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(Zr0,)/(Cry05) /(Al,03) 1 - Optical superlattices composed of ten film stacks with nm
thickness in each stack, which includes the stoichiometric,ZIQ,0;, and ALO5 layers, are
obtained by using rf unbalanced magnetron sputtering in an atmosphere of argon and oxygen.
Binding energies of Cr @5, Al 2pg», and Zr 35, identified by x-ray photoelectron spectroscopy
(XP9 are consistent with those of the theoretical,@, Cr,O; and ZrGQ XPS spectrum,
respectively. The dielectric constants of (Z)Q4/(Cr,03)y/(Al05)06-y and (ZrG),/
(Cr03)o 6/ (Al,O3)0.4-x Optical superlattices are illustrated to satisfy the effective medium
approximation. By controlling the thickness percentage of ZrCr,0;, and ALO;, the optical
constant tunable (Zr,/(Cr,03),/(Al;03);__, optical superlattices can meet the optical
requirements of a material blank for an attenuated phase shift (A#&%&M). A quadrangular area

of thickness percentage of (Z5(Cr,0O5) that meets the requirement of optical constants for an
APSM blank is found to be bounded 9, 0.25, (0, 0.45, (0.35, 0.63, and(0.45, 0.40. © 2001
American Vacuum Society.DOI: 10.1116/1.1408951

[. INTRODUCTION N,) in a plasma process. Due to local differences in pumping

To fabricate integrated circuits with a feature size smaIIerS peeds for the reactive gases, the chemical composition and

than 100 nm and a large depth of focus is a challenging tasﬂptical properties of nonstoichiometric films at the center

. . nd the sides of a mask may be slightly different. The film
for ph_otohthography. S.UCh a_goal can _be _ach|eved by _Ar thickness is thus hard to be determined asrfgrhase shifter.
photolithography combined with the utilization of resolution

. . Nevertheless, stoichiometric films do not have such short-
enhancement technologies such as phase shift mask, off-axis

illumination, optical proximity correction, etc. With destruc- comings.
. R Lo In this work, the (ZrQ),/(Cr,03),/(Al,03)1_x—_, Opti-
tive optical interference at the edges of circuit features and ) . TaToly Y
. : : cal superlattices with the stoichiometric Z;OCr,0O5, and
without phase conflict problems of any arbitrary mask: . ) . .
. ) Al,O5 layers in each film stack are aimed to meet the optical
tenuated phase shift magkPSM) improves depth of focus h :
. . . requirements of an APSM blank material.
and resolutiohand can be implemented more easily as com- . A L
. o We report three main aspects in this article:
pared to other types of phase shift masks for fabricating
high-density integrated circuits. (1) The stoichiometric ZrqQ Cr,03, and ALO; thin films

Generally, the key optical requiremehtior an APSM
blank are(1) 180° phase shift(2) transmittance in the range
of 4%—-15%, and?3) reflectance less than 15%. There have
been many material candidates, such as SiGFF, TaN/SiN,
MoSiO, MoSiON, CrAIO, and CrN/AIN at the wavelength
of 193 and/or 248 nm, reported for APSMs. However, most
of these systems can only provide a narrow range of tuning
capacity in optical constants. Therefore, it is desirable to
have an APSM with wide-range tunable optical constants to
facilitate optimal design. An optical superlattice consists of
two or more layers in each stack with repeated stacks, of
which the thickness is less than 10% of the working wave<3)
length. Optical properties of an optical superlattice are less
sensitive to the details of layer interfaceSherefore, an op-
tical superlattice with three or more layers in each stack will
be a material candidate for a new APSM.

