Optical superlattices—a strategy for designing phase-shift masks
for photolithography at 248 and 193 nm: Application to AIN/CrN
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This letter illustrates with AIN/CrN multilayers that optical superlattices, comprised of multilayers
of a uv transmitting dielectric layer and a metallic layer, offer a systematic approach to design and
fabricate partially transmitting, phase-shift masks for photolithography. From the measured optical
constants of sputtered AIN/CrN multilayers, it was found that films hguhase shift and tunable
optical transmission between 5% and 15% at 365, 248, and 193 nm. We compared the optical
properties of sputtered AIN/CrN multilayers to “ideal” superlattices, calculated from the measured
optical properties of individual thick CrN and AIN layers, and to compositionally equivalent
psuedobinary alloys of (AIN)_,(CrN),. Although optical properties for all three systems were
nearly the same, which is attractive because it implies wide process lattitude, we found systematic
differences that were attributed to their individual structures. A phase shift mask with 6%
transmission at 365 nm was fabricated with a 1650-A-thick (25 A -AR$ A CrN) multilayer film.
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Microlithography? used for patterning and fabricating 193 nm, and at potentially shorter wavelength. Optical super-
microprocessors and memory chips with critical feature sizdattices are comprised of an optically absorbing metal, mul-
as small as 0.25um, is one of the key technologies that tilayered with a uv transparent dielectric layer. The optical
makes the modern PC possible. Today these circuits areharacter of the metallic layer is that it is highly absorbing at
faster, denser, and cheaper than ever before. However, fulenger wavelengths, good for mask inspection, and less ab-
ther reduction in feature size will require photolithographysorbing in the uv, attractive for accurate control of optical
with shorter wavelength ligh248 and 193 nif and the use  transmission. Layer constituents can also be chosen from
of advanced optical enhancement strategies such as phastable oxides and nitride pairs with etch selectivity to quartz.
shift masks$=>and optical proximity correctidi? schemes. A Examples of uv transmitting layers include AIN, HfCand
phase shift mask enhances the patterned contrast at the edgdsO5, while RuQ,, CrN, and MoN are examples of metallic
of small circuit features by destructive optical interference oflayers. Changing the ratio of these layers allows systematic
light that passes through the mask with an adjacent band afontrol of chemistry and optical properties. Potential advan-
light that propagates in air. Among the different types oftages include continuous metallic layers to reduce film resis-
phase-shift masks, those that combine light attenuation antivity and decrease transmission at the inspection wave-
180° orm-phase shift in a single layer, known as attenuatingength; a broader process lattitude that minimizes phase
embedded phase-shiftef&ES),*~1° are especially attractive errors, because control of chemistry is by layer thickness of
because design and processing of the photolithographic maskable oxides or nitrides, not by maintaining a critical reac-
are simplified, since fabrication steps are similar to tradi-tive gas concentration; and simplified synthesis from elemen-
tional opaque Cr masks, which either let light pass or blockal sputtering targets.
it. Multilayers of metallic CrN with uv transmitting AIN

Although many materiafs'° have been proposed for at- (band gap of~6.2 eV) were made by simultaneous magne-
tenuating embedded phase-shift masks, there are criticidlon sputtering from separate metal targets of Al and Cr in
shortcomings. The most serious is the inability to accuratelyartial pressures of Ar and,No produce uv transparent AIN
(< =3°) control the phase shift. Small phase errors are unand metallic CrN layers with little sensitivity to minor
acceptable in an AES mask, because they decrease the deptranges in Ar/N gas ratio. The chemical composition of
of focus and shift the optimum focus positibhPhase errors  films was adjusted by the relative thickness of individual
are caused by poor etch selectiflityith respect to the sub- layers, controlled by deposition rate and the time substrates
strate, and more consequentially by difficulty in controlling on a rotating table were paused under each target. We delib-
the film’s chemical compositioh.Furthermore, the materi- erately grew AIN/CrN multilayers with a short superlattice
al’s requirements for a partially transmitting phase shiftperiodicity of 50 A, e.g., 26(35A AIN+15A CrN) to
mask are seemingly contradictory. At 248 and 193 nm gromote optical homogeneity. With the periodicity much less
material is needed with lossy dielectric properties, whereathan the lithographic wavelength, optical properties should
metallic character is needed to dissipate charge builduge less sensitive to details of layer interfaces, and etching of
when electron beam writing is used, and to reduce opticathe layers more uniform.
transmissivity at 488 nm, where masks are inspected. Figure 1 summarizes the optical constants, index of re-

In this letter we demonstrate with AIN/CrN multilayers fraction (n), and extinction coefficientk), of AIN/CrN mul-
that optical superlatticéoffer a systematic approach to de- tilayers with a periodicity of 50 A and a total film thickness
sign and fabricate partially transmitting, phase-shift maskof about 1000 A. The optical constants were determined
with a single material’s chemistry that is tunable at 248 nmfrom variable angle, spectroscopic ellipsometry, and uv/
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. . N - FIG. 3. Comparison of the reahf—k?) and imaginary (2k) parts of the
FILG. L Depe(Tdence of |(rj1dex of re]fractllor;)(and extlnctclion clqlefflaent ) hdielectric constants of sputtered AIN/CrN multilayers and “ideal” AIN/CrN
( )’. r(;l‘e‘asure Aat 2;'8 ar; h]'-glf nm otr) A NlCrN ZpUtteo/reAlmU tilayers wit superlattices as a function of AIN concentration. Lines are drawn through
periodicity 50 A and total thickness about 1000 A on % ) the points corresponding to the ideal superlattice.

