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| describe the development of low-stress W/Cr bilayer films, for use as SCAP Rizsk scattering

layers. These films are produced by dc magnetron sputtering in argon, and consist of 25—
50-nm-thick W layers deposited onto 5—10-nm-thick Cr layers. X-ray reflectance analysis is used to
measure the thicknesses of the individual W and Cr layers with subangstrom precision; surface and
interface roughnesses, film densities, and also the thickness of the tungsten—oxide overlayer which
forms after exposure to air are determined by this technique as well. Film stress, which is measured
using the wafer curvature technique, is controlled by adjusting the deposition conditions such that
the Cr layers are in tension while the W layers are in compregsiod thus have high density and

low surface roughnegsso that the net stress in the bilayer is balanced near zero. | present data that
illustrates how the net stress in these films varies with argon pressure, background pliessure
partial pressure of residual gases present in the vacuum charahdrCr layer thickness. | also

show how the stress depends on the composition of the substrate: i.e., stresses measured in films
deposited onto Si wafers are systematically higli®sr several hundred MPahan the stresses
measured for the same films deposited onto silicon—nitride-coated Si wafers. | discuss the
implication of these results with regard to the production of high-quality SCAL®PBask blanks

for sub 0.12um lithography. © 1999 American Vacuum Sociefa0734-211X99)07604-(

I. INTRODUCTION called “atomic peening” effect, the film consists of tightly
packed columnar grains, with high density and low surface
The SCALPEL™ electron beam projection lithography roughness, and consequently has a large compressive stress;
system requires masks consisting of a patterned “scatteringat higher pressure, the reflected neutral argon atoms suffer
layer, i.e., composed of material having a relatively largémgore collisions in the gas phase and thus deliver less kinetic
scattering cross sect_lon for 100 keV electrafesg., W _energy to the surface of the growing film, which is thus more
formed on a supporting membrane composed of materigl, s consisting of loosely packed grains and a large num-
having a relatively small scattering cross section for elecy o of \gids, with low density and high surface roughness,
trons (e.g., .s,|||.con.—n|tr|de. The _supportlng S|I|_con_—n|tr|de and consequently has a large tensile stress. Because of this
membrane is n slight ten5|on,_ in order to mamtam .ﬂ"".messvariation in stress and microstructure with argon pressure,
and the stress'm the W scattering layer must be minimized %he sputter-gas pressure for which the stress is close to zero
much as possible in order to reduce pattern-placement errors

. ) ; résults in films having a microstructure that is somewhere
The polycrystalline W layers should ideally consist of small . : S
o S between the two extreme cases just described, which is un-
columnar grains, in order to minimize line-edge roughness

and should have a high density, in order to minimize voids,deswable with regard to the requirement of minimal line-

and also to minimize the film thicknegand thus the aspect edge roughness in the finely patterned features needed for

ratio of patterned featurgsequired for high electron con- sub 0.12um lithography.
trast. The approach presented here to produce low-stress scat-

Previous efforts to produce low-stress W films, for use int€"Ng layers for SCALPEL masks also makes use of the

masks for x-ray lithograph§for instance, attempted to ex- variat_ion in film _stres_,s with argon pressure just (_jescrib_ed,
ploit the widely known dependence of stress with sputter-gaSUt With one crucial difference: rather than attempting to find
(e.g., argon, typicallypressure observed in metal films pre- the deposition condlt!one.e., argon prgssu}ehat give rise
pared by sputtering.However, this approach proved unsat- [0 Near-zero stress in the W layer, instead we attempt to
isfactory, for the following reasons. First, the variation in Palance the stress in the W layer with the stress in an under-
stress with argon pressure is quite large near the zero strebdng layer of Cr(which also serves as a dual purpose as an
point, and so it is difficult to control the pressure with suffi- €ch stop layer, and acts to mitigate membrane charging dur-
cient accuracy. Second, the microstructure of the film alsdnd e-beam exposureThis technique takes advantage of the
varies strongly with argon pressutessentially for the same fact that the “transition pressure,” i.e., the pressure at which
reasons that the stress does: at low argon pressure, becatide stress in a sputtered film changes from compressive to
of the large amount of kinetic enerdy-100 eV/Ar atom  tensile, also depends on the atomic mass of the adatom rela-
delivered to the surface of the growing film by neutral argontive to the atomic mass of the working gaspecifically, in
atoms reflected from the sputtering target, through the scthe case of W and Cr films sputtered in argon, this transition
pressure is larger for W than it is for Cr, and thus there exists
dElectronic mail: windt@bell-labs.com (in general a range of argon pressures for which the W is in

