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Microlithography applications such as advanced packaging, micromachining and thin film head (TFH)
production frequently require the use of thick photoresists and large exposure doses for successful pattern transfer
onto substrates. When thick negative acting photoresists are used, exposures as high as 5000mJ/cm2 may be
required to maintain the pre-exposure photoresist thickness after develop. However, even a small exposure dose
of a negative photoresist can cause a thin film to remain after development. This photoresist scumming can have
a detrimental effect on subsequent processing of the substrates. 

Standard chromium (Cr) photomasks use an optical density (OD) of 3.0 to block light transmission. This
specification was established with the introduction of projection lithography and is effective for most applications
over a wide range of dosages. However, the combination of extremely high exposure values and thick negative
photoresists raises the possible need for higher OD Cr to eliminate the risk of potentially damaging scumming
from light leakage. 

In this study, light transmission through photomasks with standard (OD3) and high-density (OD4) Cr films was
measured through the ultraviolet spectrum to determine leakage thresholds and evaluate the risk of unwanted
exposure with highly sensitive photoresists. Because the higher OD photomasks are the result of an increase in Cr
film thickness, photomask process differences, resolution capability and Critical Dimension (CD) uniformity
issues were also evaluated. The thicker Cr film could also affect pattern transfer to the wafer. Therefore,
resolution and CD uniformity were compared on wafers patterned from both OD3 and OD4 Cr reticles. 
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1.0  INTRODUCTION

Since the introduction of projection lithography in semiconductor manufacture, photomasks have been coated
with 800 Å to 1000 Å of Cr film to achieve an OD of 3.0 ± 0.2 at g, h and i-line Mercury (Hg) wavelengths
OD has been sufficient to block extraneous light over a wide range of exposure doses, including dose
than 1000mJ/cm2 sometimes used in TFH manufacture. 

Now there is an increasing requirement for projection lithography tools for advanced packaging technol
semiconductors, and in the micromachining industry. Companies involved with advanced packagin
micromachining typically require exposure of relatively thick layers of photoresist and frequently a ne
acting photoresist is required. With photoresist thickness in the range of 20 to 100 µm, exposure doses of 2000 t
4000mJ/cm2 are becoming increasingly common [1,2]. There has been some concern that at these e
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values, OD3 photomasks might not be sufficient to prevent small amounts of light leakage. While this is not as
damaging with positive acting photoresists, it would create scumming with negative photoresists.

There is limited production of OD4 photomasks in applications where resolution requirements are typically
greater than 2.0µm. Because the Cr thickness must be increased by approximately 20% to achieve the OD4
specification, the photomask etch process must be increased with the expectation that line edge quality and CD
uniformity would be compromised to some degree. Another concern of increased Cr thickness is that the aerial
image could also be compromised affecting pattern transfer to the wafer [3]. 

In addition to evaluating the potential for light leakage of standard versus thick Cr reticles at high exposure
dosage, this study examines whether the anticipated reduction of photomask image quality would affect pattern
fidelity on wafers processed in conditions similar to those used in advanced packaging and micromachining
applications. Because these processes require thick layers of photoresist and only require larger resolution, it was
expected that line edge roughness on the reticle would not adversely impact CD control on the wafer.

Because the use of Cr as a masking film has been well established for several decades, there is little information
available regarding its absorption rates at various thicknesses or at different wavelengths. In recent studies
evaluating Cr as a film for photomasks to be used in 157nm tools for advanced semiconductor manufacturing, it
was suggested that while Cr is a suitable material, it would require a coating thickness in the 1700Å r
achieve sufficient OD at this wavelength [4,5,6]. This implies that as 157nm tools and processes are de
there will be an increasing demand for reticles with thicker Cr layers, and with very tight requiremen
resolution, CD uniformity, and line edge control. The compatibility of these future lithography requirement
thick layers of Cr on photomasks needs further study.

2.0  EXPERIMENTAL METHODS

2.1  Experimental Description

This study measures a OD3 and a OD4 photomask blank on a spectrophotometer to determine how a
varies across the Hg ultraviolet spectrum, and to verify the OD specification for both Cr thicknesses. Reti
then patterned on both substrate types and CD's compared for linearity and uniformity. A comparison of li
roughness is made on a metrology SEM. Wafers coated with a positive photoresist are then patterned u
reticles to investigate CD uniformity translation. Wafers with a thick negative photoresist are then expos
high exposure doses to look for photoresist scumming and its impact on process latitude.