The chemical composition and optical properties of non-
stoichiometric films, for example, SiNor SiON, can be ad-
justed by changing the ratio of reactive gasesg., Q and

)

are prepared and identified by x-ray photoelectron spec-
troscopy(XPS) and their optical constants are also stud-
ied;

optical constants of (Zr9,/(Cr,0z),/(Al503)1 x—y
optical superlattices consisting of three layers, £rO
Cr,0;, and ALOs in each film stack are calculated.
And, the optical constants of (Zgl4/(Cr,03)y/
(Al,03)06-y Optical superlattices at 40% thickness of
ZrO, and (ZrGQ),/(Cry03)g 6/ (Al503)g 4« Optical su-
perlattices at 60% thickness of £r; are shown to meet
their calculated data;

one domain of thickness percentage of (£rOr,O,) for

the (ZrGy),/(Cry03)y/(Al0z);, «—y optical superlat-
tices that meets the optical requirements of an APSM is
found.

Il. EXPERIMENT
(ZrOy)x /(Cry0s5) (Al ,03) 1y Optical superlattices are

deposited on UV grade fused silica substrates 1.561 at
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1.0 B. Calculated and measured optical constants of
(1.85,0.83) (ZrO,) /1 (Cry03) /1 (Al,03) 1, optical superlattice
Cr,0;
0.8 b4 1. Calculated optical constants of
(ZrO ) «I(Cr,03),1(Al ,03),__, optical superlattices
0.6 from the measured ones of ZrO ,, Cr,03, and
A Al ,O5 films
0.4 - Figure 1 also shows the refractive indices and extinction
coefficients of (ZrQ),/(Cr,03), /(Al;,03); -y oOptical su-
024 perlattices which are calculated by employing the transfer
: .ww"‘.‘.’.’{{{{:’.‘.’.zoo matrix metho@’ based on the measured optical constants of
2200 rQ, .
00 AL, (191, 0.08) @.73,0.15) ZrO,, Cr,05, and ALO; films.
: | |
1.5 2.0 2.5 3.0

2. Measured optical constants of
n (Zr0 )04/ (Cr,03),1(Al ;,03)0 6, Optical superlattices

at a fixed 40% thickness of ZrO
Fic. 1. Calculated refractive index and extinction coefficient of

(2r0,)/(Cry03), /(Al05) 1y Optical superlattices from measured ones Figures 2a) and 2b) show that within the thickness per-
of the Zr0,, Cr,03, and ALO; layers. Indicated in each parentheses are thecentages of AlO; larger than 8% of the reflectances of

refractive index and extinction coefficient. (2r03)0.4/(Cry03) /(Al;035) 06y  Optical  superlattices
slightly decrease with the thickness percentage, and are
larger than 13% but less than 15%, which is the reflectance
sputtering in an atmosphere of argon and oxygen. The sulvequirement of an APSM. The refractive indices of
strates have surface flatness\é10 (\ =632.8 nm) and their  (ZrO;)¢.4/(Cr,03),/(Al;0O3)06-y Optical superlattices re-
rotation is controlled by a computer. Target materials argnain between 2.2 and 2.3. Meanwhile, the transmittances
zirconium (99.99% purity, chromium(99.99% purity, and  increase with the thickness percentage ofjland the ex-
aluminum(99.999% purity. All films are deposited accord- tinction coefficients decrease with the thickness percentage.
ing to the following parameters: 8 mTorr pressure, 10 sccnThis is because that the extinction coefficients of@zrfilms
Ar flow rate, 20 sccm Q@flow rate, 70 W sputtering power are larger than those of XD; films.
for Zr, 20 W for Cr, and 85 W for Al targets. The chemical ~ The linear relationships of both?—k? and Jnk with the
compositions of Zr@ Cr,O5;, and ALO; thin films are iden-  thickness percentage of &5 are verified and shown in Fig.
tified by utilizing XPS. The deposition rate of the thin films 2(c). Therefore, the dielectric constants of (Z)@./
is determined by measuring the film thickness using ar(Cr,Os),/(Al;03)0 -y Optical superlattices satisfy the effec-
atomic force microscope. The reflectance and transmittandéve medium approximatiof.e.,
are measured by an optical spectrométditachi, U3502.
The refractive indexn and extinction coefficienk of the
films are obtained by the reflection—transmittance method i
which the multiple reflection effects are taken into account

