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We describe the development of depth-graded W/Si multilayer films prepared by magnetron
sputtering for use as broad-band reflective coatings for hard x-ray optics. We have used specular and
nonspecular x-ray reflectance analysis to characterize the interface imperfections in both periodic
and depth-graded W/Si multilayer structures, and high-resolution transmission electron microscopy
(TEM) and selected area electron diffractit®AED) to characterize the interface structure and
layer morphology as a function of depth in an optimized depth-graded multilayer. From x-ray
analysis we find interface widths in the range=0.275—-0.35 nm for films deposited at low argon
pressurgwith a slight increase in interface width for multilayers having periods greater-tt2dh

nm, possibly due to the transition from amorphous to polycrystalline metal layers identified by TEM
and SAED, and somewhat larger interface widtti®., c=0.35—0.4 nm for structures grown at

higher Ar pressures, higher background pressures, or with larger target-to-substrate distances. We
find no variation in interface widths with magnetron power. Nonspecular x-ray reflectance analysis
and TEM suggest that the dominant interface imperfection in these films is interfacial diffuseness;
interfacial roughness is minimab{~0.175nm) in structures prepared under optimal conditions,

but can increase under conditions in which the beneficial effects of energetic bombardment during
growth are compromised. X-ray reflectance analysis was also used to measure the variation in the
W and Si deposition rates with bilayer thickness: we find that the W and Si layer thicknesses are
nonlinear with the deposition times, and we discuss possible mechanisms responsible for this
nonlinearity. Finally, hard x-ray reflectance measurements made with synchrotron radiation were
used to quantify the performance of optimized depth-graded W/Si structures over the photon energy
range from 18 to 212 keV. We find good agreement between the synchrotron measurements and
calculations made using either 0.3 nm interface widths, or with a depth-graded distribution of
interface widths in the range=0.275—0.35 nnf{as suggested by 8 keV x-ray and TEM analyses

for a structure containing 150 bilayers, and designed for high reflectance over the range 20 keV
<E<70keV. We also find for this structure good agreement between reflectance measurements
and calculations made for energies up to 170 keV, as well as for another graded W/Si structure
containing 800 bilayers, designed for use above 100 keV, where the peak reflectance was measured
atE=212keV to beR=76.5+-4% at a graze angle agf=0.08°. © 2000 American Institute of
Physics[S0021-897@0)04013-3