2.2  Reticle Design and Manufacture

Two reticles with identical design data were written on an Etec laser system by DuPont Photomask usi
optical 895I photoresist process and measured on a KMS 400 line-width measurement system. The sub
the first version reticle had an OD rating of 4.0 and the second version was had the standard OD rating of
higher OD rating was achieved by the vendor increasing the Cr layer thickness by approximately 20% to 
Exposure and development processes were identical for both the OD3 and OD4 reticles. However, the
etch was increased sufficiently to clear the thicker OD4 material. Reticle CD’s were re-measured on a 
S-7280H metrology SEM for a direct comparison to wafer CD’s as discussed in section 2.3.

The reticle design contained CD resolution cells with isolated and nested (1:1 pitch) line sizes of 1.5, 2.0, 
and 10.0 microns placed every 2.0mm across a 48.0 by 33.0mm exposure field. Larger nested line sizes
50.0 and 100.0µm were included at several locations in the field.
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Two additional substrates (one OD3 and one OD4) without patterned features were used for light absorption
measurement using normal incidence absorption measurements on a Hitachi UV 4000 Spectrophotometer. It is
estimated that the limit to absorption measurement in this tool is 6.0 ± 0.2 in the ultraviolet spectrum and 4
in the visible spectrum. The absorption measured in the spectrophotometer is equivalent to OD as s
equation (1):

OD = Log10 (1/T) = - Log10 (T) = A (1)

where OD is the optical density, A is the absorption and T is the transmission.

2.3  Imaging Conditions

All lithography was performed on an Ultratech Stepper Saturn Spectrum 3®. The stepper is a 1X system using g,
h and i-line illumination and having a numerical aperture of 0.16. The system is conservatively specified at
2.0µm resolution with a 5.0µm depth of focus. The system specifications for the Spectrum 3 are shown in Table
1. The system is equipped with an illuminator filter to select ghi, gh, or i-line wavelength. In this study, all images
were printed with gh-line illumination using an i-line blocking filter.

Multiple SEMI standard 150mm ultra-flat wafers were exposed in an exposure matrix as shown in Figure 1 for
the positive photoresist portion of the study. The nominal dose of 335mJ/cm2 with a zero focus offset was based
on SEM measurements of a 1.5µm isolated line. A Hitachi S-7280H SEM was used to measure the horizontal
linewidth at the center and four corners of the exposure field. The SEM criteria selected for determination of the
CD size was an 80% threshold.

Multiple SEMI standard 200mm ultra-flat wafers were exposed using the exposure matrix shown in Figure 1 for
the negative photoresist portion of the study. The exposure was varied from 300mJ/cm2 to 2200mJ/cm2 in
100mJ/cm2 increments with a -10µm focus offset. The wafers were inspected using an optical microscope to
evaluate photoresist scumming.

2.4  Processing Conditions 

Shipley SPR 660® photoresist was selected for the positive photoresist portion of the study. This is a high
contrast photoresist that has broad band spectral performance. The wafers were vapor-primed prior to the
application of photoresist. The process conditions for the Shipley photoresist are shown in Table 2. The final
thickness for the SPR 660 photoresist is 2.15µm.

Morton Dynachem GA® 1.0 dry film was used for the negative photoresist portion of the study. The wafers were
laminated with a 25µm thick dry photoresist topped with a 25µm thick Mylar film. The Mylar film was removed
prior to exposure. The process conditions for the Morton Dynachem photoresist are shown in Table 3.

3.0  RESULTS AND DISCUSSIONS

3.1  Reticle Absorption

Spectrophotometer measurements for the OD3 and OD4 reticle blanks are shown in Figure 2. Absorption of the
OD3 blank increases with decreasing wavelength until a sudden drop-off at approximately 240nm. Table 4 shows
that the OD is greater than the specified value of 3.0 for g,h and i-line exposure wavelengths. This same pattern of
increasing absorption through decreasing wavelength is repeated for the OD4 material but approximately 1.8
higher in absorption. However, the spectrophotometer would only allow measurement down to 300nm because of
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the high absorption of the OD4 reticle. The actual OD is greater than the specified value of 4.0 for g, h and i-line
wavelengths. It consistently exceeds an OD of 5.0 which indicates that the OD4 Cr thickness specification is very
conservative. The shape and magnitude of the absorption curves are consistent with earlier work done by Smith
et. al. [4,5]. 