1385 J. Vac. Sci. Technol. B 17 (4), Jul/Aug 1999 0734-211X/99/17 (4)/1385/5/$15.00 ©1999 American Vacuum Society 1385



1386 David L. Windt; Low-stress W/Cr films for SCALPEL ~ © 1386

film thicknesses determined by x-ray reflectance analysis,
described below. Except where noted, the samples described
. here were grown orfunheated 14 mmx14 mm, 100gm-
thick Si wafer substrates having a thir2—3 nm native
oxide layer.

X-ray reflectance measurements are made as a function of
grazing incidence angle at a fixed wavelength, using a four-
N circle diffractometer with a rotating anode x-ray source hav-
’ ing a Cu target, and a pyrolytic graphite monochromator
) tuned to the Cul& line near 8 keV(1.54 A). Reflectance
. measurements are typically made for incidence angles in the

range 0°<#<<4°, which in most cases discussed here corre-
sponds to a span of roughly seven orders of magnitude in
Fic. 1. Diagram showing conceptually how the stress varies with argonyeflected intensity. The angular resolution of the diffracto-
pressure in single-layer W and Cr layer films, and in a W/Cr bilayer film. . .
meter is~0.02°, and measurements are typically made every
0.01°, conditions that are just sufficient to resolve the thick-

compression while the Cr is in tension; with a suitable choiceness fringes for the thickest films-50 nm W/10 nm Cy
of W and Cr layer thicknessdsonsistent with the require- discussed here.
ments on electron contraitthe net stress in the bilayer can  Fits to the x-ray reflectance data, performed with the IMD
be made to balance. Although the bilayer stress still dependsoftware packagé,are used to determine film thicknesses,
strongly on the argon pressure, the variation in stress witldlensities and roughnesses, for both the W and Cr layers, as
pressure is much less sensitive than in the case of a singleell as for the tungsten—oxide overlay@ssumed to be
layer film, as illustrated schematically in Fig. 1. Furthermore,WO,) that apparently forms on these films after exposure to
the W layer remains in compression and thus consists of thair. With this technique, the measured reflectance versus in-
more desirable fine-grained, high-density, low-roughnessidence angle data are compared with a theoretical reflec-
material. tance curve computed using an algorithm based on recursive
In Sec. II, | describe the preparation of such low-stressapplication of the Fresnel equations; the formalism described
WI/Cr bilayer films, and the characterization of these filmsby Stearn$is used to account for the effects of interfacial
using x-ray reflectance analysis for the precise determinatioroughness(or diffuseness Nonlinear, least-squares curve
of layer thicknesses, roughnesses and densities. In Sec. lllfitting can be used to fit the data, but in many cases simply
present experimental results illustrating the dependence aéking advantage of IMD’s ability to “manually” vary sev-
film stress on argon pressure, Cr layer thickness, and backral adjustable parameters simultaneously is a more efficient
ground pressurei.e., partial pressure of residual gasesapproach, particularly for the highly oscillatory reflectance
present in the vacuum system during deposjtidnalso  data typical of these films. The effect on the resultant reflec-
present results showing that the stress in these films depengihce curve is significantly different for each of the adjust-
strongly on the composition of the substrate on which theyaple parameter@.e., film thicknesses, roughnesses, and den-
are grown. Finally, in Sec. IV, | discuss the implications of sitieg used to fit the data, and so each of these parameters
these results with regard to the production of high-qualitycan be determined uniquely, in general. The sensitivity of the
SCALPEL® mask blanks for suum lithography. x-ray reflectance analysis technique to layer thicknesses and
roughnesses is particularly high—typically these parameters
Il. FILM PREPARATION AND CHARACTERIZATION can be determined with a precision of better than 0.1 nm—

