcgion. An improved (in situ)

moniloring sysiem is required lo produce such coalings for shortcr wavelengths (more layers

required) in practice. We see potential applications of such reflectors äs high Ihroughput, Iow

resolution monochromators, beam deflectors, polari/ers and for the fabrication of normal

incidence reflceting microscopes and telescopes.

We lhank 1. Lovas and J. Wilczynski for polishing of Ihc quartz Substrats, M. Rumsey and

F. Cardone for compo.sitkin analysis, and P. Chaudhari and C. Kunz for discussions.
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Figure Caplions

Fig. l Electron microgtaphs of aboul 50A Ihick f i l m s of Au (a) and Rcy^W^Q (h) evaporat-

ed on a 200A thick carbn« foil and overcoated with a 50Ä thick carhon f i lm. Hva-

poratinn by eleciron g""» leraperature of Substrate holder 77°K. Micrographs laken

by S Herd, IBM Research Cenler.

Fig. 2 Mcasurcd and caiculatcd refleclivity of a single 400A thick ReW film and of a 3, 5

and 7 laycr coating of ReW and C. The 3 and 5 layer coaiings were obtained by

shadowing pari of thc wafcr by a shulter during the evaporation. The optical

constants of Rc (Ref. 10) arc uscd for the cakulation, thkkness öl each Ijyer

starting at thc Si substraic with ReW arc: 56.9, 60, 49.9, 62.8, 47.3, 64.6, 49.4Ä.

hig. 3 Measured ( f ü l l curve) and calculaled (tlashed curve) reflectivity versus glancing angle

at A = 1..S4Ä fot an l l layer coaling of ReW and C. Thickness values for the calcu-

laled curve, starting at Substrate: 22, 70.4. 17.7. 69.S, 15.6, 76.1, 13.4, 87. 12.5,

SO.9. 9.8Ä: refractive index of ReW and C: l -4 .4x iO ' 5 -i.6.8*10-fc and

l-6.8xl()- tp-i.O.Hx]0- ( ' . Eq. l wi th ,r=3Ä has heen used to f i t the calculated

reflect ivi ty lo the measured curve. All ReW t'ilms are made th inner than in an

oplimized mirroi in order lo oblain high reflectivity in the higher Order maxima.
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