I. INTRODUCTION finding application in instrumentation for synchrotron radia-
Depth-graded multilayer structures developed in recention, and in particular for high-energy astrophysics. Indeed,
years for use as broad-band x-ray reflective coatings are nodepth-graded multilayers are the enabling technology for a
new generation of hard x-ray astronomical telescopes, in-
3Electronic mail: windt@astro.columbia.edu cluding those being developed for the HEFand In-Focu$
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balloon instruments and the Astro-G and Constellation-Xhere are the small interface widthe{ 0.3 nm) determined
satellite instrument3. These new telescopes, operating atfrom x-ray scattering measurements in 1.5-nm-period multi-
photon energies greater than 20 keV, will provide an im-layers reported by Vidal and Marfairt§,and in periodic
provement in sensitivity by a factor 6f1000 or more over multilayers of various periods reported by Saldittal 1°2°
previous (nonfocusing instruments, and will undoubtedly In this work we have used specular and nonspecular
lead to a number of important astronomical discoveries.  x-ray reflectance analysis to characterize the interface imper-
In a depth-graded multilayer structure the layer thick-fections in both periodic and depth-graded W/Si multilayer
nesses vary with depth into the film stack, such that eacktructures. We have also used high-resolution transmission
bilayer is effectively tuned to a different x-ray wavelength, in electron microscop¥TEM) and selected area electron dif-
order to achieve broad-band reflectance. Depth-gradefiaction (SAED) to characterize the structure and morphol-
multilayer structures are particularly effective in the hardogy as a function of depth in an optimized depth-graded
x-ray region E>20 keV) where hundreds or even thousandsmultilayer, and we report on the high-energy x-ray reflec-
of bilayers can be used, in principle, as a result of the lowtance of depth-graded W/Si structures measured using syn-
absorption and consequently high penetration depth in thehrotron radiation over the photon energy range 18-212
film at these energies. However, the performance of suckeV. The deposition and characterization techniques are de-
structures depends critically on the achievable level of interscribed in Sec. Il, while our experimental results are pre-
face perfection: deviations from atomically smooth andsented in Sec. Ill. We interpret these results in Sec. 1V, and
chemically abrupt interfaces, i.e., interfacial roughness andonclude in Sec. V with a summary of our findings and their
interfacial diffuseness, respectively, will reduce the reflectiorsignificance, particularly with regard to the development of
coefficients at the interfaces, thereby reducing the overalhard x-ray telescopes for high-energy astrophysics.
reflectance of the multilayer stack. Interface imperfections
can result from a variety of material- and/or growth-
dependent mechanisms, including the formation of mixed!!: EXPERIMENTAL AND DATA ANALYSIS
composition amorphous interlayers by diffusion or by mix- TECHNIQUES
ing due to energetic bombardment during growth, and  Multilayer films were grown on polished, 1Q@m-thick,
roughness resulting from surface stress or from low adatomre-mm-diam Si100) wafers by dc magnetron sputtering in
surface mobility. Promising material combinations found toargon of 99.998% purity using a deposition system that has
have relatively small interface imperfections and suitable folheen described previousty Films for high-energy synchro-
use in depth-graded x-ray multilayers include PYCy/Si>  tron reflectance measurements were depoditedhe same
and W/Si?~® depth-graded W/Si multilayers, which have al- system) onto superpolished, 1-cm-thick, 76-mm-diam
ready been found to have good performance up¥® keV,  Si(100) substrategsupplied by General Opti€3. The indi-
are the subject of the work described here. vidual W and Si layer thicknesses in periodic and depth-
The structure and properties of periodic W/Si multilay- graded multilayers are adjusted by varying the computer-
ers have been investigated previously. In particular, Shih andontrolled rotational velocity of the substrate platen, which
Stobb$ used Fresnel contrast electron microscopy to estifaces downward, as it rotates over the two 50-cm-
mate that the interface widths were of order 1.2 nm in aongx9-cm-wide planar magnetrongusing targets of
sputtered W/Si multilayer having a period of 2.3 Af. 99.95% purity W and 99.9% purity Sihat are mounted
Hasanet al,!! using both x-ray reflectance and energy dis-along the diagonal of the square vacuum chamber and which
persive spectroscopy, found evidence for significant reface upward. The distance from the target to the substrate
sputtering of Si during W depositiofbut no evidence for surface is adjustable, and was set in the range 7.5-11.5 cm,
re-sputtering of W during Si depositiprin periodic W/Si  as discussed in Sec. lll. The deposition times required to
multilayers having a range of layer thicknesses, and prepargatoduce specific layer thicknesses were determined from de-
by magnetron sputtering under various deposition conditionailed rate calibrations, also discussed in Sec. lll. The sub-
(i.e., magnetron power, substrate temperature).€kbey at-  strate temperature was neither measured nor controlled dur-
tribute re-sputtering and the formation of amorphous W-Sing deposition.
interlayers to energetic bombardment during growth: their  The argon pressure was controlled during deposition us-
data are consistent with a two-stage process in which atoniag a closed-loop feedback system incorporating a mass-flow
from the most recently deposited Si layer are first transportedontroller and a capacitance manometer; except where oth-
through the growing W layer to the instantaneous film sur-erwise noted, the cryopumped vacuum system reached a
face, and are then removed by collisions with energetic atbackground pressure of the order of 8.00  Torr prior to
oms (i.e., W adatoms, Ar ions, and especially neutral Ardeposition, and the argon pressure was fixed during deposi-
atoms reflected from the W targettriking the surface. They tion at 1.58-0.01 mTorr. The power applied to each magne-
suggest that Si can continue to be removed as long as W tson was held constant during deposition, and we have inves-
being deposited, but the rate of removal decreases as thigated multilayer films deposited at various power settings
distance which the Si atoms must travel through the W layeas discussed below.
to the surface increases, i.e., Si is removed effectively only =~ Samples for electron microscopy were prepared by ion
for W layer thickness less than1.0-1.5 nm. A number of milling at liquid N, temperature to prevent any beam heating
other structural and stability studies of periodic W/Si multi- which might result in re-crystallization and/or re-growth of
layers have been reported as Wéli?° of particular interest any amorphous or fine grained polycrystalline layers in the
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film. lon milling was done using a Gatan Duo ion mill with z
5 keV Ar atoms at a total beam current of A and a
sputtering angle of 15°. Preferential milling at an angle of
30° on either side of the glue lind1-bond 610 epoxy, cured
for 24 h at room temperaturevas performed by slowing the
rotation of the specimen to 2 rpm, compared to the 10 rpm
used outside this region. Final cleaning of the samples was
done using 2.5 keV Aftotal current~1 uA).

TEM and SAED measurements were made using a
JEOL-4000 high-resolution transmission electron micro-giG. 1. Diagram illustrating the scattering angles for nonspecular x-ray
scope operating at 400 keV; this instrument has a point-toreflectance measurements. The incident and scattered photons have momen-
point resolution of 0.16 nm. Large area cross-sectional imiumk andk’, respectively.
ages of a depth-graded multilayer film were obtained under
medium magnificatior{~100kx), while through focus im-

ages on either side of Scherzer defocu0 nm), as well as  Refs 24 and 26. Analysis of the specular reflectance data

SAED data, were acquired at high resolution. was used to determine the interface widthsas well as the
Specular and nonspecular x-ray reflectance measuresqividual W and Si layer thicknesses.

ments were made using a four-circle diffractometer with a Nonspecular x-ray reflectance analysis can be used to
rotating anode Cu x-ray source and a pyrolytic graphitjstinguish between interfacial roughness and interfacial dif-
monochromator tuned to the (Ria line at 8.04 keV {  f;seness, since interfacial roughness results in increased non-
=0.154nm). The angular resolution of the diffractometergyecylar scattering, whereas interfacial diffuseness does not.
was~0.02°. Fits to the x-ray data, performed with the IMD \gnspecular measurements performed here were made in
softvyare packag® were used to determine layer th|cknesses‘rockmg scan” geometry, i.e., the sample is rotated and the
and interface parameters. detector fixed, so that the incidence anggis varied while
Specular reflectance measurements were made-#9  he detector anglé26) is constant. The measured data were
geometry over the range from<09<8°. The measured re- omnared with calculations of the nonspecular reflected in-