The films described here are grown by dc magnetron spuput the sensitivity to film density is much worse: the preci-
tering in argon of 99.999% purity, using a deposition systension with film density can be determined is generally no
having sub-angstron film thickness control for the productiorPetter than about 10%.
of multilayer x-ray optics that has been described TO illustrate, shown in Fig. 2 is the measured x-ray reflec-
previously® The system is cryo—pumped, and the argontance for a W~20 nm/Cr(~4.5 nm) bilayer film. The best-
pressure is maintained with a closed-loop gas-flow systerfit curve (labeled “r=3.5 A" i.e., corresponding to a
using a capacitance manometer and a mass-flow controlleYVOs/W interface roughness of 3.5)Avas obtained by fit-

In all cases, the power to each of the two 50-cm-king ting eight adjustable parameters: the densities, layer thick-
9-cm-wide planar magnetrons, i.e., one for (89.95% pu- nesses, and interface roughnesses of both the W and Cr lay-
rity), one for Cr(99.99% purity, is fixed at 200 W, and the ers, as well as the thickness and roughness of the; WO
individual film thicknesses are adjusted by varying the rota-overlayer; the best-fit parameters are indicated. Also shown
tional velocity of the substrat@vhich faces downwandas it  are curves computed using other W/ interface rough-
travels over the sourcdsvhich face upward, 10 cm below ness values, illustrating the strong effect of this particular
the plane of the substraterhe deposition rates are typically parameter on the computed reflectance. The high-frequency
of order 0.18 nm/s for W and 0.24 nm/s for @vith a slight  and low-frequency modulations in the reflectance datv-
dependence on argon pressgu@nd are computed from the ing periods of~0.18° and~1.0°) correspond to interfer-
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Fic. 3. Measured stress in 80 nm)/Cr(25 nm) films as a function of argon

Fic. 2. Typical x-ray reflectance-vs-incidence-angle data for a W/Cr b”ayerpressure. The dashed line is a linear fit to the data.

film. Calculated reflectance curves for three values of the;YMDinterfa-
cial fOUgQ”g‘StS flilfedshovl\'”? the bets)tt'f?t Cgﬂﬂ?e'Ed “<TI_:3-5 AI") t? the  surements made on multiple samples is rough¥0 MPa.
e e e i Chianed 3 Tl IS S0UE3 e ote that, athough the Sputter target voltages can vary
with argon pressure, in principle, and the voltages can in turn
affect the amount of energy delivered by argon ions to the
ence due to the total film thicknegse., WO, + W + Cr  Surface of the growing fiIn_{whi_ch can thus affect the film
layer thickness@sand the Cr layer thickness, respectively. Sress and microstructurein this case the target voltages
But note that these thickness modulations shift measurabiyaried by less than-5 out of ~340 V(i.e., ~1.5% over this
with WO,/W interface roughness; in general, although eacHange of argon pressures; given the large amount of energy
of the fit parameters can ultimately be determined uniquelydelivered to the surface of the growing film by reflected neu-
the fact that many parameters are often coupled adds to tHEa! argon atomsi.e., ~100 eV/atom, the variation with
complexity of finding the best-fit parameters. ?rggnln pressure in energy delivered by argon ions is thus neg-
igible.
Il EILM STRESS In_ a preyious investigatioh, the stress in Mo/Si x-ray
multilayer films were found to depend strongly on the back-
Film stress is measured using the wafer curvature techyround pressure of the vacuum system. We find a similar
nique, with an instrument that has been describedesult for W/Cr bilayer films, as indicated in Fig. 4, which
previously? With this technique, the net film stress is deter-shows the stresses measured as a function of background
mined using Stoney’s equatifhfrom the measured change pressure for W60 nm/Cr(10 nm) films deposited at an ar-
in radius of curvature of the thin substrate; the radius ofgon pressure ofP,,=2.40+0.01 mTorr. The background
curvature of the substrate is determined by measuring prgyressure was measured with an ionization gauge just prior to
cisely the deflection of a laser beam as it is scanned along th#m deposition, and was adjusted by varying the pumpdown