(2r0,)/(Cr03)y /(Al;03)1 -y Optical superlattices are tices, A layer, B layer, and C layer. Ang,andy are, respec-

composed of ten (Zrg)/(Cr0)y/(Al205);-x—y film tively, the thickness percentages of the A and B layers in the
stacks with~9 nm thickness in each stack. The optical CON-ABC film stack

stants of (ZrQ),/(Cr,0s),/(Al;03)1 -y optical superlat-
tices are determined by the thickness of each layer, which is

controlled by deposition rate and deposition time. 3. Measured optical constants of _
(ZrO ), I(Cr;03)06!l (Al 503)0.4—y Optical superlattices

at a fixed 60% thickness of Cr ,0;4

IIl. RESULTS AND DISCUSSION As illustrated in Figs. @) and 2Zb), within the thickness
percentage of AD; the transmittances of (ZeQ/

(Cr03) 06/ (Al,03) 0.4« Optical superlattices remain above
4%, and the extinction coefficients are about 0.51. Mean-

Binding energies of Zr 855, Cr 2p3», and Al 2p;, are while, the reflectances and the refractive indices of
identified by XPS in accordance with the theoretical XPS(ZrO,),/(Cr,03)06/(Al,03)04- Optical superlattices de-
spectrd of ZrO,, Cr,0; and ALO; The ratios of O/Zr, crease with the thickness percentage ofQ3l This is be-
O/Cr, and O/AI in those thin films identified by XPS are, cause that refractive index of & is less than that of Zr©
respectively, 2.0%0.08, 1.56-0.07, and 1.470.1. Thus, The linear relationships of both?—k? and 2nk with the
the deposited AD;, Cr,03, and ZrQ thin films are stoichio- thickness percentage of &), are verified and shown in Fig.
metric. The measured refractive indices and extinction coef2(c). Therefore, the dielectric constants of (Z)QY
ficients of ZrQ, Cr,03 and ALO; thin films are shown in  (Cr,03)q6/(Al503) 0.4 Optical superlattices also satisfy the
Fig. 1. effective medium approximation.

EANB(Y)C(1-x—y) = XeatYegt (1—X—-Y) &c, (U]

theresA(x)B(y)c(l,x,y), ea, andeg, and e are, respec-
tively, complex dielectric constants of ABC optical superlat-

A. Chemical composition and optical property
analysis of ZrO ,, Cr,0,, and Al ,04 thin films
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R Fic. 3. (a) Calculated (¢) and measuredO) optical constants of
A (2r0y) .4/ (Cr05)y I(Al05) 06y and (ZrQ),/(Cry03)q6/(Al03) 0.4«
X A A : S optical superlattices.(b) Calculated area of thickness percentage of

(Zr0,)/(Cry0q) for (Zr0,),/(Cry03), /(Al03);_«—y Optical superlattices

®_, 4 that meets the optical requirements of an APSM.
(]
v

1 =
-2
®<——{ —k? and Mk to the thickness percentage of ;8% for
L (2r03) 0.4/ (Cry03)y (Al :03) g6y and (ZrG)y/(Cry05)06/
0 0 (Al,03)0 4 Optical superlattices has been verified. There-
! ! fore, the measured dielectric constants of (2@
0.0 0.2 0.4 0.6 . . .
. o (Cr03), /(Al,03),_,_, Optical superlattices with anyand
(c) Thickness % Al,O, =3 y . .
y thickness percentage of Zg@nd CpO5 will be consistent

Fic. 2. Variations of(a) transmittance and reflectand®) optical constant, ~ With the effective medium approximation and thus match

and(c) real (h?>—k?) and imaginary (2k) parts of dielectric constants with  their calculated ones.

a thickness percentage of 8 fOI'. 0] optic_al superlattice Let (X, y) represent an arbitrary point in the X=Y diagram’

(2r0;)04/(Cr205)y /(A1 203)o6-y (@) at a fixed 40% thickness of ZED iy \yhich x andy refer to respectively the thickness percent-

and(Il) optical superlattice (Zrg),/(Cr,03) g6/ (Al,03)0.4-x (@) at a fixed .

