Mask induced polarization effectsat high NA
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ABSTRACT

It is important to understand how a photomask will polarize incident radiation. This paper presents data
collected on binary mask and various attenuated phase shifting mask materials, feature sizes, duty ratios,
and illumination schemes via rigorous coupled wave analysis, extinction spectroscopy, and 193nm
lithographic evaluation. Additionally, the result of polarization effects due to the photomask on imaging
has been studied. It was found that in the majority of the cases, higher NA led to greater polarization
effects. All mask materials predominantly pass the TM polarization state for the O order, whereas different
materials and duty ratios affect the polarization of the first diffracted orders differently. The polarization
effects contributed by mask materials being considered for use in high NA imaging systems need to be
examined. The degree of polarization as a function of n and k is presented, providing an introduction to the
desirable properties of future mask materials. Materials with higher refractive indices and lower extinction
coefficients tend to pass more of the TM polarization state, which is undesirable. Materias with lower
indices and relatively wide range of extinction coefficients pass more TE polarized radiation. The duty
ratio, critical dimension, mask material, material thickness, and illumination scheme all influence mask
induced polarization effects.
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1. INTRODUCTION

Polarization effects at the photomask become a concern with decreasing device dimensions and increasing
NA. Minimum pitch values (/) on a photomask approach
AM
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for a system with M = 1/m, where m is the magnification of the lens. Assuming m=0.25 (M=4 for a 4x
reduction system), NA=0.85, and o = 1.0 for current generation tools, /Aa%=2.354 (454nm at 1=193nm,
~110nm at the image plane). Next generation tools moving towards NA=1.2 will result in a minimum mask
period of 1.67x (322nm at A=193nm, ~80nm at the image plane), at which point polarization effects
contributed by the photomask are more significant.
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2. HIGH NA IMAGING AND POLARIZATION

If TE polarization is defined as polarization perpendicular to the plane of incidence (POI), then radiation
polarized in the POI is referred to as TM polarized (Figure 1). The angle of incidence at the wafer’'s
surface becomes more oblique with increasing NA. For TE polarization NA isnot a concern sincethereis
no decrease in image contrast due to increased angle of incidence (0). Image contrast, defined as the
difference between the maximum and minimum intensity divided by their sum, remains 1, as shown by
Equations 2[1] and 4, where § is the phase difference (assumed to be zero). However, for TM polarization,
as the angle of incidence approaches forty-five degrees, the image contrast decreases until it reaches zero at



an angle of forty-five degrees, or ninety degrees between two interfering beams (Equations 3 and 4).[1]
Also, TE and TM polarized radiation states do not interfere with one another. This clearly highlights the
importance of incorporating polarization into lithography modeling and simulation.
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Figure 1. Unpolarized light incident upon photomask.

Traditional wire grid polarizers allow the attenuation of the TE polarized radiation while alowing the TM
state to pass. The dectric field of the TE polarized light induces a current in the length of the wires.
Forward transmitted radiation is out of phase with the incident TE wave and exhibits greatly reduced
intensity. The electric field of the TM polarized light is perpendicular to the wires, a dimension in which
the wires are very narrow and restrict the motion of the electrons. Therefore, most of the TM radiation is
transmitted unaffected. The parametersimpacting the efficiency of atraditional wire grid polarizer include
period, duty cycle, thickness, shape, and materia; Johnson explains the impact of these features using
Rigorous Coupled Wave Analysis (RCWA).[2] The grating period is the most important of these
parameters as it determines the minimum wave ength that can be polarized for a specific diffracted order,
as shown in Equation 5.