flectance data are compared with a calculation made using 3Bnsity made using the distorted-wave born approximation
algorithm based on recursive application of the Fresnel eqUADWBA) formalism27-3° computed as a function af,, the
tions. The modified Fresnel coefficient formal®ris used to component of the momentum transfer vector in the plane of

account for the effects of interface imperfections, and both,q fiim:

the reflection and transmission coefficients were modified at

each interface. The effects of interfacial roughness and dif- q,= \/qxz+ qy2

fuseness are indistinguishable by specular reflectance mea- 5

;urements, anq so the mterface can be charactgrlzed simply _ %47 JSIrZ gyt SIT? Gyy— 2 SiN By SN Oy (4
in terms of an interface profile function parameterized by the A

interface widtho. Thus the Fresnel reflectiom;() and trans- |, a1 0=m/2—0,,, and 20=1—6,— 0, (see Fig. 1L We
mission ¢;;) coefficients at the interface between thleand 555 me that each interface in the multilayer stack can be
j_th layers are modified according to the formulas first de-yogcribed by a power-spectral-densiBSD) function s(q;)
rived by Nevot and Crocg; parameterized by an interfacial roughness an in-plane
correlation lengttg; , and a jaggedness parametgrand that

W 40,
ri'j = ijw, (1) roughness correlations between two interfacasdj can be
W(0zi—z,) described by a vertical correlation functiop of the forn?®
and i>—1
ci=exp — > zn/a), (5)
- @ -
R e — . . . . .
U0, —az,) whereé, is the vertical correlation lengtlz, is the thickness
of layern, andj_=min(j,i). Following de Boer! the PSD
where of the jth interface is thus given by
2m 47H 0? &2
Qi =——C0s6;, 3 si(q)=exp —z &) dusI LIl (6)
\ i(d A=z, (1+|Q\\,j|2§ﬁj)l+Hl
\ is the photon wavelengthy, is the propagation angle is The Fresnel reflection and transmission coefficients,

layeri (N.B., q,; is the component of the momentum trans-which are used to compute the electric field intensities
fer vector along the substrate normal in layeandW is the  needed for the DWBA, were modifig@s in the case of the
Fourier transform of the derivativ@long thez direction of  specular reflectance computations described gbassum-
the interface profile functioff Several interface profile func- ing an interfacial diffuseness,; the total interface widthr
tions were investigated, including the exponential, linear(i.e., the interface width determined from specular reflec-
sinusoidal, step, and error-function profiles described irtance analysijsis related to the interfacial roughness and
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= (b)
29.6 nm (i=1)

10.2 nm (i=2)

6.85 nm (i=6)

3.43 nm (i=130)

6.43 nm (i=9)

FIG. 3. High resolution TEM images of bilayers near the bottajrand top

(b) of the structure shown in Fig. 2. SAED images obtained near the bottom
FIG. 2. Cross-sectional transmission electron micrograph of the top portioric) and top (d) of the same structure. The W diffraction peaks labeled
(i.e., the top~28 bilayers of a depth-graded W/Si multilayer structure. (1, 2, 3, 4 in (d) correspond to lattice spacingd=(0.221,0.129,
Selected bilayer indices and thicknesgas per Eq(7)] are indicated. The  0.113,0.099) nm, and Miller indicesikl)=[(110),(211),(220),(310Q)

W (dark bandsand Si(light bands layers are separated by thin amorphous

W-Si interlayers(gray bands Note that the topmost Si layer is not com-

pletely visible in this image.

B 10.27
= 099777

interfacial diffusenessry by o=\/or+og. Rocking-scan \hered, is the thicknesgin nm) of theith bilayer, with the
measurements were thus used to estimate the paramsgters topmost bilayer corresponding te-1.33
Oy, §|!, H, and¢, . As can be seen from Fig. 2, the Si layélight bands
High-energy reflectance measurements were made on Sgre amorphous, as are the W layétark bandsin all but the
lected depth-graded muliilayer samples at beamlines BMgy, three bilayersd>8.8 nm) where lattice fringes from in-
and ID 15A at the European Synchrotron Radiation Facilitygiyidual W crystallites are visible. The Si and W layers are
(ESRF_). A detuned double-reflection Si monochromator in separated by relatively thin amorphous interlayers, presum-
reflection geometry was used over the range 18-54 keV Aply of mixed W—Si compositiorigray bands which are
bend-magnet beamline BMS, while higher energy measuresasier to see in the high-resolution imagebtained at
ments(65-212 keV made using the insertion device beam- gcherzer defocusof layers near the bottom and the top of
line ID 15A utilized a double-reflection §811) monochro- e same multilayer film, having bilayer thicknesses of ap-
mator in the Laue geometry. Reflectance measurements Wegoximatelyd~ 3.4 and~6.9 nm, shown in Figs. (& and
made in thea—ZQ geometry, using PIN diodes for.both de- 3(h), respectively. A slight asymmetry in the W-on-Si vs
tector and monitor signals. The spectral resolution for allgj_on-\w interlayers is visible in these imag@s accord with

—_10-4 ;
measurements was of the order ®E/E=10"", while the ¢ results obtained with periodic W/Si multilayers reported
angular resolution was of the order of 0.003°. The measure[.‘;jy Petford-Longet al,}2 and by Salditet all9) as is a small

reflectance data were compared with calculations made usingcrease in the interlayer widths with increasing bilayer

