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Abstract 

The investigation of single layer halftone phase shift mask (SLHTPSM) has been carried by both simulation and 
chromium fluoride film fabrication. Theoretical analysis provides the optimum SLHTPSM constructions for I-line (365 nm), 

KrF (248 nm) and ArF (193 nm) microlithographies. A fully characterization of chromium fluoride film processed by dc 
magnetron sputtering shows a feasibility of using this film in the fabricating DUV-PSM. 
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1. Introduction 

Recently microlithography technology is going to 
the pattern dimensions of less than 200 nm. Except 
X-ray and E-beam, it is possible that using deep-W 

optical projection lithography combined with resolu- 
tion enhanced technologies, such as phase shift mask 
(PSM), off-axis illumination and pupil filter to fabri- 
cate 1 Gbit (or 4 Gbit) DRAM with the minimum 

feature size in the region of 200 to 1.50 nm. The 
halftone phase-shifting mask is one of the most 
practical technologies to enhance the pattern resolu- 
tion which consists of a transparent substrate and an 
attenuated halftone layer with a limited optical trans- 
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mittance up to 20%. The attenuated layer also makes 
180” phase-shifting with respect to the apertures 

playing a role in reducing the size of bright feature 
on the wafer (see Fig. la). By using this technology, 
the mask design with intermediate transmittance val- 

ues is effective for fabricating isolated hole patterns 
because it does not require a special layout design 
[ 1,2]. Since 1993, single-layer halftone phase-shift- 
ing mask (SLHTPSM) has been investigated and 
developed extensively [3-61, where the single layer 
film controls both transmittance and phase-shifting. 
Proper combinations of refractive index (n) and 
extinction coefficient (k) can be achieved to deliver 

the needed transmittance (T) and phase-shifting (cp) 
at reasonable film thickness (d) by changing the 
mixing ratio of two (or three) selected materials and 
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Fig. 1. Halftone phase-shifting mask: (a) structure and transmitted light intensity; and (b) physical model of non-multi reflection effect (solid 

light lines) and multi reflection effect (solid + dotted light lines) in SLHTPSM. 

deposition parameters. In this circumstance, the sys- 

tem simulation is extremely important and helpful to 
find some suitable combinations of these optical 

properties. 

In the present paper, we will study the optimum 

construction of SLHTPSM for 248 nm and 193 nm 
optical-lithography. Real mask film investigation will 

be focused on the characterization of chromium fluo- 

ride processed by dc magnetron sputtering interpene- 
tration with simulation predictions. 

2. Optical simulation 

A physical model for SLHTPSM can be designed 
as shown in Fig. lb with the basic requirements to 

be: (i) TbsM = T,/T, = 5% (or up to 20%); and (ii) 
(P&~ = ‘pf - cp, = 180”. The optical parameters: (n,, 

k,), (n,, k,), and (n,, k,), are for the substrate, 
single layer phase-shifting film and air, respectively. 

d, is the thickness of the single layer phase-shifting 
film. The substrate is considered as a semi-infinite 
media. Full derivation of optical simulation has been 

given in Ref. [7] which includes a prime study of 
non-multi reflection analysis and matrix approach. 
Starting from non-multi reflection model which pro- 
vides the initial values of k, and d, for a certain 
refractive index (n,), the simulation process calcu- 
lates the TpsM and qPSM. By changing the d, and k, 
values, the transmittance difference (TbsM - TPSM) 

and phase-shifting difference ~~~~~ - (~~~~1 are ap- 
proached to near zero. Then the optimized combina- 

tion of n,, k,, and d, of a given system are achieved. 

Simulation process described above has be veri- 

fied by the optical characterization data of the ther- 

mal oxidation processed single-layer chrome mask 
film on Quartz substrate [4] and 

(LaNiO,),r(Ta,O,), --x oxide thin films. Good corre- 

lations have been obtained between the experimental 

and theoretical results [7]. 

3. Experimental 

Chromium fluoride films were deposited using 

planar circular type dc magnetron reactive sputtering 
system with a ring-shaped 4” Cr target. The Cr target 

(99.95% purity, Cerac, Inc.) was l/4” thick and 
mechanically clamped to a water-cooled copper elec- 

trode. The target to substrate distance and gas ring 
were fixed to be 132.4 and 30 mm, respectively. A 
mesh was inserted below gas ring in order to in- 

crease the film uniformity. The Ar + CF, gas outlet 

in the gas ring was directed 45” downward. The 
deposition conditions are dc power of 109 W and 
chamber working pressure of about 5 mTorr at room 
temperature. Films were deposited on slide glass, 
quartz and Si substrates simultaneously. The CF, gas 
flow was varied from 0.6 to 1.0 seem while the total 
reaction gas (Ar + CF,) flow rate was fixed as 10 
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seem. The film characterizations were carried out by 
XRD, a-step and spectroscopic ellipsometer (SOPRA 
SE ESVG). 

4. Results and discussion 

4.1. The optimized SLHTPSM structure for DUV- 
lithographs 

A theoretical analysis based on the simulation 
process shows that, in the case of a given A and d,, 
the changing of the k, value strongly affects the 
transmittance but only weakly affects the phase-shift- 
ing while n, value remains constant. However, the 
changing of the n, value, while keeping the k, value 
constant, causes a relatively small change for trans- 
mittance but a large change for phase shifting. 