60% thickness of GO, age of ZrQ and CpO; in a (ZrQ,),/(Cr0s5),/
(Al,03)1 -4y film stack. (0, 0), (1, 0, and (0, 1) indicate,
respectively, the points of the 100% thickness ob@yl
Zr0O,, and CpO; in the X-Y diagram as shown in Fig(l3.

C. Calculated domain for optical requirements of an Therefore, a quadrangular area, representing the requirement
A;Sgl blank Worr.lngI] n thel tt.(zro2)xl(cr203)y/ of n—k values for an APSM blank in ArF lithography, is
(Al205)1-x-y optical superlattices calculated to be bounded K9, 0.25, (0, 0.45, (0.35, 0.65,

The calculated and measured optical constants ofnd (0.45, 0.40 as shown in Fig. @&). Therefore,
(Z2r02) 0.4/ (Cry05)y /(Al,03) 06—y and (ZrQ),/(Cr,0z)¢ 6/ (Zr0Oy) 4 /(Cry05)y /(Al,03) 1 _x—y Optical superlattices with
(Al,03)04-« Optical superlattices are shown in Fig@3  wide-range tunable dielectric constants can be used to design
As shown in Fig. ), the linear relationship of botm?  a desirable APSM; that is, any optical constants suitable for
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APSM can be determined from (Zs/(Cr,0s),/ lattices will also satisfy the effective medium approximation.

(A1,03),__, optical superlattices. Optical constants of (ZrQ,/(Cr,0z),/(Al;03); -y Opti-
cal superlattices can be tuned by controlling the thickness
IV. CONCLUSION percentage of Zr& Cr,0O; and ALO; in the (ZrQ,),/

(Cry03)y /(Al05); -y stack. A quadrangular thickness
percentage of (ZrQ Cr,0O3) area, which meets the require-
ment of optical constant values for an APSM blank to be
used in ArF lithography, is found to be bounded(By 0.253,

(Zr0,) (Cry05) (Al 03) 1 -« Optical superlattice is a
material candidate for APSMs to work in the ArF lithogra-
phy. The stoichiometric ZrQ Cr,03, and ALO; thin films

and (2rQ)/(Cr0s)y/(Al205); -y optical superlattices , 0.45, (0.35, 0.65, and (0.45, 0.40. It is expected the

are successfully deposited on an UV grade fused silica by r . )
reactive unbalanced magnetron sputtering in an atmosphe §702)x/(Cr203)y /(Al205)1-xy optical superlattices can
of argon and oxygen. It is found that optical constants o ave a W'd.e “%”'”9 range of optical constants suitable for
(Zr0,)«/(Cry05) /(Al03)1 _x—y Optical superlattices cal- APSM applications.
culated from the measured optical constants of Z1Q,0s,
and ALO; films would meet the full optlcgl reqU|rement§ of i Terasawa, N. Hasegawa, H. Fukuda, and S. Katagiri, Jpn. J. Appl.
an APSM blank material. We have verified that the linear phys., Part 80, 2991(1993).
relationships of both realnf—k?) and imaginary (2Kk) ?B. J. Lin, Solid State TechnoBS, 43 (1992, _
parts of a dielectric constant with thickness percentage of g'p'fégg;c?é;(g;éemh' K. Sharp, J. S. Meth, and B. W. Smith, Proc.
Al O3 exist when the t_hicl_<ness percentage of_;'r@fix_ed at 4. L. Chang and L. Esaki, Surf. S8, 70 (1980.
40% or that of CjO; is fixed at 60%. The dielectric con-  5C. D. Wangner, W. M. Riggs, L. E. Davis, J. F. Moulder, and G. E.
stants of (ZrQ)O.Al(CrZO3)y/(AI203)0.6—y and (ZrQ),!/ Muilenberg, Handbook of X-lRay Photoelectron Spectrosc@pgrkin-

: ; Elmer, Eden Prairie, MN, 1978
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