IMD, as described above. thickness: by observing the image contrast in these TEM
images we estimate, for example, interlayer widthg,,.s;
=0.83nm anddg;.o,.w=0.58 nm for the layers havingl
=3.43nm, anddy.qn.s= 1.08 nm anddg;.op.p=0.63 nm for
Shown in Fig. 2 is a cross-sectional TEM image showingthe layers havingl=6.86 nm, somewhat smaller values than
a portion (near the top of a depth-graded W/Si multilayer those reported by Shih and StoBtend by Petford-Long
containing 150 bilayers, with bilayer thicknesses in the ranget al*?
d=3.33—-29.6 nm. This film is designed to have high reflec- SAED images obtained near the bottom and topmost lay-
tance up to the WK edge neaE=70keV at grazing inci- ers of the multilayer stack are shown in Fig¢c)3and 3d).
dence angles nea=0.095°, as required for a portion of the Diffraction spots marked in Fig.(8) correspond tax-phase
mirrors used in the HEFT telescopethe bilayer thickness cubic tungsten, with lattice parameter~0.315nm and
distribution for this film is given by space grougm3m. In contrast, the SAED image obtained

i=1,...,150, 7

Ill. RESULTS
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profile functions(e.g., the exponential functiprcan result in
somewhat larger interface widths, although they produce no
significant improvement in the fit. Likewise, modeling the
W-Si interlayers as separate layers only results in greater
computational costs while providing no clear benefit with
regard to reproducing the measured reflectance, and the in-
terlayer thicknesses that give the best match between mea-
surement and calculation in this case are still much smaller
than those observed by TEM. We do find a substantial im-
provement by including a SiQoverlayer, however, particu-
larly at graze angles just greater than the critical angle for
total external reflection, where the reflectance is most sensi-

Reflectance, R

L " . - tive to the condition of the film surface: assuming that the
Grazing Incidence Angle © [deg ] top layer of Si is fully oxidized(resulting from exposure to

air), and with approximately equal densities for amorphous
FIG. 4. Specular x-ray E=8.04keV) reflectance of a periodic W/Si Si and amorphous SiQ(i.e., p5i~pa_5i02~2.2 g/cr‘r?), the

multilayer containing 20 bilayers. Calculations made using various interface, . . .
widths are indicated. e£h|cknes_s of the a_morphous Si@yer is related to the amor-
phous Si layer thickness hya_3i02= 1.5Mg;.

We thus show for comparison in Fig. 4 calculated reflec-

near the bottom of the filfiFig. 3(c)] shows only a diffuse f[ance curves computed with identical W-on-Si and S|-0p-W
ring pattern; the average radius of each ring is close to that dfitérface widthso=0.175, 0.275, and 0.375 nm, assuming
cubic tungsten. Although we cannot exclude the possibility2n rror-function interface profile, and an amorphous,SiO
of extremely fine-grained material, this result suggests tha@verlayer having a thickness,.sio,=4.56 nm. (The SiG,
the W layers are amorphous in these thinner layers, which isurface roughness was takenogssio,= 0.3 nm, while the Si
unexpected in view of the metallic nature of W. However, awafer substrate roughness was takeno@g,syai= 0.2 nm)
possible explanation can be that the “pure” W laygex-  The experimental Bragg peak intensities are best matched for
cluding the thickest W layers near the film surface whichthe calculation using-=0.275 nm, particularly at the largest
show well-defined diffraction spots as shown in Figd)3  graze angles where the sensitivity is greatest for reflectance
are actually composed of some amorphousSi/phase that  changes resulting from small changesyinBy matching the
forms as a result of Si diffusion. positions and relative intensities of the Bragg peaks, the ap-
Shown in Fig. 4 is the grazing incidence x-ray reflec- parent layer thicknesses were determined to g
tance measured for a periodic W/Si multilayer film contain-_» 15 ,m anddg=2.90 nm. Thus the multilayer peridd)
ing 20 bilayers. This particular film was deposited at an land relative volume fraction of S{I') are d=dy+dg
gon pressurd®,,=1.5mTorr, and with a target-to-substrate =5.05nm and = dg/(dy,+ ds) = 0.575, respectively.

distanceD =7.5 cm. . . Shown in Figs. 5 and 6 are the specular and nonspecular
We have attempted to fit the experimental reflectance o ; - i
- feflectance data for otherwise identical periodic W/Si films

data(for the sample shown in Fig. 4 as well as many others

. . . . é:ontaining 100 bilayers, deposited withy,=2 mTorr, but
assuming a variety of models, including layers compose Jith target-to-substrate distances—10.8 cm (Fig. 5 and
either of pure amorphous Si and pure W, or of Si angsy, 9 ' 9.

with either symmetric or asymmetric W-on-Si and Si-on-WD.: 11.5cm (Fig. 6. Fro”.‘ the specular reflecf[ance data
widths (as suggested by the TEM resultsing the modified [Flgs_. Ja) and §a)], we estimate compgrable penqu for the
Fresnel coefficient approach, trying various combinations ofWo films (d:3'925 nm vsd=3:750, Wlth_F=O.63_|n both
each of the interface profile functions mentioned above, aS25€5 but the interface properties are evidently different: the
well as a model in which the amorphous W—Si interlayersBr299 peak intensities for graze angles greater thai

are treated as separate layémith and without nonzero in- &' markedly smaller for the film deposited witD
terface width In spite of these various attempts to reconcile = 11.5¢m, and we thus infer=0.40 nm for this film versus
the TEM and x-ray reflectance data, we find that the bes¢=0.30nm for the film havind>=10.8 cm. From the non-
match between measurement and calculation is obtained wiPecular datgFigs. b) and Hc) and @b) and Gc)], which

a model that includes layers composed of pure W and siorrespond to rocking scans that intersect the second and
with interface imperfections described by the error-functionthird Bragg peaksthe “2¢” values are indicateld we find
interface profildin which case the functiof in Egs.(1) and ~ reasonable agreement with experiment assurtsgmmetric