The transition region of a wire grid polarizer is defined as being between haf to twice the wavelength of
the incident radiation. Wood noticed a sharp decrease in transmission in this region in 1902; this
phenomenon became known as Wood's Anomalies.[3] In 1907, Lord Rayleigh analyzed Wood' s data and
noted that for a specific wavelength (1), period (1), material refractive index (n), and angle of incidence (),
ahigher diffracted order (m) emerges, as[4]:
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For feature sizes greater than twice the wave ength, a diffraction grating results with little to no polarization
effects. For feature sizes less than haf of the wavelength, the mask acts as a zero order wire grid polarizer.
In the transition region, the mask polarizes and diffracts the radiation, and certain materias are capable of

transmitting more TE polarization than TM. Wire grid polarizers passing predominantly TE polarization
are appropriately named inverse wire grid polarizers, and have been studied by Honkanen et al.[5]

Traditional wire grid polarizer features are rlatively large and are similar in size to the wave ength of light
incident upon the polarizer; the wires approximate a planar metal surface. Inverse wire grid polarizers
utilize effects similar to those that occur in “small” noble metal (Au, Ag, Cr, etc) clusters. These clusters



can be classified by their size. Feature sizes being studied in this experiment would be classified as large
clusters, which experience extrinsic size effects such as collective electronic or lattice excitations known as
Mie resonances. At a particular frequency (or wavelength), conduction electrons oscillate and induce
polarization charges at the cluster surface, and a strong resonance is observed; this is known as a particle
plasmon, and is capable of absorbing, scattering, or re-emitting the incident radiation. The conduction
electrons act as an oscillatory system in clusters, but not in bulk. Sufficiently small mask features can be
approximated as clusters in the small dimension (width), and as a bulk material in the long dimension
(length). Therefore, TE polarized light sees a quasi-infinitely long structure, thus it looks like bulk
material, and TM polarized light sees a small cluster, and induces a particle plasmon oscillation.[6,7]

3. EXPERIMENTAL SETUP

Two types of photomasks were examined: a binary mask and attenuated phase shifting masks (APSM).
The polarization effects of the binary photomask were simulated using RCWA and then compared to
experimentally obtained results using a Sopra variable angle spectroscopic e lipsometer (PUV-SE5). Once
this data was analyzed, and RCWA was shown to be an acceptable means for measuring photomask
induced polarization, APSM materias were simulated usng RCWA.

The optical properties of the binary mask material used are shown in Table 1.

Layer n k Thickness (nm)
Bottom (borders quartz) 1477 | 1.762 73
Top (bordersair) 1.939 | 0.941 30

Table 1. Binary mask composition.

Attenuated Phase Shifting Mask (APSM) materials were also modeled. APSM materials chosen were
Tantalum Nitride in a Silicon Nitride host (TaN-SisN,), Molybdenum Oxide in a Silicon Dioxide host
(M0o0Os-Si0O,), and Silicon in a Silicon Nitride host (Si-SisN4). These materials were modeled using an
effective media approximation from data collected on materials deposited via magnetron sputtering and
characterized by means of ultra-violet variable angle spectroscopy (UV-VASE).[8] All masking films were
designed for a Tephase shift and 10% transmission. Tables 2 and 3 contain the APSM material data.

% Composition (Host material in bold and italics)
TaN-Si3N4 Si-Si3N4 Mo003-Si02
TaN Si3N4 Si Si3N4 | MoO3 Sio2
17.0% 83.0% 9.0% 91.0% | 30.0%| 70.0%

Table2. APSM material composition.

TaN-Si3N4 Si-Si3N4 M003-Si02
n 2.5626 2.4317 1.5891
k 0.489 0.4462 0.2117
Thickness (A) 631 687 1647
% Transmission 9.88 10.4 9.69

Table 3. APSM material data.

GSolver was used to perform the simulations in this experiment.[9] GSolver is a visua grating structure
editor utilizing full 3-dimensional vector code using hybrid RCWA and modal anaysis and is capable of
anadyzing arbitrary grating thickness, number of materials, and materia index of refraction. Additionally,
it is capable of modeling multiple materials, buried structures, and varied shapes (represented by stacked

layers).