3.2  Reticle Linearity

Five different linewidths were each measured at the center and four corners of the stepper field on both the OD3
and OD4 reticles. SEM measurements were made for line sizes up to 10.0µm. However at 10.0µm, measurements
were rounded by the SEM to the nearest 10 nanometers resulting in a larger measurement error for this CD.
Figures 3a and 3c show the mean reticle size as a function of the CAD size for the OD3 and OD4 reticles
respectively. Deviation from CAD size to mean reticle size was somewhat higher on the 3.0 OD substrate due to
the difference in Cr etch processes, however both reticles demonstrate excellent linearity well within the specified
limit of ±0.10µm. 

Figures 3b and 3d show the 3 sigma of the reticle size as a function of the CAD size for the OD3 and OD4 reticles
respectively. As expected, 3 sigma for both isolated and nested lines is also better for the 3.0 OD material
(approximately 35nm isolated and 38nm nested) compared to the OD4 material (approximately 75nm and 70nm
respectively). However, both reticles show good linearity across the range of CD sizes measured. In all cases the
3 sigma is larger for the 10.0µm line. This is consistent with the SEM measurement error discussed previously.

3.3  Reticle SEMs

Inspection of the reticle line edges on the metrology SEM at 10k and 25k magnification show a slight degradation
on the OD4 material (Figure 5d) compared to the OD3 standard (Figure 5b). It is not apparent that the OD4 lines
are degraded sufficiently to affect line edge quality when patterned on the wafer. Inspection of 2.0 and 1.5µm
contacts in an array also shows a small edge degradation on the OD4 material as shown in Figure 6. The impact
of this degradation at the wafer level is discussed in section 3.4.

3.4  Wafer Linearity

Five different linewidths were each measured at the center and four corners of the stepper field using 2.15µm
thick Shipley SPR660 positive photoresist. All measurements were taken at the same locations as on the reticles.
The same SEM error for the 10.0µm line sizes discussed in section 3.2 apply for the wafer measurements. 

Wafers from both reticles showed good linearity with each line size measuring well within 10% of targeted value.
Figure 4 shows the 3 sigma of the wafer CD size versus the reticle size for both the isolated and nested lines. It is
apparent that the 3 sigma values of the OD3 reticle are only slightly better than on the OD4 reticle. The average
3-sigma using the OD3 reticle is 42nm versus 51nm for the OD4 reticle for isolated line sizes 1.5µm through
5.0µm. Nested lines show slightly lower 3 sigma results on the wafer than the isolated lines for both the OD3 and
OD4 reticles (Figure 4b). These results clearly show that the line edge roughness of the OD4 reticle has no
significant impact on CD control on the wafer for the range of feature sizes studied.

3.5  Negative Photoresist

Wafers coated with Morton Dynachem GA photoresist were exposed with both the OD3 and OD4 reticles to
determine the exposure dose where photoresist scumming occurs. With the OD3 reticle the negative photoresist
required an exposure of 900mJ/cm2 to resolve a 20.0µm line/space pattern (Figure 7a). However, photoresist
Schurz, Flack, and Nakamura 4
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scumming started to occur at an exposure of 1000mJ/cm2. By 1100mJ/cm2, the scumming became severe enough
that line bridging is observed (Figure 7e). When the OD4 reticle was used, 900mJ/cm2 (Figure 7b) was also
sufficient to resolve the 20µm pattern. Scumming was not observed at this feature size until 1100mJ/cm2 (Figure
7f) and only became significant at 1200mJ/cm2. This suggests that use of the OD4 material could add
approximately 10% to the exposure process window for the Morton Dynachem GA photoresist. An increase in
exposure latitude could be very significant for lithography over severe wafer topography where higher exposure
doses are required.

The difference in photoresist scumming is even more pronounced for the 50µm line/space pattern as shown in
Figure 8. At 1800mJ/cm2 there is little or no scumming when the OD4 reticle (Figure 8b) is used compared to
significant scumming with the OD3 reticle. (Figure 8a). Figure 9 shows an enlargement of the 50µm pattern at
this dose which clearly shows a significant difference in the level of scumming. Going to a higher dose of
3000mJ/cm2 the OD4 reticle shows only moderate scumming (Figure 8d), while for the OD3 reticle the lines are
almost bridging (Figure 8c).