(2) described above is given WY(Qz,i)ZeXp(—Oizq;/Z)] us- W-on-Si and Si-on-W interface roughness values of,

ing symmetric W-on-Si and Si-on-W interface widths. Using =0.175 nm for the casb = 10.8 cm vso, =0.275 nm for the
this model, we can adjust the individual W and Si layercase D=11.5cm, and with identical values ofrg
thicknesses in order to accurately match the relative Braggr0.25nm, £,=0.7 nm, H=0.65, and¢, =15nm for both
peak intensities; however if asymmetric interface widths ardilms. Note that(a) the same interface parametéi®., o4,
used, then the Bragg peak intensities tend to only decreasg , &, H, and¢, ) adequately describe both rocking scans in
monotonically with increasing graze angle. Other interfacehe case of each film, an@) the interfacial roughness and
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FIG. 5. Speculafa) and nonspecular rocking scans made through the seCFIG. 6. Similar to Fig. 5, but for a film deposited with a target-to-substrate

ond (b) and third(c) Bragg peakg26 values are indicatedor a periodic distanceD =11.5 cm.
W/Si multilayer containing 100 bilayers, depositedRt,=2 mTorr, and

with a target-to-substrate distanbe=10.8 cm. Calculations made using the . - . . _
parameters discussed in the text are shown for comparison as dotted Iine%terS determined here for the films shown in Figs. 4—6 do not

Note that the footprint of the incident x-ray beam is larger than the sampld€present statistically significant fit parameters, but suggest
size for small values o#), i.e., at the large negative values @f, which ~ nonetheless that the interfacial roughnesses increase with

explains why the measured intensity is substantially less than the calculatggnth increasing argon pressure and with increasing target-to-
intensity in these regions. Note also that the calculations do not include tht§ubstrate distance

specular beam intensity apparent in the measured curvesjjre@r . .
Shown in Fig. 7 are the specular reflectance scans for

two nominally identical W/Si periodic multilayers containing

20 bilayers, and having a periatd=5.6 nm(with I'=0.585,
diffuseness values inferred from the nonspecular data argeposited withP,=1.5mTorr andD=11.5cm, but pre-
consistent with the interface widths determined from specupared at different background pressures: by adjusting the
lar reflectance, i.eqg= \/af +a'd2, for both films. The param- pumpdown time in the vacuum system prior to deposition,
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FIG. 7. Specular reflectance measurements for two W/Si multilayers con-
taining 20 bilayers, deposited at two differeP,cygroungPressures as indi- [ ()
cated.

5L P=1000 W : ]
one sample was prepared WitPh,cyground 2% 10’ Torr,
and the other WithPpacground 810 ° Torr. From these
data we find that the interface widths increase fr@m
=0.30 to 0.35 nm with increasin@packground Again, the ] ]
reduction in specular reflectance due to the increased inter- 5 ]
face widths is most apparent at the largest graze arigées
0>~3.5°). The increase in interface widths with increasing ]
background pressure was also observed in other films pre-  of5~" ' . . h
pared after various pumpdown times: the widths determined 0 o o 20 30 40
. i Deposition Time, tg; [sec]
from specular x-ray reflectance measurements consistently
increased fromo=0.30 for films prepared at background FIG. 8. Layer thickness vs deposition time for @& and Si(b) determined
pressures less than5 X 10—7' to o= 0.35 nm for those pre- from x-ray re_fle(_:tance analysis of muItiIeiy_er fiIm‘s deposited at the magne-
_ 6 tron powers indicated. Also shown are bilinear fits to these data.
pared at pressures greater tha@x 10 ° Torr.
In order to deposit depth-graded W/Si multilayers hav-
ing accurately controlled layer thicknesses, it is necessary to
calibrate precisely the W and Si deposition rates. We havers used to calibrate the deposition rates we find a slight
performed such calibrations by depositing periodic multilay-increase in the interface widths with increasing bilayer thick-
ers with bilayer thicknesses spanning the rande ness: the interface widths increasedte 0.35 nm for struc-
=1.5—-30 nm(corresponding approximately to the range of tures havingd>~20 nm, relative to the interface widths in
bilayer thickness needed for astronomical telescopes utilizhe rangeos=0.275—0.30 nm determined for structures hav-
ing depth-graded x-ray multilayers operating over the rangéng smaller bilayer thicknesses. This last result is qualita-
E=20-200keVy, and using specular x-ray reflectance tively consistent with the increase in W-Si interlayer thick-
analysis to determine the apparent W and Si layer thickhesses observed in TEM.g., Figs. 8) and 3b)] and may
nesses as a function of the W and Si deposition tithes,  be due to an increase in interfacial roughness associated with
the amount of time that the substrate spends over the W or $e transition from amorphous to polycrystalline W layers as
targets, as determined by the substrate rotation.r&teown  observed by TEM and SAED.
in Figs. 8a) and 8h) are plots of apparent layer thickness For the fabrication of hard x-ray telescopes such as those
versus deposition time for W and Si, respectively, deterdesigned for HEFT and Constellation-X that will require
mined for periodic W/Si multilayers having relative W and many square meters of coatings, we wish to deposit high-
Si layer thicknesses in the ranfje=0.52—0.68, deposited at quality (i.e., smalle) films at the highest possible deposition
magnetron powers Ry, ,Pg)=(300and 500 W) and600 rates in order to minimize the coating time. The deposition
and 1000 W. We observe from these data that the apparentates for sputtered films depend strongly on the power ap-
layer thicknesses are not linear with deposition time. Theplied to the magnetrons. We have searched, therefore, for
thicknesses can be described as a bilinear function of timeny possible change in the interface widths for films depos-
however, and such fits to the data are shown in Figm.&hd ited at various magnetron powers. We have investigated by
8(b). These hilinear fits can be used to predict the measurextray reflectance analysis the interface widths in periodic
multilayer periods with an accuracy of better than 0.05 nmW/Si multilayers deposited at three W and Si power settings:
which is sulfficient for the deposition of depth-graded multi- (P, ,Pg;) = (200 and 200 W),(300 and 500 W, and (600
layers for use as hard x-ray mirrors. We note also that fronrand 1000 W. We find no systematic variation in the inter-
fits to the specular reflectance data for the periodic multilayface widths with magnetron power, and in particular, we are