V'S'ble. spﬁctro_scopy measureme’r?_tg,ombmed with optlca_l tical transmission occurred in AIN/CrN multilayers with 673
modeling.” Thicker, more transmitting AIN layers consis- A thickness and 80% AIN. 180° phase shift designs were
tently reduced the extinction coefficient at 248 and 193 NM,. hieved in a desirable range of optical transmissiGAs—
whereas their effect on the index of refraction was propor—lo%) at both 248 and 193 nm. Up to an AIN concentration of
tionally smaller. From the optical constants, the film thick- 80%, there was a smooth, gradual dependence of optical
ness, optical transmission, and reflectivity, correspondipg t?rans,mission on chemical éomposition, characteristic of an
180° phase S’.h'ﬁ’. cap be calcula&%dxactly. The phase shift ideally tunable material system. At 70% AIN, a 1200-A-
through the film is given by the expression thick film, with a calculated phase shift at 248 nm of about
180 Im(T,) 180° with 7% optical transmission, had sheet resistivity less
¢=—_arcta Re(T,) |’ (1) than 500 K/square, low enough for charge dissipation with

. . ) o electron beam writing, and an adequately low optical trans-
whereT, is the transmitted amplitude. For normal incidence nission (<40%) at 488 nm for mask inspection.

from a?r into a film_with thicknessl and a complex ?ndex of It is informative to compare the optical properties mea-

refr.atl:stlon,N:(n—lk) on a lossless substrate of indey,  gyred in AIN/CrN multilayers to calculated “ideal” super-

Tals lattices using the optical constants measured for thick
4N (~100 nm) layers of CrN and AIN made with the same sput-

Ta:[(1+ N)(N+ny)exp(iK)+(1—N)(N—ny)exp(—iK)]’ @ tering conditions. For optical superlattices with layers much
whereK = 2ard/x thinner than the optical wavelength and normal incidence of

Figure 2 summarizes the optical transmissions at 24§'ght, Hundert® has shown that the dielectric properties are

and 193 nm calculated exactly for 180° phase shift in AIN/vile” described by the effective medium approximatiag,

: . =fe,+(1—f)eq, Wherees, €, andey are, respectively,
° 0 - m s m
CrN multlayers. At 193 nm, 180° phase shift and 10% op the complex dielectric constants of the superlattice, the metal

or absorbing laye¢CrN), and the optically transmitting layer

AIN/CrN MLs (AIN); f is the fraction of the absorbing layer, ards re-
16T — — ] lated to the usual optical constants &y (n—ik)?2. Figure 3
T 14 (1089 | then compares at 248 nm the calculated regk?) and
c 1o O %T(248 nm) | imaginary (k) parts of the dielectric constant of ideal su-
Y o — %T(193 nm) (673) | perlattices to values measured for sputtered AIN/CrN multi-
- 109 i layers. The optical constants measured at 248 nm for indi-
£ 8 B vidual layers of AIN and CrN wera(CrN)=1.6, n(AIN)
c 6 1 =2.4, k(CrN)=0.9, andk(AIN)=0.1. This comparison
2 i ] highlights that ideal superlattices overestimatand under-
« 4 = : . .
= estimatek in sputtered multilayers.
3 21 834) - B i The difference in optical constants may be due to inter-
0o —on— ‘ ‘ ‘ ‘ facial mixing or roughening of AIN and CrN layers in sput-
45 50 55 60 65 70 75 80 85 tered multilayers. Alternatively, the optical constants of AIN

% AIN and CrN may be thickness dependent, differing from values
measured for thicker films. The thickness dependence will

FIG. 2. Optical transmission calculated for AIN/CrN multilayers with 180° ; ; ; i
phase shift relative to propagation in air at 248 and 193 nm as a function ol;equ”’e further StUdy' To investigate the effect of mixing or

AIN concentration. Each point represents a unique film thickitdgsndi- roughening,  we ' made pSEUdObin?‘ry alloys 'Of
cated in parentheses. (AIN) 1 _4(CrN), by simultaneously sputtering Al and Cr ni-
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25 shift directly at 365 nm, we designed a 180° phase shift mask
i ] for this wavelength with AIN/CrN multilayers. Using optical
A s L constants measured in films sputtered from 3-in. diam tar-
] gets, we designed an 8%fphase shifter, which we calcu-
B —©—na(248) | lated to be 1650 A of (25 A AIN-25 ACrN). We sputtered
~ 1'57; ﬁfka(%fg) 1 these periodic multilayers using 6.5-in. diam targets on a
e o *ks(248§ 1 5in.x5in.x0.90 in. quartz substrate. A pattern of lines for
i measuring relative phase shift and optical transmission was
= e ] wet etched in the multilayers using a solution of perchloric
0.5 *G\R‘\\ﬂ 1 acid and ceric ammonium nitratéCyantek CR7$ and
o ] AZ1375 (Hoechst Celanes$ephotoresist. Consecutive scans

of relative phase shift are shown in Fig. 5. Experimentally,

we obtained 175° phase shift and 6% transmission at 365

nm, both encouragingly close to the design values, since this

FIG. 4. Comparison of the optical constants for sputtered pseudo—binar)\/\/as a single experiment.

alloys (n,, ka) of (AIN);_,(CrN), and compositionally equivalent multi- In summary we have demonstrated that optical superlat-

layers (15, ks) of AIN/CrN at 248 nm. tices can be a materials platform for designing phase-shift
masks with optically tunable properties at 248 and 193 nm.

trides onto quartz substrates. Although we found that differ-SpeglfIC.akl:y W(ha showr?? thadt AlN./Cer films .CO.UId bg sput-

ences in optical constants were relatively small, the extinc:“:"ore wit Z’p ase shift and optical transmissions between

tion coefficients of alloys were systematically larger 2% and 15%.

(~10%) than chemically equivalent sputtered multilayers,
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