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Correlation between the chemical compositions and optical properties
of AlSi xNy embedded layer for attenuated phase-shifting mask in 193 nm
and the modification of the R– T method for measuring n and k
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The formation and variation of AlN, Si3N4, and nitride compositions in AlSixNy (x;0.31, y
;0.51) embedded material have been shown to correlate with its optical properties. The increasing
content of AlN, Si3N4, and nitrides will increasen and decreasek of AlSixNy . A simple and
effective correction of measured reflectanceR% and transmittanceT% based on scalar scattering
theory has been applied to theR–T method for determiningn andk of embedded layers for 193 nm
lithography masks. A 0.2mm etched pattern of an AlSixNy embedded layer on an oxide/Si wafer
substrate was successfully fabricated. ©2000 American Vacuum Society.
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I. INTRODUCTION

Compared to spin-on-glass or etched quartz attenu
phase-shifting mask~AttPSM!, a single embedded laye
AttPSM is more attractive because of the merits of ea
fabrication, inspection, and repair.1 Many embedded materi
als for AttPSM blank for ArF 193 nm lithography have be
reported, among them, MoSiO,2 SiN,3,4 ZrSiO,5,6 TaSiO,7

CrAlO,8 and CrF,8,9 are more important and most studied.
MoSiO has good etching selectivity, but lack of exposu

durability. SiN has good moisture and exposure durabil
but showed a low conductivity and rough surface after et
ing. ZrSiO is a promising material especially in Japan, ho
ever, theR% ~reflectance! at 193 nm is larger than 25%,
little higher than expected. TaSiO has a reasonable etc
selectivity over quartz substrate, but not over resist. CrA
shows chemical and exposure stabilities, but the etching
lectivity is not quite known. CrF will degrade in humidit
and ArF laser irradiation.

However, the effect of the chemical compositions on
optical properties of these embedded materials has not
well studied. The influence of the chemical composition
certainly critical to the optical and physical properties of e
bedded layers. We have reported several materials w
have potential as embedded layer of AttPSM for 193
lithography in recent years.10–12 In this article, the correla-
tion between the chemical composition and the optical pr
erties of AlSixNy embedded layers formed by different dep
sition conditions is presented. Three analysis techniq
electron spectroscopy for chemical analysis~ESCA!, elec-
tron probe x-ray microanalyzer~EPMA!, and Fourier
transform-infrared~FT-IR!, were used to study the correla
tion. Helicon wave etcher and Taguchi methodology of d
sign of experiment were also employed to study the etch
selectivity of the embedded layer over fused silica subst
and chemically amplified NEB-22 negative resist. Under

a!Electronic mail: loong@cc.nctu.edu.tw
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optimized etching conditions in our study, a 0.2mm etched
pattern of AlSixNy on an oxide/Si wafer substrate has be
successfully fabricated. A simple and effective correction
measuredR% ~reflectance! andT% ~transmittance! applied
to theR–T method for calculatingn ~refractive index! andk
~absorption coefficient, extinction coefficient! of an embed-
ded layer at 193 nm is also presented.

II. EXPERIMENT

AlSixNy films were formed by plasma sputtering of A
~100–130 W!, Si ~20–50 W! under Ar ~75 sccm! and nitro-
gen~2.5–6 sccm! with an Ion Tech Merovac 450C sputterin
system. TheR% andT% were taken from a Shimadsu UV
2501PC double-beam ultraviolet~UV!-visible ~VIS! spec-
trometer. Our modifiedR–T method and ann&k Technol-
ogy NKT 1200 analyzer were used for the determination on
andk of thin films. The thickness of the embedded layer a
fused silica was measured using a Dektak 3030 surface
filometer and a Hitachi S-400 field emission~FE!-scanning
electron microscope~SEM!. The resist thickness was mea
sured with a Nano Spec/AFT Models 210UV thin film me
surement system. The ion depth profiles of embedded m
rials were analyzed by a Cameca IMS-5F secondary
mass spectrometer~SIMS! using O2

1 as ion source unde
12.5 kV and 1/20 000 atomic unit resolution. Sheet resista
was measured using a Napson RT-7 resistance analyzer
SEM micrographs were taken by a Hitachi S-400 FE–SE
and a S-6260H in-line CC–FE SEM. Atomic force micr
scope ~AFM! used is a Digital Instruments D5000. Th
chemical compositions of thin film were analyzed with
Physical Electronics PHI 1600 ESCA using MgKa standard
source with a scan resolution of 0.2 eV. The atomic ratio
thin films was measured with a Jeol JXA-8800M EPM
The IR spectra of embedded materials were obtained f
thin films deposited on Si substrate and measured wit
Shimadsu FT-IR 8300 spectrometer.