length of the sample. The experimental uncertainty in thaime of the vacuum system: the pumpdown time ranged from
measured film stress is larger on the small wafer sections.90 min for samples grown a?backgrouna:5-0><10_6 Torr,

used herdrelative to measurements on full-sized wafeas

a.result of the larger relative uncertainty in the ;ub;trate W(50 nm) / Cr(10 nm)
thickness, and also because of the larger uncertainty in the 200F ——— —— T
determination of the change in radius of curvature of these 100§
samples associated with the smaller scan lengths. In all cases 3
presented below, scans were made at several positions onthe & 0 :
substrate, resulting in scatter in the data between different £ 100
measurements for a given sample. § 3

Shown in Fig. 3 is the stress in sputtered38 nm)/Cr(25 & -200 E
nm) films as a function of argon pressure, in the range £ _300§
P,=2.1-2.8 mTorr. In this case, the background pressure in -
the vacuum chamber prior to film deposition was -400 =
5.0+0.1x10 © Torr for all samples. The variation in stress 500 E L 3
with pressure is approximately linear, ranging fror200 10° 1078 1075
MPa compressive foP,,=2.10+0.01 mTorr, to~350 MPa Background Pressure [Torr]

. _ . . .
tensile for Pa,=2.80=0.01 mTorr, and the films having Fic. 4. Measured stress in @0 nm/Cr(25 nm films are a function of

the lowest stress were grown at an argon pressure of 2.3Rckground pressure. The argon pressure was fixed at 2.4 mTorr in this case.
+0.01 mTorr. The scatter in the stress data for multiple mea¥he dashed line is a linear fit to the data.
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Fic. 5. Measured stress in W/Cr films containing 25-nm-thick W layers, asFG- 6. Large-angle x-ray diffraction databtained in thef-26 geometry

a function of Cr layer thickness. Stresses are shown for films deposited on®" W(25 nm/Cr(10 nm films grown on both barésolid lineg and silicon—

both bare and silicon—nitride-coated silicon substrates, as labeled. Th@itride-coateddashed linessilicon substrates. The curves are nearly indis-

dashed lines are linear fits to the data. tinguishable. The peaks neaf-240.5° are due to diffraction from the bcc
W (110 lattice planes, while the sharp peaks nedr89° are due to dif-
fraction from the silicon substrate. The broad peaks néa6D° are due to
diffraction from the(amorphous native silicon—oxide layer present on the

to ~24 h for samples grown a?background__l-5x1077 Torr. silicon substrates prior to coating.
As in the case of the Mo/Si multilayer films reported previ-
ously, the stress is highly compressive in W/Cr bilayer films

. The stresses in the films grown on silicon—nitride are sys-
prepared at low background pressgre—400 MPg, and is g y

tensil +60 MPa for th ¢ hiah back q tematically lower—by several hundred MPa—than those
ensile ( In th 3 orf Mos/ggrmﬁ'rll athig acd.?froup grown on Si. The difference in the stresses for films grown
pressure. In the case ot Mo/st multiayers, x-ray difiraction 5, qjjicqn versus silicon—nitride can be due to differences in

measurements revealed ho obs_ervab le mlcrostruc_tur%e interfacial stresses present at the Cr-substrate interface,
changes, but forward recoil scattering measurements indi-

ted that th trati fhvd in fil od f br possibly due to differences in the microstructure of the
cated that the concentralion or hydrogen In fiims varied iromy,, , fimg 12 However, large-angle x-ray diffraction measure-
~0.5 at. % for films grown at low background pressure to