: P,=500 W 1
10F .

Si Thickness, dg; [nm]
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FIG. 9. Specular reflectance for the depth-graded W/Si multilayar&keflectance vs grazing incidence angléeat 8.04 keV made using a rotating anode
Cu source(b) Reflectance vs grazing incidence angle at various enefggéemdicategl made using synchrotron radiation. Reflectance vs energy data at
=0.095° (c) and 0.075%d). Shown for comparison ifa@)—(d) are calculations made using a depth-graded distribution of interface widths in theaange
=0.275-0.35 nnji.e., Eq.(8)]. Also shown in(b) are calculations made using a constant interface widt0.3 nm.

able to deposit high-quality film@.e., those having interface scribed above: for the calculations shown in Fig. 9, the in-
widths in the ranger=0.275-0.35 nmat the highest prac- terface widths follows a distribution with depth into the film
tical power settings. We note that it is possible to use powegiven by
settings in excess ofR,Pg)=(600and 1000 W), but the
greater deposition rates that result make it impossible to de- 093
posit multilayers having bilayer thicknesses as smalldas 7T (1+7.6602%
~1.5 nm(with I'~0.55 given the maximum substrate rota-
tion velocity available in the deposition system used hereli.e., with the same exponent as for the bilayer thicknesses
Furthermore, high power settings result in greater target eragiven by Eq.(7)], corresponding to interface widths in the
sion rates and consequently larger deposition rate drifts overngeo=0.275—0.35 nn#* The agreement is good between
time; such drifts can be problematic with regard to the prothe measured and calculated reflectance curves made using
duction of depth-graded films that have accurately controlledhis interface width distribution. We note, however, that no
layer thicknesses. significant difference was observed between measurements
Shown in Fig. 9a) is the specular reflectance of the and calculations made using the interface widths given by
depth-graded structure described above and shown in Fig. £g. (8) and those made assuming constant interface widths
measured aE=8.04 keV; shown in Fig. ®) are measured o¢~0.3 nm, shown, for example, in Fig(l9 as dashed lines.
reflectance versus incidence angle curves of an ostensibipdeed, quantitative determination of interface parameters
identical structurdi.e., one deposited just after the sampledrawn from the high-energy synchrotron data is unwarranted
shown in Fig. 9a) and grown under identical conditions, but in this case, given the relatively low dynamic range of these
on a thicker substrate, as described in Secnléasured at measurements, and the consequently large experimental un-
ESRF at various energies over the range 18k&/ certainties at the largest graze angles where the reflectance is
<170keV. Shown for comparisofdotted line$ in Figs. = most sensitive to small changesdn
9(a) and 9b) are calculations made usiriggymmetrig inter- Shown in Figs. &) and 9d) are plots of the reflectance
face widths that increase slightly towards the top of the film,versus energy of the same depth-graded film, measured over
as suggested by the TEM and x-ray reflectance results déhe range 18 ke E<170keV, at grazing incidence angles

i=1,...,150 (8
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101~ T T T ] doubtedly corresponding to the amorphous W-Si interlayers
* Measured observed by TEM. These interlayers can form as a result of
L i e e Calculated i . . . . ) )
08k + N diffusion during and possibly after film growth, and by mix-
[ 6=0.105 deg ] ing resulting from energetic bombardment during growth, as

discussed by Hasaet al'* and described above in Sec. II.
The slight asymmetry of the W-on-Si vs Si-on-W interlayers
; ] observed by TEMFigs. 2 and 3Bis further evidence of mix-
0.4l i ing resulting from energetic bombardment.

i i 1 The small but nonetheless significant increase in interfa-
cial roughness determined from x-ray reflectance analysis
with argon pressure and target-to-substrate distance pre-
sented abovéFigs. 4 and b can also be explained by ener-
ook el . e ] getic bombardment. As already mentioned, films deposited

