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ABSTRACT

In this article the effects of process parameters of inductively coupled plasma etching with SF¢/
N,/Ar mixture gas and mask materials on the etched profile of W were investigated. While the
etched profile was improved by N.-addition, low working presure, and reduced SF; flow rate, the
etching selectity (W against SAL resist) was decreased. Due to the difficulty of W etching with
single layer resist, sputter deposited Al,O; film was used as a hardmask. Reduction of required EB
resist thickness through Al,O; mask application could reduce proximity effect during e-beam pat-
terning, but the etch anisotropy was degraded by decreased sidewall passiviation effect. '

INTRODUCTION

As the device dimension scales down, opti-
cal lithography is reaching its resolution li-
mit, which is mostly determined by the wave-
length and depth of focus of the light source
used for exposure. X-ray lithography using
synch-rotron radiation(SR) is one of the most

promising technologies for replication ultrala- -
rge-scale integration(ULSI) patterns with

less than 0.20um feature size. Precise x-ray
mask fabrication is a key techology to apply
SR lithography for practical ULSI manufac-
truing.!'~*. For producing defect-free x-ray
masks, simple process for x-ray absorber
pattern fabrication is required. W is one of
the most appropriate material due to its
strong x-ray attenuation property, thermal
stability, and close thermal expansion coeffi-
cient with common x-ray membrane materi-

als.

Because x-ray proximity‘printing requires
1X mask technology, smaller minimum fea-
ture size as well as tighter critical dimension
(CD) control of high aspect-ratio metal pat-
terns are required compared to that on the
equivalent optical mask. To achieve highly
anisotropic etching of submicrometer features
into tungsten(W), Inductively Copuled Plas-
ma(ICP) etching technology was used,*®
where a high density largediameter plasma
discharge i1s generated by applying rf power
into an inductive coil capable of transforming
power into a low pressure gas. In this papoer,
we report the results on anisotropic etching
of submicrometer features into W by chang-
ing plasma chemistry and etching mask.

EXPERIMENTAL PROCEDURE

W film was deposited on Si using dc sput-
tering system to a thicknes of 0.45~0.5um.
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Fig 1. Schematic drawing of ICP etching chamber

The working gas was Ar, and the pressure
was selected to be 3.5m Torr at which the
resideual stress of the W film was near mini-
mum.®

The AlLQ; film as a hardmask was deposit-
ed using an rf sputtering system if needed.
The working gas was Ar at pressure of 5
mTorr where the uniformity and adhesion
with W film could be obtained. SAL negative
EB resist was spin coated on W layer to a
thickness of 0.4um. The EB exposure was per-
formed at 30 kV with a dose of 6 12 C/cni.

The dry etching apparatus used in our
expriments was an inductively coupled plas-
ma (ICP) etcher. The ICP etcher consists of
a dielectric chamber vessel, an inductive rf
coil, a standard rf power supply, and auto-
matic impedance matching network. ICP

sources is located in a cylindrical coil configu-
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Fig 2. Vertical etch rate of W as a function of the
N, gas mixture ratio with SF(rf bias 100 W,
pressure 10 mTorr)

ration. In this configuration, a dielectric ves-
sel is encircled by an inductive coil into which
the rf energy is introduced. This induces a
strong magnetic field in the center of the
chamber. This magnetic field generates a
high density plasma in the chamber due to a
circular region of H-field that exists concen-
tric to the coil and circulating around the
magnetic field hnes(Fig 1) The inductive
source is mounted on a standard RIE system.
The rf frequency powering the coil 1s adju-
stable between 1.7 and 2.1 MHz. This fre-
quency 1s kept low to reduce the RF imped-
ance of the coll allowing a large current flow,
but above the average ion transit frequencies
to avoid dircet acceleration of the 1ons by the
RF energy."#8 The lower electrode is pow-
ered with 13.56MHz frequency to allow an in-
dependent control of the substrate dc bias
voltage which cannot be independelty con-
trolled in coventional RIE system. The sub-
strate is cooled to 10°C and helium gas at 8~
10m Torr is supplied to the gap between the
sample and the stage to reduce thermal resis-
tance. Optical emission spectroscopy(OES)
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Fig 3. SEM photograph of etched W profile{0.5um
with SAL resist mask at high SFg 10m
Tprr. rfbisas 100W }

was carried out at the top of the quartz tube
through a fiber.[~'%

The etch rate and profile was observed using
the scanning electron microscope(SEM).