Three different resists, chemically amplified NEB-2
33710Õ18„6…Õ3371Õ5Õ$17.00 ©2000 American Vacuum Society
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negative resist~Sumitomo!, electron~e!-beam ZEP-520 posi
tive resist and conventional DQN~DQ1Novolac! positive
resist, were used to evaluate the plasma durability and
etching selectivity over AlSixNy . The lithographic patterning
of resist on AiSixNy was carried out by a Leica EBML-30
e-beam exposure system. An Anelva ILD-4100 helicon wa

FIG. 1. Illustration of principle of approximate corrections of measuredR%
andT% in theR–T method for determiningn andk of embedded layer and
the correction equations used.
J. Vac. Sci. Technol. B, Vol. 18, No. 6, Nov ÕDec 2000
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etcher using O21BCl3 /Cl2 was employed to study etchin
selectivity and patterning of the AlSixNy embedded layer.

III. RESULTS AND DISCUSSION

A. Modification of the R – T method

Theoretically, the surface of the embedded layer is c
sidered to be absolutely smooth in theR–T method.13 Only
reflected light~with same angle as incident light! with no
scattered or stray light is generated from the surface of
embedded layer. In practice, the surface of an embed
layer deposited by sputtering is rough and not smooth. T
measuredR%, taken directly from an UV–VIS spectrom
eter, does not include scattered light. The realR% is a little
higher than the measuredR% and should be used in th
calculation of theR–T method. The approximate correctio
of the measuredR% to realR% is based on scalar scatterin
theory.14 The illustration and approximate correction equ
tion of R% are shown in Figs. 1~a!, 1~b!, and 1~d!. The
important parameterd ~root-mean-square surface roughne!
in the correction equation can be measured with an AFM

Similarly, the realT% is also a little higher than the mea
suredT% and should be used in the calculation of theR–T
method. The illustration and approximate correction equat

FIG. 2. n, k plot from theR–T method.

TABLE I. Comparison ofn, k of a SixNy film as a testing sample determine
by the modifiedR–T method and from ann&k analyzer. Wavelength5193
nm. Film thickness573.4 nm. Root-mean-square surface roughnessd
51.7 nm.n of fused silica51.561 ~under 193 nm wavelength!. d180: Cal-
culated film thickness with 180° phase-shift.~%!: The deviation from value
measured by ann&k analyzer.

T% R% n k
d180

(nm)

T%, R%
as measured

5.61 18.19 2.395~21.6%! 0.550~11.5%! 69.18

R% corrected only 5.61 18.41 2.425~20.5%! 0.550~11.5%! 67.72
T%, R% corrected 5.68 18.41 2.433~20.2%! 0.543~10.2%! 67.34

By n&k analyzer 2.437 0.542 67.15
sconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 07:40:58
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of T% are shown in Figs. 1~c!, and 1~e!. Then, k plot from
theR–T method is shown in Fig. 2. Then, k are determined
from the intersection ofR, T curves.

The comparison of then andk of a SixNy thin film at 193
nm wavelength as a testing sample determined from
modified R–T method and from a commercial availab
n& k analyzer was shown in Table I. Since SixNy thin film is
one of the built-in materials ofn& k analyzer, then,k data
obtained should be quite reliable. After the correction of b
R% andT%, then andk of SixNy thin film are quite close to
the value obtained from then& k analyzer. The results dem
onstrated that our corrections ofR% andT% applied to the
R–T method for measuringn andk of a thin film are simple
and effective. UV–VIS spectrometer is less expensive
available in most labs, the expensive variable angle spec
scopic ellipsometer may not be used for measuringn andk of
a thin film at 193 nm or other wavelengths.

Since AlSixNy thin film is not the built-in material of this
n&k analyzer, the significant and reliable values ofn andk
could not be obtained. However,n andk of AlSixNy thin film
can be obtained by our modifiedR–T methods, the results
were summarized in Table II. We have confidence that th
values are reliable.

B. Correlation between chemical compositions and
optical properties of AlSi xNy films

The optical and physical properties of AlSixNy (x;0.31,
y;0.51) thin films formed by sputtering are suitable to
used as an embedded layer for 193 nm lithography. Then, k
plane of AlSixNy at 193 nm is illustrated in Fig. 3.

The effect of atomic percentage of nitrogen onn andk of
AlSixNy is shown in Fig. 4. Then andk data with error bars
measured from the modifiedR–T method were fitted to sec
ond order polynomial function. The measurements ofn andk
show a 0.5%–1.5% deviation from the point of average

FIG. 3. n, k plane of AlSixNy embedded material in 193 nm.

TABLE II. n, k of an AlSixNy film obtained from the modifiedR–T method.
Wavelength5193 nm. Film thickness598.1 nm. Root-mean-square surfac
roughnessd52.7 nm.n of fused silica51.561~under 193 nm wavelength!.