140 1%0 Energy. £ [keV] 170 180 by magnetron sputtering can be subjected to a large energy
input during growth through collisions with energetic inci-
e _ e VS _ : dent adatoms, Ar ions, and reflected neutral Ar atoms. These
containing 800 bilayers, with bilayer thicknesses in the range <2d09 . . . . .
<2.25nm. The calculated reflectance using 0.3 nm interface widths is collisions can drastically affect the film microstructure, .
shown for comparison. stress, and surface roughness through the so-called “atomic
peening” effect?® and a large number of investigations have

5 5 . been directed at understanding this phenomenon in thin
6=0.095° and 0.075°, respectively; also shown are the cakjms37-47 As a result of energetic bombardment, polycrys-

culated reflectance curves, made using the graded interfaggyiine metal films prepared at low argon pressure in particu-
width distribution just described, which agree favorably with |5, typically consist of tightly packed grains, with high-
the measurements. The reflectance of this film drops density and low surface roughness, i.e., the zone T
sharply above the VK edge €~69.4keV), where absorp-  microstructure first described by Thornt¥hhigh-density,
tion in the film is high; the reflectance at the design incidencg,,, roughness amorphous filntse., a-Si, a-C, etc) can
angle[i.e., #=0.095°, Fig. %) is only a few percent for 454 pe produced by low-pressure magnetron sputtering. At
E>1OQ k_eV, however a?:0'075 [Fig. 9d)] the reflec- high argon pressure, however, as a result of thermalization
tance is in excess of 10% up B=170keV. Depth-graded o iting from collisions in the gas phase, the amount of

coatings identical to those shown in Fig. 9, as well as othepqqy delivered to the surface of the growing film can be
coatings designed to operate at smaller graze angles, ha\ﬁ’ﬁjch lower. Consequently, in the case of low surface mobil-
been deposited onto the curved glass substrates that will k?s, adatoms(e.g., the room-temperature growth of W on Si

used for the HEFT hard x-ray telescope, and high energy 4 si on W, the film roughness can be higher and the
synchrotron reflectance measurements reveal equivalent pEHénsity lower due to the large number of voids that can form

formance at the operational graze a_ngles. The h"’?rd X'r%.e., zone 1 microstructuyebecause of shadowing during
performance of the HEFT telescope will be reported in dma”growth“s

elsewhere. The energetics of the atomic peening process and the

I.n spit_e of the Iargg absorption abgve the Kvedge, effects of thermalization resulting from collisions in the gas
W/Si multilayers can still be used effectively for hard x-ray ase have been discussed by Sonfékand later by

mirrors that operate at energies substantially greater than 1 indischmanf® who suggests that the film microstructure

L(ev. For example, STown. |n'(lj:|g. 101s tlge_rgig?:)r(fad refleC(and streskis determined chiefly by the normalized momen-
ance versus energyt an incidence anglé=0. ora = tum P*=+y(ME)Y2 delivered to the growing fim by an

wisi mg;t'éayig_rlaymﬁ a Sl'gtht. grzg%tlg_rll n bllay_?r: tt)hl'Ck' energetic particle, wherl is the massE is the energy, and
'?he'sli with dep tﬁ IS |m§%ngir12525 |$)r/]ers, WII< f: ayery is the energetic particle/adatom flux ratio. The particle en-
ICknesses I the range < --2 M. The peak retiec- ergy E depends on the produé&,,D of the argon pressure

tance near the center of the Bragg peakhich is only . SO
; . P and the target-to-substrate distaimzethe distribution of
slightly broadened due to the small depth gradatianE particle momenta will tend towards higher values for small

= i = 0, i I
160keV isR=78.7-4%, which agrees with the expected PAD relative to deposition at large,D, conditions which

reflectance(shown as the dotted line in Fig. Jlthin the result in greater thermalization. The results presented above

experimental uncertainty. This same film was also measureg%owmg increased interfacial roughness in periodic W/Si
;t_E;stliz At(;v’ tvgle(;eogle pea:<n rienflectrancn;a vrzlf\?vift?lutr;d toxb(?nultilayers with increasing argon pressysimilar to previ-
e o atg=0.Ue", aga agreeme € €% busly reported results in, e.g., Mo/Si multilay®ysand in-

pected value. creasing target-to-substrate distance are thus consistent with
this model of the energetics of the growth process.

The increase in interface widths with increasing back-
The analysis of the specular and nonspecular x-ray reground pressure reported aboy€ig. 7) can also be ex-
flectance measurements presented above suggests that fhained in terms of the growth energetics. Background pres-
dominant interface imperfection in high-quality sputteredsure has been found previously to have a strong effect on

W/Si multilayer structures is interfacial diffuseness, un-film stress in both periodic Mo/Si multilayéfsand in W/Cr

06l .