Unpolarized radiation was simulated by inputting a 100% TE polarized beam and measuring the
transmitted TE intensity in the 0" and 1% diffracted orders and then doing the same for a 100% TM
polarized beam. This was done for 193nm radiation for both normal and off-axis illumination, where off



axis illumination was defined for this experiment as having an NA=1.2, which corresponds to 17.45
degrees in air, or 11.08 degrees in quartz (n=1.56 at 2=193nm). The mask pitch was varied from Onm to
1000nm, and for the binary mask duty ratios examined were 0.2, 0.25, 0.33, and 0.5. Degree of
Polarization (defined here in Equation 6) was plotted versus mask pitch for the different materials, feature
shapes, duty cycles, and wavelengths.

DoP :@ (6)
Tre + T
By this definition, a degree of polarization of —1 signifies fully TM polarized radiation, +1 signifies fully
TE polarization, and O represents equal TE and TM polarization.

The binary mask extinction spectroscopy measurements were performed on a Sopra tool, shown in Figure
2. Similar to the simulations, 100% TE polarized incident radiation illuminated the mask and the
trangmitted radiation was measured; this was repeated for 100% TM polarized radiation. All measurements
were made with 193nm radiation. This was performed for a duty ratio of 0.5 and for mask pitches of
250nm, 300nm, 350nm, 500nm, 600nm, and 800nm. Dueto tool limitations, for normal incidence only the
0™ and -1% orders could be measured, and only the -1% order could be measured for off-axis illumination.
DoP (as defined by Equation 6) was plotted vs. mask pitch and compared to simulated results.
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Figure 2. Schematic of Sopratool.
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4. RESULTS

The Wood's Anomaly equation can be rearranged to provide the grating pitch at which a particular order
emerges. For al on axis cases in this experiment, this corresponds to the first order emerging at A=x. At
this point, the 0-order in all cases experiences a decreasein transmission, and usually is also the mask pitch
at which the O-order experiences the greatest polarization effects.

The diffraction spectra measured by the Sopra tool for a few of the measured cases is shown in Figure 4
A-D. It is observed for the smaller mask pitches that the firs order is hard to measure due to the
background noise (spectrum shown in Figure 5A). To resolve this problem, a scan was done for the
smaller pitches (250nm, 300nm, 350nm), and the results for the 125nm case are shown in Figure 5-B; this
isamuch cleaner signd. In the calculation of the DoP for these smaller pitches, the averaged background
noise was subtracted from the 1% order signal.

Observed in Figure 4-B is a double peak in the 1¥ order measurement; this area is expanded in Figure 5-C.
Thisis believed to be caused by the excitation of multipolar plasmons, which can result in a broadening of
the transmission peak.[6,7]

A “half-order” anomaly is observed in Figure 4-A, B, D (and is present in all cases measured except for
pitch = 500nm, Figure 4-C). A closer look at this phenomenon is shown in Figure 5-D. This anomaly
experiences a shift in both peak position and size depending upon the mask pitch. For measured pitches
bel ow 500nm it appears at approximately 70% of the distance between the 0" and 1% orders and has higher
peak intengity than the 1% order, and for measured pitches larger than 500nm it is smaller in magnitude than

the 1% order and appears at an angle of about 50% between the 0" and 1% orders.
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Figure 4 A-D. Diffraction Spectra of A) 250nm Pitch, B) 350nm Pitch, C) 500nm Pitch, D) 800nm Pitch. Note
absence of half-order in 500nm pitch case, and presence of double peak in the 1% order of the 175nm pitch case.
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Figure 5 A-D. Diffraction spectra of A) clear cell on mask, B) 1st Order for 250nm pitch measured with a 400second
integration time, C) double pesk observed in 350nm pitch case, D) TM polarized half-order observed in 350nm pitch
case.

This half-order anomaly is only visible for TM polarization. It ispossiblethat theincident TM polarization
for the pitches where this is present is exciting a surface plasmon, which could be re-emitting at the angle
corresponding to this anomay. Although there seem to be several theoretical explanations accounting for
the occurrence of the double peak and the “half-order”, these anomalies need to be investigated further.