RESULT AND DISCUSSION

W etching was performed by fluorine-con-
taining gas mixture (SFs/N,/Ar) under ICP
fixed ICP power(700W), N, flow (3 sccm),
and Ar flow (2 scem) due to high vapor
pressure of W-fluoride. Increased ionization
and excitation rate by addition of inert gas
(Ar) is helpful to stabilize and homogenize
plasma. Figure 2 shows the etch rate of W as
a function of SF¢/N, flow ration. It is quite
interesting to note that N, addition leads to
an Increase in the etching rate which shows a
maximum at 5~10% N, Anisotropy of
etched W profile was reported to be improved
by polymer formation at the side walll''~!'" or
by increased vertical etch rate with the for-
mation of active W sites through ion bom-
bardment.[*! In the SFs/N,/Ar plasma, the
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Fig. 4. Vertical etch rate of W and F atom relative
intensity measured by OES as a function of
Sk flow rate

added N, is speculated to enhance the cathod-
ic dc bias and atomic fluorine density, and is
consumed in the sidewall passivation process
by forming WN, and NS'", However, further
addition of N, is supposed to decrease the
available atomic fluorine density, resulting in a
lower etching rate. With this plasma chemis-
try, the effect of masking layer(SAL or AlQO,)
on the W-etching characteristics has been
studied.

W etching with SAL resist mask

PMMA (polymethylmethacrylatea) and SAL
are widely used as positive and negative EB
resist, respectively. The selectivities of W
against PMMA and SAL resist are 0.75 and
1.2, respectively, at SF; flow rate 35 sccm
and working pressure of 10m Torr. Since
SAL shows relatively high thermal and dry
etch resistance, SAL/W/SI layer was used in
patterning W. Relatively good etch rate, se-
lectivity, and etch profile was achieved for 1
um or larger patterns with SAL mask pat-
terns at SF 35 scem, working pressure 10m
Torr. Since SAL shows relatively high ther-
mal and dry etch resistance, SAL/W/SI layer
was used in patterning W. Relatively good
etch rate, selectivity, and etch profile was
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Fig 5. SEM photograph of etched W profile( {0.5um
pattern with SAL resist mask at low SFg flow
rate(20 sccm SFg, 5m Torr rfbias 100W} )

achieved for 1um or larger patterns with SAL
mask patterns at SFg 35 scem, working pres-
sure 10m Torr etching condition. However,
as the pattern size was reduced to 0.5um, un-
dercut was discovered, as can be seen in Fig
3. The relative F atom intensity measured by
Optical Emission Spectroscopy(OES) and the
W etch rate increased with increasing SFj
flow rate, as shown in Fig 4. This result con-
firms that F atom readly etch W. Fig 5
shows the SEM photograph of 0.5um W pat-
terns etched under the conditions where SF
flow rate and working pressure are 20 sccm
and 5m Torr, respectively. Compared to
etched profile at higher SFs flow rate and
pressure, undercut was reduced and aniso-
tropic profile could be achieved. Reducing F
atom concentration seems to be effective for
improving etched profile. However, selectivity
of W aganist SAL resist decreased by reduc-
ing pressure and SFs flow rate. The selectivi-
ty of W against SAL was reduced from 1.2
(35 sccm SF; 10m Torr) to 1.05(20 sccm
SFs, 5m Torr). To obtain W patterns at ani-

Fig 6. SEM photograph of etched profile((0.5um
pattern with SAL resist mask at high rfbias
(20 scem SFg, bmTorr, rf bias 200W) )

sotropic etching condition with SAL single
layer masking layer, a thick resist layer is
needed.