Reflectance, R

02+ _

FIG. 10. Measured reflectance vs energyat0.105° for a W/Si multilayer

IV. DISCUSSION
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bilayer structures?® and this effect can been attributed to a ~0.8—1.0 nm) vs Si-on-W dsi.on.w~0.6 Nm) interfaces.
trend from a zone T towards a zone 1 microstructure resulterom x-ray analysis, we find interface widths in the range
ing from the reduction in surface mobility due to impurity =0.275—0.35 nm for multilayer films deposited at low ar-
gas atomgH, O, etc) present in the vacuum system during gon pressure, and somewhat larger interface wicites o
deposition and, more importantly, on the surface of the=0.35-0.4 nmfor structures grown at higher Ar pressures,
growing film. As jUSt described, this Change in miCl’OStrUC-higher background pressures, or with |arger target-to-
ture (and stressis associated with increased roughness resypstrate distances.
sulting from shadowing during growth. It is possible, there-  Apart from the apparent discrepancy between the inter-
fore, that the observed increase in interface widths withtace widths inferred from electron microscopy and those de-
increasing background pressure is due to increased interfgarmined from specular and nonspecular x-ray reflectance
cial roughness resulting from an impurity-induced reductionanalysis, these measurements suggest that the dominant in-
in adatom surface mobility. terface imperfection in these films is interfacial diffuseness;
The lack of any observed variations in interface widthinterfacial roughness is minimal in structures prepared under
with magnetron power is somewhat surprising in light of thegptimal conditions, but can increase for films grown under
sensitive dependence of microstructure on particle energeticgnditions in which the beneficial effects of energetic bom-
just described, given that higher magnetron powers corrépargment during growth are compromisiedg., higher argon
spond to larger voltages present between the target and thgessures, etg.as we have discussed above in detédf

substrate. Larger voltages would be expected to result in insoyrse interfacial roughness will be greater for films depos-
creased energy delivered to the film surface by particle bomzeq on rough substrates.

bardment. However without a detailed molecular dynamics X-ray reflectance analysis was also used to measure the

simulation of the sputtering process it is difficult to deter-y ariation in the W and Si deposition rates with bilayer thick-

m.ine quan.titatively how the distribution of .particle energiesness and as a function of magnetron power. We find that the
will vary with magnetron voltage for a particular deposition \y; gnd si layer thicknesses are nonlinear with deposition

geometry. It is conceivable, therefore, that the large variaﬁmel and we have discussed how diffusion, mixing due to

tions in magnetron power investigated hemhich corre-  gnergetic hombardment, and resputtering might explain these
spond to approximately linear voltage changemduce only  eqits. We have also discussed how bilinear fits to the mea-

small changes in the energy distribution of particles strikingg,,-ed thickness versus time data can be used to predict the

the film surface during growth. measured multilayer periods with accuracy sufficient for the

Various mechanisms can be invoked to explain the oby oy th of depth-graded structures for use as hard x-ray re-

served nonlinear dependence of layer thickness with depOSfiacors. We find no increase in interface width as a function
tion time shown in Fig. 8. In particular, diffusion and W—Si ¢ magnetron power, but we do observe a slight increase in
interlayer formation, as well as the resputtering process diSherface width for multilayers having periods greater than
cussed in Sec. |, undoubtedly all play some role. However,_og nm_ This last result may be due to the transition from

we have not made any attempt to model the observed behayz,qrohous to polycrystalline W layers observed by TEM
ior quantitatively, given the difficulty in reconciling TEM .4 SAED.

and x-ray reflectance analysis results used to determine the 1o hard x-ray reflectance obtained from an optimized

relative thicknesses of the “pure” Si and W layers, anddepth-graded W/Si multilayer over the range 18 kel
W-Si interlayers. Perhaps in the future new models can be- 170keV, as shown in Fig. 9, is consistent with the rela-
developed to describe the x-ray reflectance in which betteﬁve|y small interface widths determined frof@ keV) x-ray
agreement can be obtained between the model paramet§giectance analysis, as is evident by the good agreement
(i.e., layer thicknesses, interface widths, etmd those pa- pepyeen measurements and calculations made using either a
rameters then can be determined accurately from TEM. Iyenih-graded distribution of interface widths in the range
any case, the bilinear fits to the observed deposition rates j »75_q 3 nni.e., as suggested by 8 keV x-ray analysis
shown in Fig. 8 can be used to predict the measureq 5 constant interface width af=0.3 nm for all interfaces
multilayer periods with high accuracy, as is apparent fromp, the stack. The reflectance of this structure at the opera-
the good agreement between the measured and calculatggy graze angled=0.095°) is in excess of 50% over the
high-energy reflectance data shown in Figs. 9 and 10. entire design energy range 20 ke¥<69.4keV, and is in
excess of 10% up tB=170keV at6=0.075°. We also find
V. CONCLUSION good_ agreement between reflecta_nce measuremer_1t§ and cal-
culations made for a graded W/Si structure containing 800
We have used electron microscopy and x-ray scatterindpilayers, designed for use above 100 keV, where the peak
to investigate the growth and structure of periodic and depthreflectance atE=212keV, e.g., was measured to e
graded W/Si multilayer structures prepared by magnetron=76.5+4% at a graze angle af=0.08°.
sputtering under various deposition conditions. From elec- The results presented here showing high reflectance at
tron microscopy we observe-phase polycrystalline W in hard x-ray energies up to 200 keV indicate that depth-graded
W/Si bilayers thicker tha~8 nm, but only amorphou®r  W/Si multilayer coatings can be used for practical hard x-ray
possibly extremely fine-grained polycrystalljnmaterial in  reflectors, and in particular for the new generation of hard
thinner layers. We also observe amorphous W-Si interx-ray astronomical telescopes currently being develbped
layers, with a slight asymmetry in the W-on-Sil{.,,.5; that are designed to operate at energies below 100 keV, and
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