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ABSTRACT

Extreme ultraviolet lithography (EUVL) with a numerical aperture of 0.33 has been part of high-volume man-
ufacturing since 2019. To guarantee the downscaling of the technology node, advanced material and patterning
becomes very critical in terms of resolution, roughness, defectivity and process window. Therefore, several
entities are developing new resists and processes. However, to adopt new resist and process into production,
performing model-based optical proximity correct (OPC) is an essential step. Thus, an accurate OPC model
is required. In this paper, we investigate the Siemens calibre CM1 OPC model accuracy of dry resist process,
which is conducted on N5 M2 design (horizontal pitch 32nm).
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1. INTRODUCTION

EUV Lithography (EUVL) with a numerical aperture (NA) of 0.33 is the key to advance Moore’s Law by driving
the semiconductor devices to smaller dimensions. Nowadays, EUVL patterning has been successfully adopted
in high-volume manufacturing (HVM) to further reduce the cost at advanced nodes. However, the occurrence
of stochastic printing failures in EUVL patterning is critical at tight pitches.1–4 To guarantee the downscaling
of the technology node, photoresist is a critical element to sustain the lithographic patterning performance in
terms of yield, resolution, defectivity free, and process window. As the 0.55NA EUVL approaches its insertion
point in the HVM, the focus on the readiness of the required photoresist further intensifies. However, due to
the triangle trade-off relationship among resolution, line-edge roughness (LER) and dose/sensitivity (RLS),5–7

there are contradictory requirements for a resist to have low LER, high dose sensitivity and high resolution
simultaneously.

The dry resist provides a simple, homogeneous, and stable composition of metal oxide network after de-
position, EUV exposure, post-exposure bake, which breaks several long standing tradeoffs in EUV photoresist
materials.8 It allows to tune the conditions during the pattern development process to provide optimum dry
photoresist integrity, to improve pattern fidelity and overall defectivity, and shows promising patterning perfor-
mance towards 0.55NA EUVL.9,10 To adopt this new resist and process into production of advanced node, only
full model-based optical proximity correct (OPC) solutions can meet the required accuracy to control the edge
placement errors. Thus, calibrating an accurate OPC model is an essential step. To quantify Siemens calibre
CM1 OPC model accuracy of dry resist process, an imec Ta-based dark field EUV mask was used. Since the dry
resist is a negative-tone resist, the designed polygon on the mask (mask mirror) is printed as resist line on the
wafer. The imec horizontal pitch 32nm M2 design (N5) was selected as the target layer, and the wafer data was
exposed by using imec NXE:3400 EUV scanner and HITACHI CD-SEM was used for images acquisition.

The paper is organized as follows: Section 2 introduces feature selection and OPC model calibration strategy.
The model accuracy and patterning challenges of dry resist process will be investigated in Section 3. The last
section will provide the summary.
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2. MODEL ACCURACY STUDY STRATEGY

In this paper, OPC model accuracy study is conducted on imec horizontal pitch 32nm (N5) M2 design. Figure
1 shows the selected features based on the design rule, which includes:

� One Dimension (1D) features: (Line/Space(LS) without SRAF (sub-resolution assist feature): LS with
SRAF, Two-Bar without SRAF, Two-Bar with SRAF, multiple-Bar(M-Bar) without SRAF, M-Bar with
SRAF.

� One and a half Dimension (1.5D) features: tip-to-tip (T2T), multiple-T2T (M-T2T).
� Two Dimension (2D) features: different types of contact holes (CH), TShape, uDBCD and so on.

Figure 1: Selected features based on the design rule, which includes 1D features ((Line/Space(LS) without SRAF,
LS with SRAF, Two-Bar without SRAF, Two-Bar with SRAF, multiple-Bar(M-Bar) without SRAF, M-Bar with
SRAF), 1.5D features (tip-to-tip (T2T), multiple-T2T(M-T2T)) and 2D features (different types of contact holes
(CH), TShape, uDBCD and so on).

Figure 2 illuminates the OPC modeling accuracy strategy. To calibrate an accurate OPC model, we need
to have a good understanding about the process; thus, the OPC model accuracy study on dry resist is carried
out into two parts: model calibration based on features without SRAFs, and model calibration by using features
without and with SRAFs. To simplify our study in this paper, we are focusing on 1D and 1.5D features without
SRAFs by using CD gauges, the main goal is to understand the dry resist process and to verify calibre CM1
model terms. Therefore, we will not discuss advanced model calibration (such as contour-based modeling, SRAF
printing model, stochastic modeling) in this paper.

3. MODEL ACCURACY AND PATTERNING CHALLENGES

To study the new dry resist process, imec Process of Reference (PoR) chemical amplified resist (CAR) process
has been chosen as the reference process, and the Titan M2 source is used for the wafer exposure.11 Therefore,
the pitch 32nm horizontal dense LS is used as the wafer anchor, using mask CD 16nm to print wafer CD 16nm.