Since thick resist required for thick W pat-
terning limits resoulution and exposure lati-
tude at electron beam lithography, a hard-
mask, having a sufficient selectivity against
tungsten, was needed.['®'%

Another approach for anisotripic etching is
to increase the ratio of the lon assisted reac-
tion to the readical assisted reaction.t® It was
anticipated that undercut could be reduced
by increasing rf bias power which increases
cathodic DC bias. Anisotropic profile could be
achieved by increasing rf bias to wOOW, but
whole SAL mask layer was etched away be-
fore W etching was compledted(Fig 6).
While no significant increase of W etch rate
was observed as shown in Fig 7, the resist
etch rate was increased significantly with in-
creasing applied rf bias. It is due to the fact
that the etching of resist is strongly ion en-
hanced compared to the W etching.““] So se-
lectivity over SAL EB resist was decreased
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Fig 7. Vertical etch rate of W as a function of rf
bias(bm Torr, SF; 20sccm)

significantly at 200W rf bias, and increasing
rf bias is not a practical way to improve etch
profile.

W etching with Al;Q; hardmask

In this experiment, sputter deposited Al,O;
was selected as a hardmask.['>#) As shown
in Table 1, Al:O; has good selectivity agsinst
W since the selectivity was 65.7 at 5m Torr
and SF; flow rate of 20 sccm, the required
thickness of the Al,O, layer was only 0.01um.

Cl,, BCl,, Cl,/BCl; chemistry was used to
etch Al,O; hardmask. While etched pattern
was covered with etch product when using Cl
» gas, relatively clean etch profile was ob-
tained with BCl;. There was no significant
advantage for etch rate and selectivity by
using Cl,/BCl; over BCl; gas as shown at
Table 1. BCl; is known to scavenge water
vapor and successfully assist the removal of
native oxide, thus promoting Al etching. To
promote removal of etch products, BCli/Ar
chemistry was used with a SAL resist mask.
Because the required Al,O; thickness as a W
etching mask was thin, the SAL resist thick-

Fig 8. SEM photograph of etched W profile with
Al,O; hard mask at
(a) high SF; flow (35 sccm, 10m Torr)
(b) low SFg flow (20 scem, 5m Torr)

ness as Al,O; etéhing mask needs not to be
thick as using SAL resist as W etéhing mask.
Thin SAL resist could improve e-beam writ-
ing process by reducing proximity effect.t??

As shown in Fig 8(a), undercut problem is
very serious with Al,O; hardmask at the etch-
ing condition SF; flow rate of 34 scem and
working pressure of 10m Torr. This is due to
the fact that SAL resist fragments which is
sputtered by ion bombardment can form a
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sidewall passivation film, but Al,O; hardmask
which is little etched can not form a passivat-
ion film.[?##! By reducing SF; flow ratio to
20 scem and working pressure to 5m Torr
etching condition, undercut problem was sig-
nificantly reduced(Fig 8(b)). Microloading
effect which results in the decrease of etch
rate almost linearly with the increase of as-
pect ratio is also expected to be improved by
reducing pressure. This suppression of the
microloading effect is due to the fact that the
number of incident ions impacting the sur-
face to be etched increases with decreasing
pressue. But considerable slope on vertical
profile is still observed. It is speculated that
further reduction of SF; flow rate(F atom in-
tensity) or addition of other gas forming a
passivation film may improve anisotropic pro-

file using Al;O; hardmask.

CONCLUSION

W film was anisotropically dry-etched using
a SFs, Ar and N, gas mixture. We have clear-
ly demonstrated that the etch rate of W is
linearly correlated to the fluorine atom

concentation, suggesting that its etching is

predominantly due to chemical process. At

low operating pressure and low SF; flow
rate, anisotropic profile could be achieved. In
order to compensate low dry etching selectivi-
ty of W against the EB resist, Al;0; was in-
troduced as a hardmask. While significantly
high etching selectivity of Al,O; against W
(65.7) was achieved, tapered profile was ob-
tained due to the lack of sidewall passivation

film.
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