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Abstract: The imaging performance of a half-tone phase shift mask (PSM) 
has been analyzed using coherent scattering microscopy (CSM), which 
allows analysis of the actinic characteristics of an extreme ultraviolet 
(EUV) mask such as its reflectivity, diffraction efficiency, and phase 
information. This paper presents the 1st experimental result showing the 
effect of 180° phase difference between the absorber and reflector in EUV 
mask. This reveals that a PSM offers a 46% improvement in 1st/0th 
diffraction efficiency and 14% improvement in image contrast when 
compared to a binary intensity mask (BIM). The horizontal-vertical critical 
dimension (H-V CD) bias is also reduced by 1.37 nm at 22 nm line and 
space (L/S) patterns. Since the performance of PSM can be evaluated 
without a wafer patterning process, CSM is expected to be a useful 
inspection tool for the development of novel EUV masks. 
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1. Introduction 

Extreme ultraviolet lithography (EUVL) is researched for aiming to apply in 7 nm or smaller 
logic node processes due to delay of its insertion time [1,2], making it necessary to develop 
EUV masks with improved imaging performance. The necessity of creating half-tone phase 
shift mask (PSM) has been widely argued, and has led to the development of specific designs. 
Even though the imaging performance of the EUV PSM can be estimated through simulation 
[3,4], the EUV mask inspection tools using deep ultraviolet (DUV) or electron beams are 
inappropriate for evaluating the real imaging performance of a PSM. Recently, novel actinic 
inspection techniques have been developed for EUV masks [5–11]. and some of them have 
demonstrated the inspection capability of EUV PSM [12,13]. 

In this study, the imaging performance of a PSM is evaluated using coherent scattering 
microscopy (CSM) which uses a 13.5 nm wavelength EUV source. This can acquire not only 
a normalized image log slope (NILS), image contrast and critical dimensions (CDs), but also 
more detailed mask imaging performance factors such as the mask diffraction efficiency [14–
17]. The range of applications is widened by developing a system for extracting phase and 
magnitude information separately from a reconstructed image. Thus allowing the reliability of 
PSM and the cause of any improved imaging performance (e.g., diffraction efficiency or a 
phase shift effect) to be measured. The improved imaging performance of a PSM is 
subsequently compared experimentally to a binary intensity mask (BIM), while the 
performance of CSM is validated against simulation results. 
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2. Experiment 

Absorber stacks were fabricated on 40 bi-layers of Mo and Si multilayer mirror and a Ru 
capping layer. In comparison, a BIM was also prepared that consisted of a 70-nm-thick TaN 
absorber on top of 40 pairs of Mo/Si substrates capped with Ru layer. 

 

Fig. 1. TEM image of fabricated PSM. 

The PSM absorber stack thickness was selected based on the best image contrast and 
minimum horizontal-vertical (H-V) CD bias by optical simulation. The resulting attenuated 
PSM had an absorber stack consisting of a 16.5 nm-thick TaN absorber layer and 24-nm-thick 
Mo phase shift layer, which exhibited a 180° phase shift and reflectivity of ~12.7%. A 
TaN/Mo absorber stack was deposited by RF magnetron sputtering on a Ru-capped Mo/Si 
multilayer (ML) substrate, as shown in Fig. 1, its structure was confirmed by transmission 
electron microscopy (TEM). The reflectivity of this absorber stack was measured by an EUV 
reflectometer and found to be reflectivity of ~13.7%, which is similar to the simulated 
reflectivity of ~12.7% as shown in Fig. 2. 

 

Fig. 2. Calculated and measured reflectivity of the absorber region of a PSM. 

To evaluate the imaging performance of the PSM, line and space (L/S) patterns with 88, 
100, and 128 nm, which correspond to 22, 25, and 32 nm wafer patterns, respectively in a 4x 
reduction system, were fabricated using inductively coupled plasma (ICP) etching with 
SF6/Ar chemistry. Here, the Ru capping layer worked as an etch stop layer. CSM was used to 
evaluate the mask performance through coherent diffraction imaging technique. CSM uses 
EUV light sources generated by high harmonic generation (HHG) using a femtosecond laser 
and its optical system is designed to emulate the EUV scanner. Data is acquired by capturing 
diffracted light with a charge coupled device (CCD). EUV light is incident onto the EUV 
mask at an angle of 6 degree, which is equivalent to a EUV scanner. In addition, pupil field is 
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created by calculating the window size of the CCD and the distance between CCD and EUV 
mask. 

Thus, the imaging performance of an EUV mask can be evaluated from the final 
reconstructed aerial image. Figure 3 shows the iterative phase-retrieval algorithm used for 
reconstructing mask images from a diffraction pattern. Phase retrieval was achieved using an 
error reduction algorithm (ERA) and hybrid input-output (HIO) algorithm based on iteration 
of fast Fourier transform (FFT) and inverse fast Fourier transform (IFFT) [18–21]. Aerial 
images under various conditions can also be provided by CSM by altering the illumination 
conditions of the EUV scanner. In this way, aerial images of BIM and PSM L/S patterns were 
reconstructed under conventional illumination condition such as numerical aperture (NA) = 
0.33 and partial coherence (σ) = 0.9 in 4x reduction system. 