Figure 3 shows the CD-SEM images of the anchor feature both for the dry resist and the reference CAR, as
well as the comparison of the measured Mask Error Enhancement Factor (MEEF) through pitches at the best
dose and best focus condition. The MEEF is measured at the target CD equal to half pitch. There are slightly
CD offsets for the wafer anchor of these two processes, however, our goal is to study and understand OPC model
accuracy of the dry resist process; thus, we did not fine tune the exposure dose to print wafer CD 16nm on
target. The measured MEEF through pitches on the right side of Fig. 3 indicates that dry resist delivers lower
MEEF with respect to the reference CAR.
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Figure 2: OPC modeling accuracy study strategy. The flow is divided into two parts, which contains five steps.
All the 1D, 1.5D and 2D features are defined in Fig. 1. woSRAF: without SRAFs; wSRAF: with SRAF.

Figure 3: Anchor feature printability of the dry resist and the reference CAR, as well as the measured MEEF
through pitches at the best dose and best focus condition. CAR: chemical amplified resist.

3.1 Mask Error Enhancement Factor

Figure 4 shows the impact of aerial image blur on the measured MEEF, aerial image blur is used to mimic
the resist diffusion in the experiment. There is a slight difference on the wafer anchor of these two processes,

Figure 4: Aerial image blur impacts on the MEEF.

therefore, slightly different model thresholds are used in the simulation to mimic the experiment. The results
indicate that the MEEF is becoming larger as the aerial image blur becomes larger. To match with the measured
MEEF, 2nm aerial image blur is needed for the reference CAR, while the dry resist process performs lower MEEF
than the aerial image CD MEEF (aerial image blur=0nm).
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Figure 5: The measured MEEF with respect to the simulated aerial image CD MEEF. In the simulation, 2nm
aerial image blur is used for the CAR, 0nm aerial image blur is used for the dry resist.

Figure 5 compares the measured MEEF with respect to the aerial image CD MEEF. In the simulation, 2nm
aerial image blur is used for the reference CAR and 0nm aerial image blur is used for the dry resist, respectively.
As shown in the figure, by using 2nm aerial image blur, the aerial image CD MEEF performs a good match with
the measured MEEF of the reference CAR through pitches, while for the dry resist, there is a large deviation
between the measured MEEF and simulated aerial image CD MEEF. The measured dry resist CD MEEF is
lower than the aerial image CD MEEF through pitches.

3.2 Resist Shrink

Due to the dry development, dry resist has shown large resist film thickness loss for both blank resist and
patterned resist, which can be up to 50%,12 this effect might be due to the resist shrink. In calibre CM1, resist
shrink terms have been developed to model resist shrink effect.13 Figure 6 displays the model accuracy of 1D
features without SRAFs, without using resist shrink terms and with resist shrink terms model error distributions
are respectively shown on the left and the middle figures. As shown in these two figures, by using resist shrink
terms, the model accuracy can be significantly reduced. The figure on the right side compares the model error
trend with respect to the patterning density (CD/pitch) of the LS. Without using the shrink terms, model error
is becoming larger as the pattern density becomes higher, and by using resist shrink terms, the model error trend
can be completely removed.

Figure 6: Model accuracy of 1D features (without SRAFs) without resist shrink terms vs. with resist shrink
terms, as well as the model error trend with respect to the patterning density (CD/pitch) of the LS of the dry
resist. (woShrink: without shrink; wShrink: with shrink.)

Figure 7 shows the comparison result of the measured MEEF and simulated MEEF. Without using resist
shrink terms, the model can not capture the measured MEEF trend through pitches, and by using resist shrink
terms, the model can accurately match the simulated MEEF to the measured MEEF.
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Figure 7: Measured and simulated MEEF through pitches. (Meas: Measured MEEF; AICD: aerial image CD
MEEF with 0nm aerial image blur; CDwoShrink: resist model CD MEEF without shrink terms; CDwShrink:
resist model CD MEEF with shrink terms.)

3.3 Proximity

Figure 8 illuminates the proximity curve through pitches at fixed mask CD 20nm for both CAR and dry resist,
as well as the simulated aerial image CD and the wafer printability through pitches. For the reference CAR,

Figure 8: Proximity through pitches at fixed mask CD 20nm. (AI CD: aerial image CD; 2nm aerial image blur is
used for the CAR and 0nm aerial image is used for the dry resist during the simulation.)

the measured wafer CD has a good match with the aerial image CD (2nm aerial image blur is used) at smaller
pitch, and there is a DC offset when the pitch becomes larger than 90nm. While for the dry resist, the measured
wafer CD has a large deviation with respect to the aerial image CD at smaller pitch, and it starts to have a good
match with the aerial image CD (0nm aerial image blur is used) when the pitch is larger than 90nm. The right
side of the figure presents the wafer printability through pitches at fixed mask CD 20nm. For the reference CAR,
the trench starts bridging for the semi-dense and isolated features, where design retarget or SRAF insertion is
needed to guarantee good printability, while dry resist shows good printability through pitches.