T% R% n k d180nm

T%, R% as measured 6.20 12.26 2.005 0.410 96.02
R% corrected only 6.20 12.64 2.034 0.410 93.33
T%, R% corrected 6.36 12.64 2.037 0.401 93.06
JVST B - Microelectronics and Nanometer Structures
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specific atomic percentage. With increasing of nitrogen c
tent, more Si and Al nitride structures form, leading to high
n and lowerk. The AlN, Si3N4, and other nitrides having
lower k and highern as is generally known. The change ofn
andk is quite smooth with the nitrogen flow rate.

With the increasing of nitrogen flow rate, the variations
ESCA peak height of nitrides~N 1s, 397.9 eV!, AlN ~Al 2 p,
75.3 eV!, Al ~Al 2 p, 73.1 eV!,15 Si3N4 ~Si 2p, 102.4 eV!,
and Si ~Si 2p, 99.2 eV! are shown in Fig. 5. At abou
5 sccm N2 flow rate, the Al metallic state nearly disappeare
and the saturation of formation of AlN is observed. Similar
to formation of AlN, at about 4.5 sccm N2 flow rate, nearly
all the Si was transformed to Si3N4, and the saturation o
formation of Si3N4 was also observed. At about 80 W o
direct current~dc! power of Al target, only AlN and no Al
metallic state appeared in ESCA as shown in Fig. 6. At ab
100 W, Al metallic state started to appear. This is anot
proof of the saturation of formation of AlN. At about 60 W
of radio frequency~rf! power of Si target, Si started to ap
pear, saturation of formation of Si3N4 was clear as also
shown in Fig. 6. The oxygen atom was not detected by SI
in AlSixNy films.

The FT-IR spectra of AlSixNy films also indicated higher
AlN ~665 cm21!16 and Si3N4 (875 cm21) absorption bands
with the increasing of nitrogen flow rate as shown in Fig.

FIG. 4. Effect of nitrogen atomic % onn & k of AlSixNy deposited under Al
130 W, Si 40 W, Ar 75 sccm, and N2 2.5– 5.6 sccm.

FIG. 5. Variations of the normalized ESCA peak height of nitride, AlN, A
Si3N4, and Si compositions in AlSixNy against N2 flow rates under Al 130
W, Si 40 W, and Ar 75 sccm.
sconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 07:40:58



FT
d

en
n

th

ai
a

on
-

i
ar-
.

r 30

nd

ess-

i-

i
ate

nifi-

ci-
C

th
5

3374 C. Lin and W. Loong: Correlation between the chemical compositions 3374

 Redis
The trends observed with ESCA were also observed by
IR. The broadening of these two absorption ban
was due to the complicated nitrogen bonding arrangem
at Al and Si atom sites. Besides the formations of AlN a
Si3N4, the AlSix composition may also exist in AlSixNy ,17

however, this composition has not yet been proven in
study.

Because of the expensive ArF 193 nm laser is not av
able, a;254 nm broadband deep UV light was used inste
to examine the exposure durability of AlSixNy . With irradia-
tion doses up to 1.23103 J/cm2, optical properties of
AlSixNy showed only a very slight change.

FIG. 6. ESCA spectra showing the effect of the dc power of Al target on
formation of AlN in AlSixNy deposited under Al 70–140 W, Si 40 W, Ar 7
sccm, and N2 3.5 sccm.

FIG. 7. FT-IR spectra showing the effect of N2 flow rate on the formation of
AlN and Si3N4 in AlSixNy .
J. Vac. Sci. Technol. B, Vol. 18, No. 6, Nov ÕDec 2000
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C. Etching properties and etched patterns

The Leica EBML-300 e-beam exposure system, helic
wave etcher using BCl3 /Cl2 /O2 mixed gases, chemically am
plified negative resist NEB-22, and L9~four factors and
three levers, nine experiments! orthogonal arrays of Taguch
method were employed to investigate the dry etching ch
acteristics of AlSixNy as an embedded layer for AttPSM
Under chamber pressure 3 mTorr, BCl3 45 sccm, Cl2 7 sccm,
plasma source power 1400 W, and substrate bias rf powe
W, the selectivity of AlSixNy over NEB-22 resist was found
to be 4.8:1. The selectivity of AlSixNy over fused silica was
12.3:1 under chamber pressure 9 mTorr, BCl3 13 sccm,
Cl2 45 sccm, O2 8 sccm, plasma source power 1400 W, a
substrate bias rf power 30 W. A 0.15mm linewidth resist
pattern and 0.2mm linewidth etched pattern of an AlSixNy

embedded layer on an oxide/Si wafer substrate was succ
fully fabricated as illustrated in Fig. 8.

IV. CONCLUSIONS

With formations of AlN and Si3N4, resulted the highern
and lowerk to AlSixNy . The correlation between the chem
cal compositions and the optical properties of AlSixNy em-
bedded layer was demonstrated. A 0.2mm line/space~1:1!
etched pattern of an AlSixNy embedded layer on an oxide/S
wafer substrate was successfully fabricated. The approxim
corrections ofR% and T% for measuringn and k by the
R–T method are also demonstrated as a simple and sig
cant modification of theR–T method.
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