After measuring the diffraction spectra for the mask pitches mentioned previously, the DoP was cal culated
for the 0" and -1% orders for normal incidence, and for the -1% order for off-axis illumination. The results
for the binary mask are shown in Figure 6 A-D.
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Figure 6 A-D. Binary mask DoP vs. Mask Pitch for A) 0-Order normal incidence, B) 1-Order normal incidence, C)
OAI simulation only, D) -1-Order, OAI simulation vs experiment.

Figure 6 shows that RCWA provides results similar to those obtained experimentally. Discrepancies
between experiment and smulation can partly be attributed to inaccurate n and k values used for the mask.
Additionally, the actual mask pitch and fill factor/duty ratio has not been measured yet; these were assumed
to be exactly as designed.

For the 0™ order, the binary mask acts as a strong TM polarizer for mask pitches less than the illuminating
wavelength, but as a weak polarizer a greater pitches. For the 1% order the binary mask acts as a strong
TM polarizer where the 1% order initially emerges, as a relatively strong TE polarizer throughout most of
the transition region, and as a weak TE polarizer at pitches greater than 24. For OAl, the 0" order is
polarized similarly asit isin the normal incidence case, but the -1 order is polarized more strongly than in
the normal incidence case, and emerges at a smaller mask pitch. The +1% order emerges at a larger mask
pitch, and experiences dightly decreased polarization effects.

Noticing that RCWA provides similar results to those obtained experimentally, more simulations were
performed. Figure 7 shows simulated results for the binary mask with normally incident illumination and
differing duty ratios. It is observed that smaller duty ratios generdly decrease polarization effects for a
given critical dimension (CD).
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Figure 7-A,B. Onaxisillumination of the binary mask for differing duty ratios.

Simulations were also performed for the APSM materials shown in the experimenta setup (note that due to
the similar optical properties of TaN-SizN4 and Si-SisN,4 that only the TaN-SisN, results are shown here for
brevity). Theresultsfor on and off-axis illumination are shown in Figure 8 A-D. For on-axis illumination
in general the APSM materials act as strong TM polarizer for the 0" order for mask pitches within the
transition region aswell as mask pitches greater than 21. The 1% order is strongly TM polarized within the
transition region, but acts as a weak polarizer for larger pitches. The trends for off-axisillumination follow
those observed in the binary mask case. Typically, thicker films polarize more strongly than thinner films,
however, the metallic oxides (thicker) polarize less strongly than the metallic nitrides (thinner); thickness as
afunction of nand kisshown in Figure 9. Since thinner materials are desired for future technology nodes,
thisisa potentially unfavorable interaction.
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Figure 8 A-D. On and Off-axisillumination for different APSM films.

Noticing that APSM materials predominantly pass the TM state of polarization, which provides relatively
poor imaging, it isnecessary to look at other possible materials. Additional smulations were performed to
study the degree of polarization as a function of n and k for 7-phase shifting APSM materials. The index of
refraction was varied from 0.5 to 3.0 (increments of 0.1) and the extinction coefficient from 0.0 to 1.0
(increments of 0.1). The thickness necessary to obtain a z-phase shift was calculated for a particular n and
k value by first using Equation 7 to calculate the interfacial phase jump at the substrate-mask materia
interface (4®1,), the mask materid-air interface (4®,3), and the substrate-air interface (4®13), and using
these values in Equation 8 to solve for d.[11] A plot of APSM film thickness vs. n and k is shown in Figure
9. Thisthickness, d, was then used to calculate transmission as a function of n and k using Equation 9.[11,
12] An extinction coefficient was found for a particular transmission and index of refraction, and lines
were superimposed on the contour plot for 4% and 15% transmission. Shown in Figure 10 is the contour
plot of degree of polarization vs. n and k with transmission lines overlaid.[13] The DoP was calculated for
the limit of a 1.2NA system described previousy (~40nm half pitch on wafer).
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It is observed that materias with higher refractive indices and lower extinction coefficients tend to pass
more of the TM polarization state. Materias with lower refractive indices and ardatively wider range of
extinction coefficients pass more TE polarized radiation. Higher refractive index films are thinner than
those with lower refractive indices.