4.0  CONCLUSIONS

In this study, light transmission through both OD3 and OD4 photomasks was measured across the ultraviolet
spectrum. Both reticles show increasing OD down to 300nm wavelength. The absorption of the OD4 reticle is
approximately 1.8 higher than the OD3 reticle for all Hg exposure wavelengths. Because OD4 photomasks
require an increase in Cr film thickness, resolution capability and CD uniformity were evaluated on the reticle
and on the wafer using a positive photoresist. It was established that OD4 reticles are available with CD linearity
and edge quality consistent with 1.5µm design rule applications. In addition, the OD4 reticle was observed to
have no significant affect on pattern transfer to the wafer over features down to 1.5µm. An evaluation of a thick
negative photoresist process confirmed the advantage of using OD4 reticles to minimize photoresist scumming
and increase the exposure process control window.
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Table 1: System specifications for the Ultratech Saturn Spectrum 3 stepper.

Table 2: Process conditions for Shipley SPR660 photoresist.

Table 3: Process conditions for Morton Dynachem GA 1.0 dry film photoresist.

Parameter Value

Reduction factor 1X

Wavelength (nm) 350-450

Wafer Plane Irradiance (mW/cm2) 1750

Numerical Aperture (NA) 0.16

Partial Coherence (σ) 1.0

Field Size (mm) 25 X 50

Process Steps Parameters Equipment

Photoresist Coating Static dispense
8000 rpm for 20 seconds

MTI Coater

Softbake 90oC for 60 seconds MTI Hotplate

Exposure 335mJ/cm2 Saturn Spectrum 3

Post Exposure Bake 100oC for 60 seconds MTI Hotplate

Develop Shipley CD-26
60 seconds immersion

Batch

Process Steps Parameters Equipment

Photoresist Lamination Platen 150 oF, Diaphragm 210oF
Slapdown time 15 seconds

Optek DPL-24 Vacuum 
laminator

Exposure 900 to 3000mJ/cm2 Saturn Spectrum 3

Spray Develop 0.08M K2CO3 at 25oC
100 seconds at 30psi

SSEC M10 Spray Developer
Schurz, Flack, and Nakamura 6
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Table 4: Measured OD of reticles at standard Hg line exposure wavelengths.

Figure 1: Wafer layout for the focus and exposure test matrix. A four by six field array was exposed with focus
varying in the vertical axis and exposure dose varying in the horizontal axis.

Figure 2: OD as a function of wavelength for standard OD3 and OD4 Cr reticles.

Wavelength (nm) Hg line Reticle OD3 Reticle OD4

436 g 3.27 5.08

405 h 3.43 5.30

365 i 3.63 5.48

 Focus

Exposure

 Individual Field

 CD Structure
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Figure 3: CD linearity measurements and three sigma deviations for the OD3 and OD4 reticles.

Figure 4: Wafer CD linearity measurements and three sigma deviations for the OD3 and OD4 reticles using
2.15µm thick Shipley SPR660 photoresist. The exposure dose is 335mJ/cm2 and the focus offset is 0µm.

(a) Mean of isolated line (b) 3 sigma of isolated line

(c) Mean of nested line (d) 3 sigma of nested line
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Figure 5: 1.5µm line and space patterns on the OD3 and OD4 test reticles.

(a) OD3 reticle 
(10K Magnification)

(b) OD3 reticle 
(25K Magnification)

(c) OD4 reticle 
(10K Magnification)

(d) OD4 reticle 
(25K Magnification)
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Figure 6: 2.0 and 1.5µm contact patterns on the OD3 and OD4 test reticles.The magnification for all pictures is
10K.

 
(a) OD3 reticle 
2.0µm contact

(b) OD3 reticle
1.5µm contact

(c) OD4 reticle
2.0µm contact

(d) OD4 reticle
1.5µm contact
Schurz, Flack, and Nakamura 10



 BACUS 2000 #4186-96
Figure 7: 20µm line and space patterns in Morton Dynachem GA photoresist at a 130X magnification.

(a) Reticle OD3 at 900mJ/cm2 (b) Reticle OD4 at 900mJ/cm2

(c) Reticle OD3 at 1000mJ/cm2
(d) Reticle OD4 at 1000mJ/cm2

(e) Reticle OD3 at 1100mJ/cm2 (f) Reticle OD4 at 1100mJ/cm2
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Figure 8: 50µm line and space patterns in Morton Dynachem GA photoresist at a 130X magnification.

Figure 9: 50µm line and space patterns in Morton Dynachem GA photoresist at a 330X magnification.

(a) Reticle OD3 at 1800mJ/cm2 (b) Reticle OD4 at 1800mJ/cm2

(c) Reticle OD3 at 3000mJ/cm2 (d) Reticle OD4 at 3000mJ/cm2

(a) Reticle OD3 at 1800mJ/cm2
(b) Reticle OD4 at 1800mJ/cm2
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