0 . ~__ments made on these films reveal no microstructural differ-
~2.0 at. % for those grown at high background pressure; th%nces, as shown in Fig. 6, for example, suggesting that the

variation n stress with bac!<g_roun.d pressure was thus atF”bc'iifference in stress is predominantly due to interfacial stress
uted to this measured variation in hydrogen concentratio

Ny
: : . differences.
although the precise mechanisms responsible for the stress

variations were not identified conclusively. In the case of the
WI/Cr films shown in Fig. 4, x-ray diffraction also reveals no IV. CONCLUSIONS
microstructural variations. Forward recoil scattering mea- | have described an approach to produce low-stress W/Cr
surements were not performed on any of the W/Cr samplebilayer films suitable for use as scattering layers in
discussed here, but it is possible that a similar systematiSCALPEL® masks for sub 0.1Zm lithography. The films
variation in hydrogen concentration might be found. As inare grown by magnetron sputtering in argon: the deposition
the case of the stress-versus- argon-pressure data showndonditions are adjusted so that the W layers are in compres-
Fig. 3, the small(~3%) variation in target voltage with sion and the Cr layers in tension, so that for a given set of
background pressure for the data in Fig. 4 is unlikely to haveayer thicknesse&s driven by the requirements on electron
a significant affect on the bilayer stress. contras}, the net stress in the bilayer is minimized by bal-
The variation in stress in W/Cr bilayer films containing ancing the stresses in the two metal layers, and yet the com-
25-nm-thick W layers as a function of Cr layer thickness ispressive W layer is composed of the more desirable fine-
shown in Fig. 5, for films deposited onto Si wafer substratesgrained, high-density, low-roughness material. X-ray
The stress increases by several hundred MPa as the Cr lay@flectance analysis can be used to determine with high pre-
thickness is increased from 5 to 30 nm. Because the natision layer thicknesses, roughnesses and densities.
stress in the bilayer depends on the stresses in W and Cr | have shown that the stress in these films depends on the
layers, weighted by the respective W and Cr layer thick-argon pressure, the background pressure, and the Cr layer
nesses, this result clearly indicates that the Cr layers are ithickness, and also depends on the composition of the
tension, as thicker Cr layers result in more tensile films. Alsocsubstrate—stresses measured in W/Cr bilayers deposited
shown in Fig. 5 are the stresses measured in identical filmento Si wafers are systematically higHey several hundred
(i.e., grown during the same deposition cydieit deposited MP4g) than the stresses measured for the same films deposited
onto 100um-thick Si wafers that were coat¢ty chemical onto silicon—nitride-coated wafers; these results have the fol-
vapor depositiofCVD)] with ~120 nm of silicon—nitride. lowing implications for the production of high-quality
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both the argon pressure and the background pressure of thgtl';'eRs d;sg'bg‘gfc(?;i ELJte;TQSL‘;%ﬁk €. W, Jurgenson, and L. E
vacuum system. Other deposition conditions that are known Trimble, J. 'Vac_ Sci. Tecr,mol. B, 3301(159]). ,

to affect films stress, such as magnetron power, source-to<y \yindischmann, J. Vac. Sci. Technol. % 2431 (1991).

substrate distance, etc., will almost certainly need to be con-‘r. Messier, A. P. Giri, and R. A. Roy, J. Vac. Sci. Technol2A500
trolled with high precision as well. Second, if such films are (1984.

to be grown on silicon—nitride-coated substrates, then one®F. M. D'Heurle, Metall. Trans1, 725(1970.

must take into account the differences in the composition D. L. Windt and W. K. Waskiewicz, J. Vac. Sci. Technol.12, 3826
(and undoubtedly the cleanliness as Wwefl thin-wafer sub- ~(1994-

strates (suitable for wafer-curvature measurementbat D. L. Windt, Comput. Phys12, 360 (1998,

. . ... °D. G. Stearns, J. Appl. Phy85, 491 (1989.
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