 

Fig. 3. Schematic of image reconstruction process using an iterative phase-retrieval algorithm. 

3. Results and discussion 

It is well known that the improved imaging performance of a PSM results from reduced 
interference between adjacent patterns created by the 180° phase difference between the 
absorber and reflective layer [22]. In addition, improved diffraction efficiency of PSM caused 
by increased reflectivity of absorber layer also result in the improved imaging performance. 
This was verified by measuring the diffraction efficiency of the fabricated BIM and PSM 
using CSM, which is capable of measuring the diffraction efficiency of an EUV mask thanks 
to its 6° incidence angle and charge coupled device (CCD) capture system. Since CSM is 
based on coherent diffractive imaging (CDI), which reconstructs an image from the 
diffraction pattern captured by a CCD, detailed imaging performance can be measured 
[23,24]. We therefore investigated the 1st/0th diffraction efficiency by measuring the light 
diffracted from the 88, 100 and 128 nm L/S patterns. Figure 4 shows the diffraction efficiency 
of BIM and PSM for each pattern size, in which we see that PSM exhibits increased 
diffraction efficiency of all pattern sizes. Diffraction efficiency of BIM are 31, 36 and 44% in 
order of 88, 100 and 128 nm pattern and PSM are 45, 62 and 81%. Likewise simulation 
results confirmed PSM has increased diffraction efficiency compared to BIM, which is 
expected to result in improved imaging performance. Aerial images were subsequently 
analyzed to verify this improvement in imaging performance. 
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Fig. 4. Measured diffraction efficiency from 88, 100 and 128 nm L/S patterns for BIM and 
PSM in the non-shadowing direction. 

 

Fig. 5. Reconstructed images of (a) BIM and (b) PSM, and E-fields of (c) BIM and (d) PSM in 
the non-shadowing direction. 

The mask and aerial image can be reconstructed using the diffracted light captured by 
CCD, from which a complex index of the mask image can be obtained by retrieving the phase 
information using a phase retrieval algorithm. Since the phase and magnitude information can 
be separately extracted from this reconstructed complex index, the imaging performance of an 
EUV mask can be evaluated by analyzing its E-field. In addition, it is possible to verify if the 
absorber stack of a PSM is properly designed by analyzing the extracted phase information. 
Since the E-field is related to the amount of EUV energy which reaches into the wafer plane, 
analyzing the E-field provides crucial information for evaluating imaging performance. 

The E-field was analyzed to verify the influence of the phase-shift effect on imaging 
performance. Figures 5(a) and 5(b) show the reconstructed mask images of a 128 nm line and 
space pattern of PSM and BIM, which confirm a PSM produces a sharper line pattern. A 
higher reflectivity at the phase-shifting absorber stack of the PSM is also verified. This result 
is confirmed by Figs. 5(c) and 5(d), which show that PSM has a steeper slope between the 
lines and spaces. This is because PSM mitigates the interference of diffracted light between 
adjacent patterns by adjusting the phase difference to 180° and increasing the amount of 
diffracted light relative to BIM. 

#262153 Received 31 Mar 2016; revised 20 May 2016; accepted 21 May 2016; published 25 May 2016 
© 2016 OSA 30 May 2016 | Vol. 24, No. 11 | DOI:10.1364/OE.24.012055 | OPTICS EXPRESS 12059 



 

Fig. 6. Comparison of simulated and measured values of (a) image con-trast and (b) H-V CD 
bias for BIM and PSM with various half pitches. 

Figure 6(a) shows the imaging performance of BIM and PSM in relation to the pitch size. 
Note that in order to compare the difference in performance between CSM and simulation 
results, both are presented in the one graph. The imaging performance of the PSM was 
analyzed from an aerial image that was emulated using the EUV scanner’s conventional 
illumination conditions (NA = 0.33, σ = 0.9, 4x reduction system). As a result, PSM 
demonstrates better imaging performance in terms of image contrast and minimized H-V CD 
bias. As the simulation and measurement results show a similar tendency, the feasibility of 
using CSM as an inspection tool for analyzing the imaging performance of PSM is verified. 
When NA = 0.33, PSM produces an image contrast for a 22 nm half pitch that is more than 
12% better than can be achieved with a BIM, as well as better imaging performance for a 25 
nm half pitch. This result confirms that the imaging performance of a PSM improves as the 
pattern size approaches the resolution limit. However, the discrepancy between simulation 
and experiment is speculated to be due to the experimental variations during the phase-
shifting absorber pattern fabrication. These variations can include thickness, optical constant, 
pattern size, pattern sidewall angle and more. 