3.4 Two-Bar and SRAF Printing

Figure 9 shows the printability of the Two-Bar at pitch 32nm. The bottom left figure is the aerial image profiles
of the CAR (aerial image blur=2nm) and of the dry resist (aerial image blur=0nm), These two aerial image
profiles are similar with slight difference (due to different aerial image blur applied). The middle column of
the figure compares the printability of the Two-Bar. The reference CAR could not print horizontal pitch 32nm
Two-Bar, while dry resist can deliver good printability of horizontal pitch 32nm Two-Bar with large process
window (the right side of the figure shows the printability of pitch 32nm Two-Bar through dose and focus).
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Figure 9: The printability of the Two-Bar at pitch 32nm without SRAF.

Considering the OPC of the fullchip design, SRAF insertion might be needed for some semi-isolated or isolated
features. Figure 10 presents the pitch 32nm Two-Bar with SRAF, the SRAF CD is equal to 8nm. The aerial
image profiles are very similar as well, however, SRAF printing behaviors are different on the wafer. The reference
CAR could print pitch 32nm Two-Bar nicely, and no SRAF printing is observed, while dry resist shows SRAF
printing issue, even though the maximum SRAF aerial image intensity is still far away to the model threshold.
To understand this behavior, the image profiles are plotted on the right side of the figure. As shown in the figure,
without resist shrink, the SRAF resist image intensity is far away to the model threshold, and there is no SRAF
printing. By adding resist shrink terms, the SRAF resist image profile is enhanced, the max intensity touches
the model threshold. The model with shrink terms can accurately capture the dry resist behaviors on the wafer.
Therefore, the dry resist’s sensitivity to SRAF printing is mainly due to resist shrink during dry development.

Figure 10: The printability of Two-Bar with SRAF, SRAF CD is equal to 8nm.

3.5 Tip-to-Tip Printing

Figure 11 displays the measured T2T CD with respect to the mask T2T CD at pitch 32nm, the mask CD is
16nm. The aerial image T2T CD curve is shown in the figure as well, where the 2nm aerial image blur is used
for the CAR, and 0nm aerial image blur is used for the dry resist. The results demonstrate that there is a DC
offset for the wafer T2T CD with respect to the aerial image T2T CD for the CAR, while dry resist wafer T2T
CD has a good match with the simulated aerial image CD. The dry resist can print the wafer T2T CD 20nm
with the mask T2T CD 13nm. For smaller mask T2T CD, the T2T bridging is observed on the wafer.

To study the T2T bridging, a new model is calibrated by using 1D and 1.5D features without SRAFs, the
model error distribution is shown on the left side of Fig. 12. The right side of Fig. 12 shows the image profiles
of T2T with the CD equal to 10nm and 13nm, respectively. As shown in the figure, with and without resist
shrink terms, resist image profiles are similar. Thus, the resist shrink does not impact on the T2T printing, and
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Figure 11: Measured wafer T2T CD with respect to the mask T2T CD at pitch 32nm, the mask CD is 16nm.
(AI CD: aerial image T2T CD, 2nm aerial image blur is used for the CAR, and 0nm aerial image blur is used for
the dry resist.)

the T2T bridging at smaller mask T2T CD (10nm) is mainly due to the low aerial image contrast, which could
not completely remove the resist at T2T.

Figure 12: Model error distribution of 1D and 1.5D features without SRAF (left) and T2T image profiles
comparison at mask T2T CD 10nm and 13nm (right). For the T2T comparison, the design is horizontal pitch
32nm with mask CD equal to 16nm.

4. SUMMARY

In this paper, we investigate the OPC model accuracy of dry resist process contacting on N5 design at k1=0.39.
imec PoR CAR process is used as the reference. To have a good match with the optical model, dry resist
requires less image diffusion, which means higher resolution for the lithographic patterning. Dry resist shows
good proximity curve match between the wafer CD and aerial image CD for semi-iso and iso features, and SRAFs
are not needed to print pitch 32nm Two-Bar. Due to the resist shrink during dry development, dry resist has
lower MEEF than the CAR measured MEEF and is sensitive to the SRAF printing, which requires resist shrink
terms in the CM1 model to capture the wafer CD trend. By using the resist shrink terms, CM1 model can
accurately capture the dry resist printability on the wafer. Future work will focus on advanced modeling study
and model error at advanced node will be reported.
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