Additionaly, the APSM materials with transmission varying from 2-20% (2-70% for MoO3-SiO2) were
superimposed on the contour plot to show viable candidates for next generation mask materials. Materials
that contribute more TE polarization effects or equal polarization weighting are desirable. From Figure 10,
materials that meet these criteria with a tranamission between 4-15% have an index of refraction between
1.1 and 1.4, and an extinction coefficient between 0.05 and 0.2.  None of the materials examined in this
paper meet the desired polarization criteria. It should be noted, however, that athough the 0" order is
polarized strongly in the TM state between the overlaid transmission curves, the 1¥ order remains mainly
unpolarized, or dightly TM polarized.

Having studied how all of these different mask materials polarize radiation, it would be useful to know how
this affects imaging. A kirchoff mask (2-D, no polarization effects) was smulated in Solid-CM for half
pitch values of 45nm, 65nm, and 90nm (corresponding to mask pitches of 360nm, 520nm, and 720nm) with
off-axis illumination of NA=1.2.[14] The DoP values for the 0" and -1% orders for the binary and TaN-
SizN4 were applied as pupil-polarization filters at the proper position where the orders would be passing
through the pupil. By doing this, theimpact of polarization only on imaging can be observed. The contrast
improvement due to mask polarization is shown in Figure 11.
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Figure11. Contrast improvement due to polarization.

Although the O™ order is relatively strongly polarized in the TM state for the APSM mask, the 1¥ order is
weakly polarized, and thus there is little change in contrast due to polarization. A greater than 25%
increase in contragt is observed in the binary mask due to the predominantly TE polarized 1% order. The
polarization of the 0" order does not seem to have alarge impact on contrast.

5. CONCLUSIONS

Rigorous coupled wave analysis was verified with complimentary experiments as a useful tool in studying
photomask induced polarization effects. Material constants and thickness, as well as feature size and shape
need to be known accurately to obtain the best results. Experiments were performed on a binary mask for
various mask pitches and illumination conditions. More experiments need to be performed to further study
the anomalies seen in the diffraction spectrum of the binary mask. Additional simulations were performed
for various mask pitches, duty ratios, materia thicknesses, mask materials, and illumination schemes.
Image contrast improvement due to polarization was a so examined.

It was observed that mask polarization effects depend on most any factor that can be changed: illumination,
mask material, material thickness, mask pitch, and duty ratio. In all cases, higher NA (or smaller critica
dimensions) results in greater polarization effects. A smaller duty ratio for a given CD usually resultsin a



decrease in polarization effects. Off-axis illumination allows for greater polarization effects in the 1%
diffracted order emerging a a smaller mask pitch.

For the 0" order, hinary photomasks were found to act as strong TM polarizers for sub-wavelength
features, and very weak polarizers after the 1% order emerge. They polarize the 1% order predominantly TE
in the transition region of wire-grid polarizers, and do not polarize much outside of thisregion.

APSM photomasks were found to strongly polarize the 0" order in the TM state for all mask pitches
examined, the 1% orders were mainly polarized in the TM state as well, but this is confined mostly to mask
pitches in the transition region. There do exist n and k combinations for 7-phase shifting materials that pass
more TE polarization or contribute no polarization weighting, however, they may not be practical.

Image contrast can be improved due to sightly more TE than TM polarization in the 1% order, whereas the
polarization of the 0" order does not seem to have much of an effect on image contrast at all. APSM
materials, although predominantly TM polarizing, do not seem to have much effect on image contrast at the
technol ogy nodes examined. At these nodes, the 1% order is very weakly polarized.
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