 

Fig. 7. Intensity profile of (a) BIM and (b) PSM in the shadowing and non-shadowing 
direction. 

The H-V CD bias that is caused by oblique illumination and a shadowing effect in EUVL 
can be measured by CSM due to its equivalent incidence angle of the EUV scanner. As can be 
seen in Fig. 6(b), the PSM shows a suppressed increase in H-V CD bias with pattern 
shrinking, whereas there is an increase in H-V CD bias with the BIM as the half pitch 
decreases. In addition, the PSM results are consistent with simulation, which was not 
influenced by a decrease in half pitch. This H-V CD bias must result from a loss of EUV 
photons due to absorption at the absorber stack in the shadowing direction. The PSM 
therefore shows a minimized H-V CD bias due to compensation of EUV photon loss from the 
increased reflectivity at the phase-shifting absorber stack, as seen in Fig. 7. Since increased 
reflectivity at the absorber region results in a decrease in line CD in the shadowing direction, 
H-V CD bias can be mitigated. 
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Image contrast generally deteriorates with decreasing pitch size due to an intensification 
of the optical proximity effect (OPE). As shown in Fig. 6(a), this is true in the case of a BIM, 
but a PSM reduces the interference of diffracted light by adjusting the phase shift between 
adjacent patterns to 180°. There is also an increased amount of diffracted light due to the 
improved diffraction efficiency of PSM, which seems to result in better image contrast. Thus, 
when studying PSM, the phase difference between the absorber and reflective region needs to 
be measured to evaluate if it is properly fabricated. 

As CSM uses a coherent EUV source, it offers a number of advantages for using a phase 
retrieval algorithm [24,25]. Because the inspection source itself is highly coherent, phase 
information from the reconstructed image should be consistent with the phase of the mask. 
This makes it possible to calculate the phase difference between the absorber and reflective 
region through a phase map reconstructed by CSM, which can be used to evaluate if a PSM is 
properly designed by verifying the phase shift effect. This is something that is difficult to 
measure with other inspection tools using a lens imaging system because it is impossible to 
separate the magnitude and phase information, whereas CSM can retrieve the phase 
information from iterative calculations. As a result, CSM can verify the phase shift directly, 
whereas other inspection tools can only evaluate performance indirectly after a wafer 
patterning process has been applied. 

In order to confirm the phase shift effect of the PSM, the CSM was used to measure the 
phase map of the PSM using the hybrid input output (HIO) algorithm. The algorithm consists 
of the following four simple steps: (1) Fourier transform an estimate of the object, (2) replace 
the modulus of the computed Fourier transform with the measured Fourier modulus providing 
an estimate of the Fourier transform, (3) inverse Fourier transform the estimate of the Fourier 
transform, and (4) replace the modulus of the resulting computed image with the measured 
object modulus to form an updated estimate of the object. The iterations continue until the 
computed Fourier transform satisfies the Fourier-domain constraints or the computed image 
satisfies the object-domain constraints. At this point, one has found a solution, a Fourier 
transform pair that satisfies all the constraints in both domains. The solution is expressed as a 
complex index that has a phase and a magnitude, and thus this algorithm can extract a phase 
and a magnitude of the EUV mask. 

 

Fig. 8. (a) Magnitude map, (b) phase map, and (c) phase difference of a reconstructed mask 
image of a 128 nm line and space pattern. 

Figures 8(a) and 8(b) show the magnitude and phase information of the reconstructed 
image, with Fig. 8(c) clearly showing that there is a 180° phase difference between the 
absorber and reflective region. A gradual increase in phase along the x-axis is expected to 
occur due to the phase distribution of the EUV source. It should also be noted that EUV 
radiation produced by high-order harmonic generation is coherently controlled using chirped 
femtosecond laser pulses, and so has a slightly different phase distribution due to divergence 
of the original beam [26–29]. It is therefore expected to have a consistent phase value in the 
actual EUV scanner. These results demonstrate that CSM cannot only be used for evaluating 
the imaging performance of a fabricated PSM, but also provide an effective phase mapping 
tool for research and development into PSM. 
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4. Conclusion 

An attenuated PSM was fabricated and its imaging performance was analyzed and compared 
with a BIM by using CSM. The image contrast and H-V CD bias obtained by CSM 
demonstrated that a PSM shows better imaging performance than a BIM when the pattern 
dimension approaches the resolution limit. The experimental results are consistent with 
simulation data, which confirms the potential for CSM to be used as an actinic inspection 
tool. The phase difference between adjacent patterns was also measured by adding a process 
for retrieving a phase map, with the improved imaging performance of a PSM found to be 
related to increased diffraction efficiency. Since CSM can measure both diffraction efficiency 
and phase distribution, it can provide detailed characteristics of a EUV mask. This offers 
many advantages for research and development, especially given that CSM can analyze the E-
field and identify the cause of any improved imaging performance of PSM. 
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