The optimized SLHTPSM film structure for 
DUV-lithography application can be derived without 
much difficulty by using this simulation process. Fig. 
2 shows the relationship among the optimized k,, 12~ 
and d, values to be matched the requirements of 
SLTHPSM for 365, 248 and 193 nm exposure lights. 
The optimum tolerance is less than 2% and 0.5% for 
transmittance and phase-shifting, respectively. Three 
curves of optimized k, corresponding to the 365 nm, 
248 nm and 193 nm wavelengths for each transmit- 
tances nearly overlap together clearly indicates that, 
over a wide wavelength range, the optimized k, is 
only very weakly effected by the exposure wave- 
length (A). Simulation process also reveals that at 
refractive index (n,> values < 2.5 transmittance 

400 r ,16 
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Fig. 2. The optimized combinations of k,, d, and nr for the 

transmittance of 5%, 10% and 20%, and the phase shift of 
180(*0.5%P at 365, 248 and 193 nm, where n, is 1.507. 

Fig. 3. XRD patterns of the CrF film for the various deposition 

CF, flow rates. 

variations in the range 5-20% have no effect on 
optimized mask thickness (d,) and at values above 
this, between 2.5 and 6, that there is slight dispersion 
which is just a broadening of the line. A further 
analysis indicates that 1% of margin tolerance for the 
d, will create about 2.5% difference for transmit- 
tance and about 1% difference for phase-shifting 
under the given A, IZ~ and k, values. The film 
transmittance, in the case of SLHTPSM, can be 
mainly adjusted by k, because the d, is restricted by 
the 180” phase-shifting requirement. Simulation pro- 
cess also indicates, within a wide exposure wave- 
length region, the margin tolerance of d, makes a 
similar effect on the transmittance and phase-shifting 
over the considerable ylt range. The higher n, value, 
however, needs a smaller d, to match the target 
requirements, and it would cause more difficulties in 
controlling the accuracy of the d, during the fabrica- 
tion, so that the high refractive index film materials 
(e.g., n, > 3) are not the feasible candidates for 
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Fig. 4. Film F/Cr composition ratio as function of CF, flow rate 

on Si substrate. 
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Fig. 5. CF, flow rate dependence of n, at 365, 248 and 193 nm 

wavelengths. 

SLHTPSM in the DUV lithography especially for 

the 193 nm exposure wavelength application. 

4.2, Chromium jluoride film characterization 

The effects of the reaction gas flow rate ratio, 

CF,/(Ar + CF,), and the deposition parameters on 
the film phase transformation, composition and opti- 

cal properties were evaluated. XRD analysis indi- 
cated the film phase transformed from polycrys- 

talline to amorphous while the CF, flow rate in- 
creased from 0.6 to 1.0 seem (Fig. 3). Fig. 4 shows 

that the F/Cr composition ratio increases as the CF, 

flow rate increases. The optical transmittance of CrF 
film increasing while the film turning from polycrys- 

talline to amorphous phase is due to the less effect of 
light-scattering by grain-boundaries in the film. Figs. 

5-8 are the plots of the dependence of n, and k, 
values on CF, flow rate and wavelength, respec- 

tively. It indicts that the n, and k, values could be 
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Fig. 6. CF, flow rate dependence of k, for 365, 248 and 193 nm 

wavelengths. 
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Fig. 7. Refractive index (n,) of CrF film 

flow rates. 

for the different CF, 

adjusted in quite large ranges (e.g., 1.6-l .95 for n, 

and 0.1-0.6 for k,) by varying the CF, flow rate, 
while remaining the other deposition parameters as 

constant, for fitting the different exposure wave- 

lengths in the application of Att-mask. By employing 

the simulation program, suitable CrF film thick- 
nesses for different exposure wavelengths have be 

found. The calculated wavelength dependent trans- 
mittance based on the known ‘zf and k, values have 
good agreement with the corespondent experiment 

results. In order to study the absorption edge for all 

the cases, the calculated transmittance, film thickness 
to be converted to 150 nm, are displayed in Fig. 9. 

The CrF film absorption edge shifts to shorter wave- 

length as increasing of the CF, flow rate (or F/Cr 
composition ratio) means the band gap becomes 

wider. It could be explained as Mott gap excitation 

[S] which is formed between the F 2p valence band 

and the Cr 3d conduction band. The weaker optical 

transition in the higher photon energy is consistent 
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Fig. 8. Extinction coefficient (k,) of CrF film for the different CF, 
flow rates. 
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Fig. 9. Transmittance of CrF film for the various deposition CF, 

flow rates (d, = 150 nml. 

with the general tendency that the electron correla- 
tion becomes stronger as the F/Cr atomic ratio 
approaches to one. 

5. Conclusions 

A physical model and simulation program for 
SLHTPSM established and verified previously de- 
rives the optimized combination of k,/n, and dr/n, 
of SLHTPSM to achieved the 5%, 10% and 20% 
transmittance and 180” phase-shifting for 365, 248 
and 193 nm microlithographies, as well as provides 
evidence that the reasonable refractive index value 
for the SLHTPSM might be in the region of 1.7-3. 
Theoretical analyses indicate that, for the given A 

and d,, the transmittance and phase-shifting are 
mainly controlled by k, and nf and weakly affected 
by lzf and k, of the attenuated film, respectively. 
Higher refractive index mask materials cause more 
difficulties in fabricating a good quality phase-shift- 
ing masks. The characterization of CrF films shows 
that the film n, k and T values, and absorption edge 
can be controlled by varying the CF, flow rate 
during the deposition process to satisfy the require- 
ments of SLHTPSM in the application of DUV-lith- 
ography. 
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